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Abstract

The coupled biaxial tension and shear-biaxial tension deformation responses of a unidirectional non-
crimp fabric (UD-NCF) was explored using a novel experimental test setup. A custom multiaxial
loading system was used to subject multibranched fabric specimens to combined in-plane tension loads.
Biaxial tension tests conducted with varying ratios of deformation along the orthogonal carbon fiber tow
and supporting glass fiber yarn directions revealed minor tension-tension deformation coupling over the
deformation range considered. Combined shear-equibiaxial tension tests were also conducted with
different deformation rates along the fabric diagonal direction, where variations in the force-strain
response revealed notable shear-extension coupling. A macroscopic finite element simulation model was
developed for the fabric, which employed an available constitutive model that captured the anisotropic
hyperelastic response of the fibers. The simulation model accurately predicted the fabric coupled shear-
extension deformation for the combined shear-equibiaxial test cases and revealed that the shear angle at
the specimen center was limited by the applied tension along the orthogonal fibers. The simulation
model was also used to predict shear angle contours for multibranched specimens with different fiber
orientations. It was demonstrated that the extent of shear deformation is sensitive to the direction of
tension loads. These important findings provide an improved understanding of the coupled deformation
modes for UD-NCFs, which will aid in future studies focused on their formability.
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Abstract

The coupled biaxial tension and shear-biaxial tension deformation responses of a unidirectional non-crimp fabric (UD-NCF)
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was explored using a novel experimental test setup. A custom multiaxial loading system was used to subject multibranched
fabric specimens to combined in-plane tension loads. Biaxial tension tests conducted with varying ratios of deformation
along the orthogonal carbon fiber tow and supporting glass fiber yarn directions revealed minor tension-tension deforma-
tion coupling over the deformation range considered. Combined shear-equibiaxial tension tests were also conducted with
different deformation rates along the fabric diagonal direction, where variations in the force-strain response revealed notable
shear-extension coupling. A macroscopic finite element simulation model was developed for the fabric, which employed an
available constitutive model that captured the anisotropic hyperelastic response of the fibers. The simulation model accu-
rately predicted the fabric coupled shear-extension deformation for the combined shear-equibiaxial test cases and revealed
that the shear angle at the specimen center was limited by the applied tension along the orthogonal fibers. The simulation
model was also used to predict shear angle contours for multibranched specimens with different fiber orientations. It was
demonstrated that the extent of shear deformation is sensitive to the direction of tension loads. These important findings
provide an improved understanding of the coupled deformation modes for UD-NCFs, which will aid in future studies focused
on their formability.

Keywords Unidirectional non-crimp fabric - Coupled shear-biaxial tension deformation - Multi-directional experimental
testing - Macroscopic simulation model

Introduction three-dimensional near-net shape. During preforming of

UD-NCFs, the complex interactions between the fabric

During the last decade, unidirectional non-crimp fabrics
(UD-NCFs) have been widely applied in various indus-
tries such as aeronautic, automotive, and wind energy due
to their good drapability characteristics and ease of han-
dling during processing of liquid composite molded parts.
The first step in liquid composite molding processes typi-
cally involves preforming of the dry fabric layers into a
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constituents (e.g., local tow-stitching yarn interaction) can
result in undesirable defects such as tow gapping and wrin-
kling [1-3]. Forming processes can be optimized to reduce
the severity of these defects by manipulating the inherently
coupled macroscopic in-plane shear and tension deforma-
tion modes of the fabric. While several studies have focused
on assessing the coupled tension-tension and shear-tension
deformation response of woven and other multiaxial fab-
rics [4-10], few have studied these coupled responses for
UD-NCFs [11]. An improved understanding of the coupled
in-plane deformation response of reinforcement fabrics can
support the development and calibration of robust macro-
scopic forming simulation models [12].

Several experimental tests have been developed and uti-
lized to characterize the in-plane tension and shear defor-
mation response of reinforcement fabrics. Uniaxial off-axis
extension tests comprising specimens subjected to loading
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along a single direction have been used to capture the shear
response of several types of fabrics [5, 13, 14], including
UD-NCFs [1, 3, 15-17]. Uniaxial extension tests have also
been used to characterize the extension response of UD-
NCFs along the primary fiber directions [1, 16, 18]. Picture
frame tests involving specimens clamped in a fixture loaded
along two dependent directions have been widely used to
characterize the shear deformation response of reinforce-
ment fabrics [4, 19], although in recent studies these tests
have been deemed unsuitable for UD-NCFs [1, 16]. Biaxial
extension tests have also been developed to capture the
tension-tension coupling deformation response of various
fabrics. Carvelli et al. [4] demonstrated that a biaxial tension
test setup with a cruciform specimen was suitable to capture
the coupled tension-tension response of a three-dimensional
non-crimp woven fabric. Digital image correlation (DIC)
was used to measure warp and weft direction normal strain
contours at the center of the cruciform specimens. Ghazi-
moradi et al. [5] performed a similar study for a tetraxial
fabric where a cruciform specimen was loaded in a custom
biaxial test frame and DIC was used to measure normal
strain fields and shear angle contours. In a recent study by
the authors [11], a biaxial test frame was used to investigate
the coupled tension-tension response of a UD-NCF. Test
performed at different biaxial displacement ratios revealed
the interdependency of the orthogonal tensile deformation
modes of the fabric caused by the interactions between the
carbon fiber tows, glass fiber yarns, and stitching segments.
The center region of the cruciform specimens used in the
study underwent slight inhomogeneous deformation due
to the local fabric deformation modes, which was captured
through DIC measured normal strains.

Few studies have focused on characterizing the in-plane
shear-tension coupling of reinforcement fabrics. Many of
the early investigations focused on capturing the coupled
shear-tension response of fabrics by applying a pre-tension
to a fabric test specimen along the principal fiber directions
prior to placement within the shear test rig [6-9, 12]. Launay
et al. [7] utilized a picture frame rig with controlled pre-
tensioning for a woven fabric. Their results showed that the
level of pre-tension has an influence on the shear rigidity
of the fabric, especially during loading through low shear
angles. Kashani et al. [10] used a biaxial picture frame test
fixture to simultaneously load a woven fabric cruciform
specimen under combined shear and tension loading. It
was revealed that the in-plane shear stiffness of the woven
fabric increased with the increasing pre-tension, while the
tensile behavior of the fabric becomes more compliant when
undergoing in-plane shear deformation. Harrison [20] used
a biaxial bias extension test setup (Fig. 1) to study the cou-
pled shear-tension response of fabrics, where a normaliza-
tion theory was developed to extract the shear and tensile
responses. Abdiwi et al. [9] and Potluri [21] utilized the

@ Springer

Loading direction
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Fig. 1 Biaxial-shear specimen used in [20]

same approach to study mixed-mode deformation of woven
and other biaxial fabrics. Using previously reported methods
to characterize the shear-tension coupling of fabrics does
not allow for the application of various displacement ratios
along each loading direction simultaneously (i.e., multiple
independent loading directions), which is a notable limita-
tion. Moreover, an assessment of the coupled shear-tension
response of UD-NCFs, which is the focus of the present
study, has not been reported in the literature.

Finite element (FE)-based forming models are commonly
developed using either a mesoscopic or macroscopic repre-
sentation of the reinforcement fabric. Mesoscopic models
capture the detailed fabric structure and the local interac-
tions between the different constituents [22]. On the other
hand, macroscopic models capture the effective mechanical
behavior of reinforcement fabrics. These models treat the
fabric as a homogeneous continuum with embedded local
deformations, which requires the development of a custom-
ized material model for a specific fabric. Macroscopic form-
ing simulation models provide a more computationally effi-
cient means to simulate preforming processes for full scale
complex shaped components. Several macroscopic forming
simulation models have been developed for reinforcement
fabrics utilizing either a hyperelastic or hypoelastic mate-
rial model with the assumption of decoupled membrane
deformation modes [22-29]. Schifer et al. [30] developed a
macroscopic forming model for woven fabrics that captures
biaxial deformation coupling through a nonlinear hyper-
elastic material model. Their study revealed the importance
of capturing this coupled deformation mode to accurately
predict fabric deformation and defects during preforming.
Other macroscopic forming models have been developed
that also capture either the biaxial coupling or shear-tension
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coupling of woven fabrics [31-34]. Constitutive models used
for UD-NCFs typically assume that the in-plane deforma-
tion modes are uncoupled, despite experimental evidence
revealing that such coupling exists [1, 16]. Schirmaier et al.
[3] developed a comprehensive macroscopic forming model
for UD-NCFs that considers coupling between in-plane ten-
sion and shear deformations. The material model consists
of a non-orthogonal elastic-plastic material deformation
response with a custom linear strain measure, where in-
plane shear-tension coupling was captured. However, the
model requires a significant number of material parameters
to be calibrated using inverse approaches. Schifer et al. [35]
reported a simplified model for UD-NCF that neglects in-
plane deformation mode coupling, revealing that although
numerical predictions are reasonable there are limitations
for forming simulations. They reported that use of a hyper-
elastic material model may improve prediction forming-
induced wrinkling defects. Senner et al. [36] developed a
semi-discrete FE simulation model to capture the membrane
deformation response of UD-NCFs. The transversely iso-
tropic hyperelastic membrane response was captured using
continuum-based shell elements and the stitching segments
were modelled using beam elements. Although the in-plane
shear deformation response was captured for a simple pic-
ture frame test, the interactions between the stitching and
the unidirectional tows was neglected which may not enable
accurate simulation of coupled shear-tension response.

A review of the literature reveals a lack of experimental
studies focused on investigating the coupled biaxial tension

Fig.2 Images of Zoltek™
PX35-UD300 unidirectional
non-crimp fabric showing archi-
tecture from both stitching and
glass fiber yarn sides '
|

Glass fiber side

Polyester stitching yarns

Carbon Fiber (CF) Tow

and shear-biaxial tension response of UD-NCFs, while
few numerical models have been developed to adequately
capture this response for UD-NCFs. In this paper, a novel
experimental setup utilizing a new test specimen geometry
is proposed to characterize the coupled shear-biaxial ten-
sion deformation response of a binder stabilized heavy-tow
carbon fiber UD-NCF. Shear-biaxial tension coupling tests
were performed by simultaneously loading the specimens
along three independent directions with various deformation
ratios, including the two principal orthogonal fabric direc-
tions and the diagonal direction. A macroscopic FE simula-
tion model employing an available anisotropic hyperelastic
constitutive model was developed to predict the coupled
biaxial tension and shear-biaxial tension response of the UD-
NCF. The simulation model also facilitated an additional
study focused on capturing the effect of fiber orientation
on the coupled shear-biaxial tension response of the fabric.

Material and test setup
Fabric features and test specimens

A commercially available UD-NCF, namely Zoltek™
PX35-UD300, was investigated. The heavy-tow fab-
ric comprised 5 mm wide tows each containing 50,000
PX35 carbon fiber (CF) filaments. The parallel tows
were stitched together with polyester yarn in a tricot pat-
tern (Fig. 2). The supporting glass fiber (GF) yarns were

Glass Fiber (GF) yarns

“ GF separation

CF Tow width

Parameter Value (mm)
GF yarn separation 3.6x0.7
CF tow width 5

Stitching pattern pitch 7

Fabric thickness 0.49+0.02

Tricot stitching pattern pitch
Stitching side
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oriented perpendicular to the CF tows and positioned
between the CFs and the polyester stitching (Fig. 2). A
light thermosetting binder powder was uniformly distrib-
uted on the stitching side of the fabric. The total fabric
areal density was 333 g/m? with the carbon fiber tows
accounting for 92.8% of the total weight.

All test specimens used in this study were cut from
one roll of the UD-NCF fabric. The shear-biaxial ten-
sion specimens had six loading arms, each with a width
of 100 mm (Fig. 3a). The biaxial tensile specimens were
cruciform, comprising four loading arms (Fig. 3b). A pair
of tabs were glued to the clamping zone of each arm for
all specimens using 3 M-3430 epoxy adhesive.

Fig.3 Dimensions of the: 150 mm

100 mm

Experimental test setup

A custom device equipped with 12 independent hinged jacks
oriented along two orthogonal axes was used to perform all
tests in this study (Fig. 3). The device comprised a plan-
etary gearbox to transform rotational motion from the motors
mounted on each jack into linear motion, where the maxi-
mum displacement rate and stroke of each jack were 240 mm/
min and 512 mm, respectively. A 15 kN capacity load cell
was mounted on each jack (see Ref [11] for further details).

First, biaxial tensile tests were performed using cruci-
form specimens (Fig. 3b) with different longitudinal (CF tow
direction) to transverse (GF yarn direction) displacement
rate ratios, R. The biaxial tensile tests included equibiaxial

150 mm

a multiaxial in-plane specimen,
and b biaxial tensile specimen
(tabs shown in black). ¢ multi-
axial in-plane tensile device
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(R=1) where the transverse and longitudinal displacement
rates were set to 1 mm/min, and disproportional where
the longitudinal displacement rate was set to 0.5 mm/min
(R=0.5) or 2 mm/min (R =2) with a transverse displace-
ment rate of 1 mm/min. Further details of the biaxial tensile
tests are provided in Ref [11], including details of the two-
dimensional DIC setup used to estimate the strain field at the
center of the cruciform specimen within a region of interest
(ROI) measuring 50 x 50 mm?. It should be noted that the
strain measures reported in this study for the biaxial tests
are logarithmic strain.

Mixed-mode (shear-biaxial tension) tests were also per-
formed on multiaxial specimens (Fig. 3a) with various ratios
of deformation along the three loading directions. For the
first set of tests, specimens were subjected to an equibiax-
ial displacement rate of 1 mm/min along both the CF tow
and GF yarn directions and a constant displacement rate of
2 mm/min along the diagonal direction (denoted as Sh2_
B1). The second set of tests were similar to the first, except
that the displacement rate along the diagonal was 8 mm/min
(denoted as Sh8_B1). Note, DIC evaluations for the shear-
biaxial tension tests are not presented due to image decor-
relation issues that occurred when processing the captured
images. Instead, the normal strains along the loading arms
were determined from the corresponding displacements and,
thus, represent engineering strains.

Computational simulation model overview

A macroscopic simulation model was developed in this
study using the commercial FE software LS-DYNA® and
the available material constitutive model *MAT_249 [37].
A new formulation of this material model for UD-NCFs was
used considering three fiber families. This formulation ena-
bled capture of the anisotropic extensional response of the
fabric along the longitudinal, transverse, and diagonal direc-
tions, respectively representing extension of the CF tows,
supporting GF yarns, and the stitching. Each fiber family was
treated as a hyperelastic material with a user-defined prefer-
ential direction (i.e., 0°, 90°, and 45° directions) [38], where
the extensional response of each is assumed to be uncoupled
[37]. In recent work [1], it was shown that the extensional
response of a UD-NCF along the longitudinal (CF tow) and
transverse (GF yarn) directions are slightly coupled for low
normal strains, which provides support for this assumption
(discussed further in Coupled biaxial tension deformation
section). In this study, the shear response between fiber
families is assumed to be elasto-plastic. Note, the material
model assumes that shear response is not directly coupled
to the extensional deformation response along the axis of
each fiber family. However, the use of a third fiber family
representing the stitching enabled capture of the coupled

in-plane shear-extension deformation response of the fabric
as a result of the superposition of the stiffness along the
stitching direction, which was calibrated along with the fab-
ric in-plane shear response. Further details of the material
model and the calibration process for the input parameters
used are provided in [39]. For the sake of brevity, only the
main parameters are described hereafter.

A brief description of the key input parameters of the
material model for the studied UD-NCF are summarized
in Table 1. For each fiber family, an input curve was used
to specify stress as a function of the fiber strain (see LCEFi
parameters in Table 1 and Ref. [37]), which enabled capture
of their nonlinear extensional stress-strain response [1]. In
previous work, it was shown that the in-plane shear response
of the UD-NCEF followed a characteristic three-stage profile
[1]. In this study, the elasto-plastic shear response of the fiber
families, representing the initial two-stages of fabric shear
deformation, was captured using specified shear stress-shear
angle data (see LCG12 parameter in Table 1 and Ref. [37]).
The fabric in-plane shear locking angle (ALOC12) and the
shear modulus for shear angles greater than the shear lock-
ing angle (GLOC]12; third stage of fabric shear deformation)
were set to 0.58 radians and 4.82 MPa, respectively. Note,
the input data for the shear response between fiber fami-
lies 2 and 3 were assumed to be the same as that between
fiber families 1 and 2 for this study. Although not important
for this study, the out-of-plane shear moduli corresponding
to the first fiber family were set to G31_1=4.35 MPa and
G23_1=3.15 MPa. Since the CF tows and GF yarns are
orthogonal, the transverse shear moduli corresponding to
the second fiber family are set to G31_2=3.15 MPa and
G23_2=4.35 MPa.

Fully integrated shell finite elements (Type 16) with three
integration points through the thickness were used to mesh
the single layer multi-branch specimens in the macroscopic
simulation models. The average element size used for the
simulations was set to 5.0 mm as determined by a prelimi-
nary sensitivity analysis (results not shown). Boundary con-
ditions were applied to the ends of the specimen branches to
mimic the displacements applied in the experiments (i.e., for

Table 1 Key input parameters for material model *MAT_249 [37]

Variable Description

LCEF1 CF tow extension stress-strain data

LCEF2 GF yarn extension stress-strain data

LCEF3 Stitching extension stress-strain data

G23_1 Transverse shear modulus perpendicular to CF tow
G31_1 Transverse shear modulus along CF tow

LCGI2 In-plane shear stress-shear angle data

ALOCI12 In-plane shear locking angle

GLOCI12 In-plane shear linear modulus after shear locking
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each specimen branch a defined in-plane displacement was
applied along its axis). The out-of-plane displacement of the
specimen was constrained in all simulations. For each load-
ing case, an explicit simulation was performed and the large
deformation option was chosen. Note, the strains reported
for the simulation model predictions are taken as the aver-
age strain at the specimen center within a 50 x 50 mm? ROL

Results and discussion
Coupled biaxial tension deformation

The results for all biaxial tension tests performed on the
cruciform specimens with different displacement rate ratios,
R, were previously reported in Ref. [11] and are briefly sum-
marized in this section to provide a comparison with the
results predicted using the numerical model. Experimental
data included in the subsequent plots for each displacement
rate ratio represents the average response from a set of at
least three repeated tests. Note, the reported strain compo-
nents were taken as the average at the center of the cruci-
form specimens within the 50 x 50 mm?* ROI through DIC
evaluations. The force-strain response along the CF tow
(Fig. 4a) and GF yarn (Fig. 4b) directions for all biaxial tests
performed at different displacement rate ratios was nonlin-
ear. The tow-in response for both directions was due to the
extension of initially slack fibers, where a stiffer response
was observed after straightening of the fibers [1]. Measured
forces along the CF tow direction were significantly larger
than the GF yarn direction for all displacement ratios, owing
to the higher reinforcement content and fabric stiffness along
that direction. The force-strain response along the CF tow
(longitudinal) direction for all R values was similar, with
the apparent stiffness of the fabric increasing slightly for
R =0.5. This slightly coupled deformation response is due

to the interactions between the stitching and the CF tows
and GF yarns [11]. Variation in the force-strain response
and apparent fabric stiffness along the GF yarn direction for
different R values, particularly for R =1, further reveals the
coupled biaxial deformation response of the fabric (Fig. 4b).
Experimental strain contours along the CF tow direction at
the center of the specimens (Fig. 5a-c) reveal slight inho-
mogeneous deformation for all displacement ratios, which
is a result of localized deformations of the stitching and CF
tows. Nevertheless, the longitudinal normal strain field at
the specimen center within the ROI was relatively uniform
(similar for all repeated tests). The degree of inhomogene-
ous deformation was more pronounced along the transverse
direction for all displacement ratios (Fig. 6a-c) due to minor
tow gapping observed during the tests.

Predicted longitudinal force-strain responses for all dis-
placement ratios (Fig. 4a) correlated well with the experi-
mental data for the displacement range considered. How-
ever, the simulation model underpredicted the transverse
force-strain response for R=1 for strains exceeding 0.3%
and overpredicted the response for R =0.5 for strains exceed-
ing 0.15% (Fig. 4b). This discrepancy may be a result of
the assumed uncoupled extensional deformation response
for each fiber family in the material model, which seems to
be less accurate for larger deformations. Furthermore, the
simulation model is unable to capture the local fabric defor-
mations, which is a common characteristic for all macro-
scopic models. Nevertheless, the simulation model captured
the coupled biaxial tension deformation response at lower
normal strains, which is attributed to the use of three fiber
families in the material model that enabled indirect coupling
due to the superposition of the distinct stiffnesses for each
fiber family. The fabric nonlinear tow-in response was also
captured by the simulation model along both the CF and
GF directions, owing to the use of tabulated uniaxial exten-
sional stress-strain data for both directions as input [39]. The

Fig' 4 Force-strain response for 3000 AAa E:x|)erin?cnlal-R11-Filt‘ (Iir(jclion
indi d biaxial 1 . ] 4 a a Experimental-R11-CF direction 30 — Shifalation-R11-GF direction
indicate 1ax1al tests aj ong: - Simulation-R11-CF direction — ® e e Experimental-R21-GF direction
a CF tow dlI:eC[l?l’l (X), angl 2500 __ ® @ ® Experimental-R21-CF direction = ] oee :“m:Ir'::':o:‘gz:(;l((:r;:;:‘ 5
b GF yarn direction (y). Dis- =] — Simulation-R21-CF direction 25 — St elation 512 GH divection.
placement rate ratios denoted — @@ e Experimental-R12-CF direction — )
; = Simulation-R12-CF direction ® -
R=1(R11),R=2 (R21), and 2000 — 20 — o®
R=0.5 (R12) z - > =
@ - ]
g g 15—
£ & -
10—
s
0—9 IIIIIIIIIIIIIIIHIIIIIII
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0 0.001  0.002 0.003 0.004 0.005 0.006
Strain_x Strain_y
() (b)
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Fig.5 Biaxial test longitudinal strain (¢,) contours along CF tow direction: a-¢ experimental (DIC), and d-e predicted. Displacement rate ratios

(R) and longitudinal force (F) are indicated

predicted strain contours along the CF direction at the center
of the cruciform specimens were also uniform (Fig. 5d-f),
with the average strain corresponding well to the experimen-
tal values for all R values. The simulation model predicted
relatively uniform strains along the transverse direction
(Fig. 6d-f). These results contrast with the inhomogeneous
strain fields captured during the experiments, which is attrib-
uted to the inability of the macroscopic simulation model to
capture local fabric deformations.

Coupled shear-biaxial tension deformation

Experimental data included in the subsequent plots for each
shear-biaxial tension test represents the average response
from a set of at least three repeated tests, where the repeat-
ability was high with a scatter about the average < 10% (scat-
ter not shown in Fig. 7 for better clarity). The force-strain
response along the CF tow (Fig. 7a) and GF yarn (Fig. 7b)
directions was nonlinear for all shear-biaxial tension tests,
which included a similar tow-in response as was observed
for biaxial tension tests (Coupled biaxial tension deforma-
tion section). Increasing the displacement rate along the
diagonal specimen branch caused a slight increase in the
apparent stiffness of the UD-NCF along the CF tow direc-
tion (compare Sh2_B1 and Sh8_B1 plots in Fig. 7a). This

coupled shear-extension deformation response is attrib-
uted to the interactions between the stitching web and CF
tows during the shear-biaxial tension tests, which was also
reported to be observed during off-axis extension tests per-
formed on the same UD-NCF [1]. Nevertheless, owing to
the high stiffness of the fabric along the CF direction, the
change in measured force along this direction of the multi-
branched specimens with increasing diagonal displacement
ratio is not pronounced (i.e., increase in force by 11% at an
axial strain of 0.35%). Due to the lower fabric stiffness along
the GF yarn direction, increasing the displacement rate along
the diagonal branch had a more notable influence on the
deformation response along this direction (i.e., 45% force
increase at a transverse strain of 0.6%). The captured diago-
nal force-strain responses for the same shear-biaxial ten-
sion tests revealed a higher resistance to deformation along
this direction during the initial stage of loading, followed
by a slight reduction between 0.2 and 0.4% strain before
increasing at higher strains (Fig. 7¢). During the initial stage,
deformation along the diagonal direction was inhibited due
to the friction between the stitching segments and the CF
tows, which was overcome during the second stage of load-
ing. The apparent stiffness of the fabric increased along the
diagonal direction with increasing diagonal displacement
rate (compare Sh2_B1 and Sh8_B1 in Fig. 7¢), which further

@ Springer

Journal : Large 12289 Article No : 1757 Pages : 14

MS Code : 1757

Dispaich : 14-5-2023 |

398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422



423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

_####_ Page8of 14

International Journal of Material Forming _####### i HHEE

3.0e-03
2.7e-03 '
2.4e-03

2.1e-03
1.8e-03 .. &

1.5e-03
1.2e-03 ! '—l'
9.0e-04
6.0e-04
3.0e-04 I
0.0e+00
R=1

F=130N

(b)

(a)

3.0e-03
2.7e-03 I
2.4e-03

2.1e-03
IK 1.8e-03 . °
1.5¢-03 @ —
1.2e-03 ‘—I'
9.0e-04

(e)

6.0e-04
y - 3.0e-04 l
R=1 00e00
X F=13.0N X
(d)

6.0e-03 2.0e-03
5.4¢-03 l """ 1.8e-03 I
4.8e-03 1.6e-03
4.2e-03 1.4e-03
£ B P
3.0e-0: I e-03 p—
. ey A s0e.04
1.8e-03 AAA 6.0e-04
1.2¢-03 AAA 4.0e-04
6.0c-04| ¥ A% 2'0&04.
0.0e+00 0.0e+00
R=0.5 ‘ X R=2
F=240N (©) F=25N
6.0e-03 2.0e-03
5.4e-03 I 1.8e-03 I
4.8e-03 1.6e-03
4.2e-03 1.4e-03
3.6e-03 e 1.2e-03 ‘<M
3.0e-03 0 = 1.0e-03 T
2.4¢-03 1 i 2 8.0e-04 %
1.8e-03 6.0e-04
1.2e-03 Vv 4.0¢-04I
6.0e-04 v 2.0e-04
O.OC’OOI R=2 0.0e+00
R=0.5 X F=25N
F=240N )

Fig.6 Biaxial test transverse strain (e,) contours along GF yarn direction: a-c¢ experimental (DIC), and d-e predicted. Displacement rate ratios

(R) and transverse force (F) are indicated

demonstrates the coupled shear-extension deformation
response of the UD-NCF. Note, due to the fiber orienta-
tion within the multi-branched specimens the extent of shear
deformation at the specimen center was limited (will be dis-
cussed subsequently). It must also be noted that the diagonal
displacement rate was 4X higher for the Sh8_B1 tests and
rate effects may have also contributed to the increased fabric
stiffness captured along the diagonal direction.

Predicted longitudinal force-strain responses for shear-
biaxial tests for both displacement ratios (Fig. 7a) corre-
lated well with the experimental data for the displacement
range considered (< 10% deviation). The predicted force-
strain response along the GF yarn direction for the Sh2_B1
tests tended to deviate from the experimentally obtained
response at higher magnitudes of deformation (Figs. 7b
and 22% deviation at a transverse strain of 0.5%). This
discrepancy may be a result of the material model which
assumes an uncoupled extensional deformation response
along the CF tow and GF yarn directions. Nevertheless,
the predicted multi-stage force-strain response along the
diagonal direction for both Sh2_B1 and Sh8_BI1 tests
correlated very well with the experimental data (Fig. 7c),
which demonstrates the capability of the simulation model
to capture the coupled shear-extension deformation of the
UD-NCEF. The importance of capturing the coupled shear

@ Springer

and extensional deformation in macroscopic simulation
models for UD-NCFs was previously reported [35]. The
predicted normal strain contours along the CF tow direc-
tion are similar for both the Sh2_B1 and Sh8_B1 tests
for the same level of force, with a minor difference in
the magnitude of strain at the specimen center (Fig. 8a-d).
The predicted normal strain contours along the GF yarn
direction are also similar for both the Sh2_B1 and Sh8 B1
tests, with a slightly greater discrepancy (Fig. 8e-h). For
all predictions, the normal strain contours are nearly uni-
form within the 50 x 50 mm? ROI at the specimen center.
The predicted shear angle contours for both shear-biaxial
tension tests at the same diagonal displacement magni-
tude reveals that an increase in the diagonal displacement
rate does not change the magnitude of the shear angle at
the specimen center (Fig. 9a-b). This finding is due to
the high stiffness of the fabric along the CF tow direc-
tion (horizontal branch of the specimen) and the fact that
the biaxial extension deformation along the CF tow and
GF yarn directions tends to suppress fabric shear defor-
mation. This coupled shear-extension response has been
previously reported for woven fabrics [10]. The predicted
diagonal force for the Sh8_B1 test was 75% higher when
compared to the Sh2_B1 test, which supports this point.
The FE model was also used to simulate a test on the
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Fig. 7 Force-strain response for indicated shear-biaxial tension tests along: a CF tow direction (x), b GF yarn direction (y), and ¢ diagonal direc-

tion. Note, the data in all plots comprises normal engineering strains

multi-branched specimen with displacement only applied
to the diagonal branch, denoted as Sh§_BO0, which was not
experimentally considered. The force-shear response along
the diagonal direction deviated from that of the Sh§_B1
test (Fig. 7¢), while the associated shear angle contour
reveals a higher degree of shear deformation with a 43%
reduction in the magnitude of force along the diagonal
direction (Fig. 9c¢). In other words, the tension along the
perpendicular branches of the Sh§_B1 specimen tended
to suppress shear deformation more than that observed for
the Sh8_BO0 specimen where there was no tension along
these branches. This result further demonstrates the effect
of tension along the CF tow and GF yarn directions on the
shear deformation response of the UD-NCEF. It should be
noted that the superimposed tensions captured in the ver-
tical and diagonal arms of the multi-branched specimens

(Fig. 8) may have influencing the shear deformation at the
specimen center and the observed shear-extension defor-
mation coupling.

Effect of fiber orientation on coupled shear-biaxial
tension deformation

In the previous section, the capability of the developed
simulation model to capture the coupled shear-extension
deformation response of the UD-NCF was demonstrated.
In a subsequent study, the FE model was used to capture
the shear angle contours at the center of the multi-branch
specimens for cases when the CF tow orientation was biased
at +45° or -45° from the horizontal branch, which enabled
further assessment of the fabric coupled shear-extension
deformation response. Three tests were simulated with a
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displacement rate of 1 mm/min along the diagonal branch
and various equibiaxial displacement rates along the hori-
zontal and vertical branches, including 2 mm/min (Sh1_B2),
8 mm/min (Sh1_B8), and 16 mm/min (Sh1_B16). The
predicted shear angle contours captured at the same mag-
nitude of displacement along the diagonal direction were
distinct when compared to the case when the CF tows were
aligned with the specimen horizontal branch, with an overall
increase in the magnitude of shear angle at the specimen
center (compare Figs. 9 and 10, see Table 2). This increase
in shear angle is a direct result of the CF tow orientation
and the fact that tension is only applied to either the CF tow
direction or the GF yarn direction, which enabled increased
shear deformation. It is also interesting that the magnitude
of shear angle was larger for the tests with —45° CF tow
orientation when compared to the tests with +45° CF tow
orientation, for all considered biaxial displacement rates
(Table 2). For the former tests the fabric was tensioned
along the GF yarns (i.e., lower fiber content and stiffness
direction) which enabled greater shear deformation. For

Fig.9 Predicted shear angle
contour plot captured at a
diagonal displacement of 1 mm:
a Sh2_BI1 test, b Sh8_B1 test,
and ¢ Sh8_BO test

, v
1 o
I_" (a)
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the latter tests, the fabric was tensioned along the CF tow
direction (i.e., stiffer direction), which led to relatively lower
fabric shear deformation. This result further demonstrates
that the coupled shear-extension deformation of the UD-
NCEF is sensitive to the direction of the tension loading. For
both cases, the average shear angle at the specimen center
increased with increasing displacement rate along the per-
pendicular branches (Table 2), with the —45° case showing
greater sensitivity to the displacement rate as expected since
the GF yarns are tensioned. It is interesting to note that the
magnitude of shear angle increased linearly with increasing
equibiaxial displacement for the +45° case, while the trend
was nonlinear for the —45° case (Fig. 11).

Conclusions
The aim of this investigation was to evaluate the inherent

coupled in-plane biaxial tension and shear-biaxial ten-
sion deformation responses of a unidirectional non-crimp

IZ,OI

8.0
m |
4.0 =
I“"“i
0.0 I

lZ(i'

10.0

ol
=

S
=
T
[RECTI™
[RECTIT™

S
°

o
=3
—

| Journal : Large 12289 Article No : 1757 Pages : 14

MS Code : 1757

Dispatch : 14-5-2023

523
524
525
526
527
528
529
530
531
532
533
534
535

536

537

538
539



540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559

International Journal of Material Forming _#####t###HHt##HHHH A

Page 11 0f 14 _#i###_

GF yarn '2""
direction 10.0
g g 8.0 :;
S
- 45 ’ - - 4.0 I =
X 4 2.0
CF tow l & i, l
direction ' '
GF yarn CF tow
direction, direction

L] opue aeays

2.0 I
0.0

(b)

L1 opue seays
(] oydue seayg
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fabric (UD-NCF). A novel experimental test setup com-
prising a custom multiaxial loading system and a digital
image correlation (DIC) measurement system was used where
multibranched fabric specimens were subjected to combined
in-plane tension loads. A macroscopic finite element
model was utilized to simulate the experimental tests
and assess its feasibility in capturing the coupled mem-
brane deformation modes of the fabric. The simulation
model employed an available constitutive model, namely
*MAT_249 in the commercial finite element software
LS-DYNA. This constitutive model captured the nonlin-
ear anisotropic hyperelastic response of the defined fiber
families (e.g., carbon fibers (CFs), supporting glass fibers
(GFs), and stitching), as well as the elasto-plastic shear
deformation response of the fabric, which was uncoupled
to the fiber extensional deformation.

During the first study, biaxial tension tests were per-
formed on cruciform fabric specimens with varying ratios of
deformation rate along the orthogonal CF tow (longitudinal)
and supporting GF yarn (transverse) directions, including

ratios R=0.5, 1, and 2. These experimental test results were
initially reported in a previous study by the authors. Cap-
tured force-strain responses along the CF tow and GF yarn
directions revealed a minor tension-tension deformation
coupling for the range of deformations considered, despite
the observed interactions between the stitching and the CF
tows. This outcome is a result of the higher fiber content
and fabric stiffness along the longitudinal direction, which
tended to suppress coupled biaxial tension deformation. The
predicted nonlinear longitudinal and transverse force-strain
responses for all displacement ratios correlated well with
the experimental data, with slight deviations for the latter
at higher strains. This discrepancy may be in part due to the
assumed uncoupled extensional deformation response for
each fiber family in the material model. However, indirect
coupling was enabled by identifying a third fiber family rep-
resenting the stitching and due to the superposition of the
distinct stiffnesses for each fiber family. The predicted strain
contours at the specimen center also correlated well with the
experimentally measured DIC strain values for all R ratios.

Table 2 Predicted average

" e within 50% 50 N CF tow Sh2_B1 Sh8_B1 Sh1_B2 Sh1_B8 Sh1_B16
shear angle within ‘X mm orientation shear angle [°] shear angle [°] shear angle [°] shear angle [°] shear angle
ROI at center of multi-branch ]
specimen captured at a diagonal
displacement of 1 mm for 0° 1.0 1.0 - - _
indicated test cases 450 ) ) 55 9.75 12.0

+45° - - 5.0 6.5 9.0
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For the next study, combined shear-equibiaxial tension
tests were performed on specimens with three loading
branches oriented along the longitudinal, transverse, and
diagonal directions of the UD-NCF. The captured force-
strain responses from tests with two different diagonal
deformation rates revealed notable shear-extension cou-
pling. However, due to the applied tension load along
both the orthogonal CF tow and GF yarns, the extent of
shear deformation at the specimen center was limited. The
force-strain response predicted by the simulation model
correlated very well with the experimental data, where
for the latter engineering strains were determined from
the displacements captured by the device displacements.
These results demonstrated the capability of the model to
capture the coupled shear-extension deformation response
of the UD-NCF.

In the final study, the simulation model was used to pre-
dict shear angle at the center of the same multi-branch speci-
mens for cases when the CF tow orientation was biased at
+45° or -45° from the horizontal branch. The extent of shear
deformation at the specimen center was notably greater for
both cases when compared to the previous study owing to
the fact that tensioning was only applied along either the CF
tow or GF yarn direction. The main outcome of this final
study was that the coupled shear-extension deformation of
the UD-NCF is sensitive to the direction of tension loading.

One of the main contributions of this work is the proposed
experimental setup for characterizing the coupled membrane
deformation modes of reinforcement fabrics. The findings
of the performed studies provide an improved understanding

@ Springer

of the coupled biaxial tension and shear-biaxial tension
deformations for UD-NCFs which were previously lacking
in the literature. The notable coupling between the shear
deformation and the longitudinal/transverse stiffness of the
fabric is deemed necessary to be captured by material mod-
els used in macroscopic forming simulations. The presented
results can also provide guidance for future studies focused
on formability of UD-NCFs, in particular controlling pre-
tensioning during forming operations to reduce the forma-
tion of shear-induced defects such as wrinkling and fiber
waviness. Future work will be aimed at further investigating
the effect of various magnitudes of pre-tensioning along the
CF tow and GF yarn directions on the shear deformation of
the UD-NCF over a larger range of deformations, as well
as developing a material model that can directly capture
the coupled membrane deformation modes in macroscopic
forming simulations.
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