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Abstract: The growth of the aeronautical sector leads to the growth of polymer composites application,
creating new demand for components applications in complex dimensions and shapes. Regarding
different methods of draping 2D fabric into a 3D format, the concern is to keep the fabric properties
and characteristics, since fiber orientation is modified after draping. For that purpose, this study aims
to evaluate the drapability capacity of 2D dry fibrous fabrics (plain, twill, satin, non-crimp-fabric
0/90, and +45) into a complex geometry, i.e., spherical indent. The energy required to drape fabric
is composed of fabric deformation mechanisms (shear and bending), which were used together
with microscopic deformation analysis to determine the appropriate fabric architectures with the
highest malleability. Both NCF fabrics presented high energy and roughness on the fabric surface
due to the folding effect of stitching. On the other hand, plain and twill weave fabrics required lower
energy to drape but demonstrated higher fiber misalignment and deformation. The satin warp/weft
relation favored shear and bending mechanisms, presenting better uniformity in load distribution,
symmetry on drape capability, lower deformation degree, and lower fiber misalignment. Despite the
intermediate load and energy required for drape, ANOVA and optimization methods confirmed that
satin fabric showed better malleability behavior for complex geometries applications.
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1. Introduction

The aeronautics sector is interested in polymer composites reinforced with continuous
fiber due to weight decrease, high mechanical stiffness, and being used as an alternative
lightweight material to fuel economy [1-4]. With the expansion of composites in different
components associated with the evolution of processing techniques, the necessity for
manufactured modeling in complex geometries arose [5,6]. Concerning the conventional
composite manufacturing process, industrial sectors have required a different way to former
2D fabric in a three-dimensional format, keeping the fabric properties and characteristics
regarding the fiber orientation variance [6-8]. Composite processing techniques with
complex geometry are mostly press-forming (presents a pressure force to deform the
material), thermoforming (combination of pressure and temperature), and hand lay-up due
to significant cost/benefit relation [9,10]. All these techniques are based on the shape and
deform reinforcement pre-impregnated to obtain the final composite structure [11-14].

An important factor that could help conventional composite manufacturing is fabric
drapability, which consists of dry fabric molding in the specific geometry of the final
component before matrix addition [15,16]. Drapability is the proportion in which the fabric
can drape under a predetermined format. The form capacity of fabric architecture influences
the final composite quality, and defect formation could be detrimental to mechanical
properties [15,17,18]. The main factors that affect drapability are fabric type and structure,
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amount of fiber yarns, weight, fabric thickness, and shear behavior [15,17,19]. The fabric
warp/weft relation variation directly influences mechanical properties, including stiffness,
crease recovery, and drapability [20,21]. Concerning previous characteristics, composite
mechanical properties are mainly ruled by fiber orientation and amount [22-24]. In other
words, every angular misalignment between warp and weft yarns could damage the
composite mechanical behavior after fabric draping. Considering the challenge of forming
fabrics in 3D shape, researchers are looking for different methods to evaluate the fabric
drape [22,25,26]. Although drapability can be considered a subjective characteristic, the
measurement of drapability response parameters can be used to quantify and precisely
characterize this behavior [14,27].

Shear movement, known as the trellis-effect, occurs during inter-plane shear when
fabric yarns rotate about their crossover points (warp and weft yarns) until a locking angle.
Other mechanisms during fabric drapability are stretching, straining and shifting, fiber
shear, and fiber breakage, reducing material mechanical properties [21,28].

Recent research investigated drapability with a specific approach. Omeroglu et al. [12]
investigated round and trilobal full /hollow fabric drapability for plain and twill weave
architecture. As a result, the drapability of the fabrics produced from hollow fibers was
lower than those produced from full fibers, and plain fabrics had lower drapability than
twill fabrics. Yarn’s high intersection points and low movement capability in plain weave
led to a denser fabric unit structure. Allaoui et al. [22] developed a device to analyze
double-curved composite part drapability. It has been shown that a tetrahedral shape used
for corner brackets can be formed by punch and matrix without wrinkles in the helpful part.
However, results were attributed to a specific interlock fabric suitable for forming that needs
large shear angles. Their main contribution was to test the capability to simulate wrinkling
development. Meanwhile, Hineno et al. [29] evaluated the drapability of sheets with five
carbon plain weave layers impregnated with a heated thermoplastic resin. Results indicated
that fiber deformation differs depending on the relationship between the fiber direction
and the corner direction on the matrix, with visual analysis proving those achievements.

With the growth of prepreg or semipreg reinforced laminates in industrial sectors,
the search for 3D fabric forming methods has been affected. Conformation in complex
geometry can cause damage to the laminate structure, reducing the load for which the
component was designed [30,31]. Hassan et al. [32] indicate that several defects could be
performed during assessments of complex shapes, such as thickness nonuniformity, inter-
or intralaminar defect, voids, fiber wrinkling, among others. Yang et al. [20] proposed a
numerical analysis for drapability measurement in 3D size, analyzing the effect of bending
and shear proportion of fabric deformation and concluding that bending behavior influ-
ences the local shear of drapes. However, this behavior could change using different fabric
architectures. Drapability could be associated with the aesthetic behavior of fabric, which
is a performance indicator of reinforcement fabrics for quality evaluation [33,34].

The search in the literature revealed an absence of a comparative analysis between
different fabric architectures. Aiming to fill these gaps, this study evaluates the drapa-
bility behavior of several 2D dry fibrous fabrics into a complex geometry, i.e., spherical
indent. The energy required to drape fabric was carried out together with microscopic
deformation analysis to determine the appropriate fabric architectures with the highest
malleability for complex shapes. The analysis of variance and optimization method based
on fiber deformation, energy and percentage of contribution were carried out to confirm
the appropriated fabric architecture to 3D forming. The contribution to the field is the
experimental measurement of deformation, required energy, fiber misalignment analysis,
and a comparative investigation of drapability behavior between five fabric architectures
to establish the contribution of textile architecture in complex geometry drapes.
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2. Materials and Methods
2.1. Fiber Reinforcements Characteristics

Carbon fiber fabrics used for this work are compounds by warp and weft yarns, or-
thogonally crossed with a bidirectional reinforcing effect. All fabrics were from HaxForce®,
Texas, US. Four reinforcement types were used: plain weave, twill, satin, Non-Crimp
Fabric—NCF 0/90, and NCF = 45, as illustrated in Figure 1. The NCF presents no warp
and weft since reinforcement directions are connected by polystyrene (PS) stitching. More-
over, Table 1 presents the reinforcement specification for the drapability test. Architecture
represents warp and weft relations for plain, twill, and satin. The dimension adopted for
the drapability test was 250 x 250 mm.

Figure 1. Reinforcements architectures: (a) Plain; (b) Twill; (c) Satin; (d) NCF 0/90; and (e) NCF = 45.

Table 1. Reinforcement characteristics for drapability test.

Fabric Architecture Fibers Height (mm) Dimension (mm)
Plain 1x1 IM7 GP 0.31 250 x 250
Twill 2x2 IM7 GP 0.30 250 x 250
Satin 4x1 IM7 GP 0.32 250 x 250
NCF Biaxial (0/90) M7 5131 0.57 250 x 250
NCF Biaxial (£45) M7 5131 0.48 250 x 250

All fibers are from Hexcel® (Stamford, CT, USA), in which the fibers for plain, twill,
and satin fabrics have filaments with 3 k of fibers, a tensile strength of 4723 MPa, ultimate
elongation 1.8%, weight/length of 0.21 g/m, tow cross-section area 0.12 mm?. For both
NCFs, the filaments have 6 k fibers, tensile strength of 5516 MPa, ultimate elongation 1.8%,
weight/length 0.22 g/m, tow cross-section area 0.13 mm?. The fiber diameter is 7.1 pm,
with 95% carbon. The fabrics have a weight ~ 193 g/m?.
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2.2. Experimental Structure

The test was performed following the Kissinger et al. study [35]. Figure 2 illustrates
the device used, in which the first part is composed of a steel indent with a spherical head
of 70 mm in diameter and 130 mm in length in the body. For the test, only 90 mm in length
was used to deform the fabric. The second part is a device that holds the fabric between
two polymethyl methacrylate (PMMA) plates with 8 mm thickness. An orifice of 80 mm
diameter was made in each plate, where the indent could drape the fabric. The PMMA
plates were used to improve the visualization records during the test, ensuring no stress
on all fabrics. The third part of drapability equipment was the universal testing machine
Shimadzu AG-X, where the platform created was fixed, and the indent was fixed with
a 5 kN load-cell sensor system. The platform position needs to ensure that the spherical
indent will be inserted in the middle of the plate orifice to avoid data acquisition errors. The
Drapability test was performed in five specimens for each fabric type, using 10 mm-min !
of speed and maximal displacement indent of 90 mm. A solid Teflon spray was inserted on
the indent to avoid friction with the fabric during the test.

Load

l » Indent

70 mm

Fabric v_

.
.

N, PMMA

el

Figure 2. Drapability device (based on Ref. [35]).

2.3. Optical Microscopy

The optical microscopy analysis was performed using Zeiss equipment (Aalen, Germany),
Axio imager Z2m, and the Nikon d3200 camera (Tokyo, Japan). Images were post-processed
using Image] software to measure the fiber angles, directions, and distances between the
wefts. The images were obtained on the 3D fabric body and indented head.

2.4. Deformation Energy Determination

The drapability test was performed using Shimadzu AG-X to obtain load applied ver-
sus vertical displacement data. These data generate a curve with approximately 50 thousand
points. Therefore, the curve is integrated to calculate the necessary energy for drapability,
as shown in Figure 3. Therefore, using the integral method, the energy required for the
deformation of each fabric was calculated.
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Figure 3. Energy measurement method.

The analysis of variance (ANOVA) was carried out for all results (energy and defor-
mation parameters). Variance analysis was performed using Minitab18 for a double factor
considering the reinforcement architecture and measurement parameter, using « = 0.05 for
95% of reliability.

3. Results
3.1. Drapability: Qualitative Analysis

The final stage of each test is represented in Figure 4. The final form differs from the
square dimension presented at the beginning (250 mm x 250 mm) since each reinforcement
has a different drape capability associated with fiber direction, warp/weft relation, bending
and shear mechanisms.

Figure 4. Reinforcement form at the end of the test: (a) plain; (b) twill; (c) satin; (d) NFC 0/90, and
(e) NCF =+ 45.
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The plain weave, twill, and satin fabrics present similar geometry at the end of the test
(Figure 4a—c). The generated shape of these three fabrics is a flower-like image, considering
the yield angle (0/90) in response to the load distribution in each part of the fabric. The
load distribution causes a scissors shear in both fibers orientations, creating a locking
angle between warp/weft, as showed by Molnar et al. [8]. Figure 5 illustrates the fiber
movement behavior during the drapability test, considering fiber motion mechanisms as a
load distribution function. The flower region (dark color) represents the shear mechanism,
which changes the warp/weft orientation until the locking angle and the fiber twist occur.
Moreover, the other regions exhibit a slipping and bending mechanism regarding the load
direction applied.

Shear mechanism

- = - .-
- - -
o E S .-
- - - .
—
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Figure 5. Load distribution during drapability test—fiber shear and bending misalignment.

A greater uniformity degree is found for satin due to warp and weft relation, which
favors malleability, providing an equal load distribution across the fabric. The symmetry of
plain weave and twill fabrics (1 x 1 and 2 x 2 warp/weft ratio, respectively) contributes to
the drape capability—considering that the locking angle occurs more quickly, increasing
the deformation defects generated in the fabric, i.e., fiber misalignment, increasing in space
between warm/weft and fiber breakage [12].

Visual analysis of NCF 0/90 was different from NCF = 45 fibers orientation. However,
NCF 0/90 final format is similar to the plain, twill, and satin fabrics. The PS stitching was a
factor that influenced the reinforcement drapability, blocking the fiber shear and resulting in
nonuniformity drape movement. The device shortened the entire NCF =+ 45 reinforcement,
i.e., reinforcement moves into the mold from all sides, generating roughness and compres-
sion on fibers. The NCF = 45 prevents angular movement (angle lock absence), facilitating
the sliding and fibers agglomeration. The bending and shear mechanisms regions are
switched to the NCF = 45 fabric compared to the other fabric due to the fiber orientation,
which promotes the shear behavior—responsible for the increase in the agglomeration and
wrinkling of fibers.

Figures 6 and 7 exhibit the visual fabric deformation along the indent body region. In
Figure 6, all fabrics exhibit fiber wrinkling mechanism, fiber agglomeration, warp /weft
space, and change of fiber directions, resulting in a high degree of deformation. Thus, the
deformation follows: plain weave (Figure 6a,b) > twill (Figure 6¢,d) > satin (Figure 6e,f).
The larger deformation of plain and twill fabrics draped fabric (e.g., large misalignment,
spaces between yarns, among others) could reduce final component mechanical properties
since those regions will present fiber absence, warping, waviness, and other defects that act
as stress concentrators [36,37]. Satin is the fabric that obtained more regular fiber distortion
since its architecture (warp/weft space) distributes the deformation structure without
inducing significant fiber misalignment, as shown in Figure 6a,b. No gaps and wrinkling
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are macroscopic visible in the satin fabric after the drapability test, which confirms the
previous analysis.

Fiber
wrinkling

Warp/weft
space

Figure 6. Optical microscopic images of fabric deformation: (a,b) plain weave 1 x 1; (c,d) twill weave;
and (e, f) Satin.

NCEF, for both cases, demonstrates a slipping of each fiber layer and high roughness
due to the folding effect imposed by stitching (Figure 7). PS stitching is a positive factor
in keeping fibers bonded without creating gaps, as in other fabrics. However, the stitch-
ing locked the fibers, anticipating the trellis-effect. As a matter of fact, space between
warp/weft, fiber wrinkling, and changes in fiber directions are also presented in NCF 0/90
and NCF = 45 after the drape formation. The NCF 0/90 keeps the flower-like, referring to
the load distribution behavior shown in Figure 5. On the other hand, NCF =+ 45 annulled
this behavior due to initial fiber direction.
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Figure 7. Optical microscopic images of fabric deformation: (a,b) NCF 0/90; (c,d) NCF =+ 45.

3.2. Drapability: Quantitative Analysis

The deformation image processing (Image]) was conducted to quantify the space
and angular relation between warp/weft to measure the change according to the fabric
deformation before and after the drape test. Microscopic analysis was carried out in fabric
keeping 3D format. Table 2 presents the space between fiber yarns, in which the average
follows the sequence: plain > twill > satin, confirming the previous qualitative analysis.
Satin fabric presents no significant change in the spatial relationship between the filaments
associated with easier fiber sliding without changing the initial fabric characteristics.

Table 2. Average warp/weft space relation before and after deformation test.

Warp/Weft Before After Average
Space (mm) X-Axis Y-Axis X-Axis Y-Axis Difference (%)
Plain 05+0.1 0.5+0.1 0.6 +04 14+05 88.6 T
Twill 05+0.2 0.3+0.1 0.7+0.3 0.54+0.2 32571
Satin 02+0.1 02+0.1 0.3+0.2 03+0.2 011
NCF 0/90 59+0.6 1.7+ 0.3 584+ 0.7 12+02 8.0
NCF + 45 48 +0.1 1.8 £0.1 4.6 £0.2 12+04 18.7 |

NCF presents a negative difference after the test because of fiber compaction, which
increases fiber agglomeration and wrinkling mechanisms. This behavior is higher for
NCF 0/90 due to load distribution mechanisms (bending and shear) combined with
stitching locking the fiber deformation, which is reduced for NCF + 45—higher fiber
slipping mechanism.

The angular relationship between warp /weft before and after the test at the 3D body
is shown in Table 3. The average angle change could be detrimental to the mechanical
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behavior since this performance creates the yarn locking angle, fiber wrinkling, and change
in orientation [32,38]. The same behavior is found here, where it is possible to observe a
correlation between modified angle and space generated during the three-dimensional
forming test. The fabric with the lowest angle difference is satin, keeping a similar angular
variation between yarn before and after the test. The greatest angular changes are present
for plain and twill fabrics due to the scissors shear at the fabric edge regions. For NCF
0/90 and NCF =+ 45 fabrics, fiber orientation changes due to the stitch, which locks regular
fiber slip. In addition, the 2 x 2 ratio (twill) generates less space and angular modification
compared with the 1 x 1 ratio (plain); meanwhile, the NCF + 45 has also increased the
defects formation in the 3D region (indent body).

Table 3. Average warp/weft angle relation before and after deformation test.

Warp/Weft Angle (°) Before After Difference (%)
Plain 90.0 56.1 37.7
Twill 90.0 80.5 10.6
Satin 90.0 84.5 5.5
NCF 0/90 90.0 79.4 11.8
NCF = 45 90.0 68.8 23.6

3.3. Drapability Deformation Energy

The mechanical test was performed on five specimens for each fabric used in this study.
Figure 8 exhibits the average load versus displacement until the maximum displacement
tested, i.e., 90 mm. Irregularities in each curve indicate fabric slips, shear, bending, and
fiber ruptures. These fabric structure non-linearity causes detrimental properties for fabric
during drape processing or 3D form application, disfavoring final mechanical properties of
the component [39-42].

300
1 Plain
2759 — — Twill

250_- - - - -Satin e
} —-—NcF or90 Ve
225+ ----NCF+45

200 -
175 -
150 -
125
100 4
75
50 -
25

Load (N)

Displacement (mm)

Figure 8. Load vs. displacement for each reinforcement deformation.

The mechanical behavior shown in Figure 8 follows the load sequence: plain < twill <
satin < NCF 0/90 < NCF =+ 45. In other words, plain fabric presents the lowest resistance to
the 3D formation; meanwhile, NCF = 45 exhibits the highest resistance to drape. The results
are in accordance with the deformation analysis presented in the previous section—warp/
weft space and angle.
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Table 4 presents the required energy to drape fabric. In this analysis, the work is
quantified as the energy required to accomplish the drapability process for each fabric. An
increase in energy means a lower fabric flexibility degree—resulting in more pressure for the
indenting process and higher cost [43]. Considering that the energy is directly proportional
to the applied load, the fabrics present the same energy sequence aforementioned. The
reinforcements with higher energy to drape are NCF 0/90 and NCF = 45; meanwhile, twill
and plain woven presented less energy. Satin exhibits an intermediate result of energy.
According to required energy growth, there is an increase in the standard deviation since
the greater reinforcement movement occurs in each fabric.

Table 4. Deformation energy for draping each fabric (J = N-m).

Energy Plain Twill Satin NCF 0/90 NCF =+ 45
Average 1.8 21 5.4 8.2 10.7
25D 0.05 0.05 0.59 0.29 0.50

a_—standard deviation (SD).

Drapability test results show that the plain and twill fibrous fabric presents less
ultimate load required for folding and, consequently, a lower amount of energy required
to accomplish the three-dimensional format. This fact highlights both woven as good
malleability. However, the visual deformation analysis presents a high misalignment
degree and fiber wrinkling. The warp/weft symmetric relation induces a premature lock
angle, creating greater difficulty for the 3D formation.

Both NCFs present a high necessary load and energy for draping, 4-5 times higher
than the plain and twill fabrics. NCF reinforcement presents great roughness throughout
the fabric, high misalignment in the folded region, and a high deformity drape, invalidating
its use for complex geometries in a real component application. In addition, the PS stitching
of reinforcement influences the draping process, preventing fibers from regular slipping
or shearing. The tested material is particularly stressed due to the stitching blocking
movement, forming a slight zigzag shape and fiber wrinkling.

Satin architecture allowed great malleability due to its intersection method of warp /wetft,
making the fabric more flexible. With high space in yield relation, the reinforcement weft
generates a large elasticity modulus, appropriate behavior for three-dimensional structures.
Due to their barely joined wefts, satin tends to shift, even presenting intermediate energy
required for drape.

The analysis of variance (ANOVA) was finally performed based on the experimental
results of fabric deformation (deformation—mm), modification of the yield angle (an-
gle change—%), and energy required for three-dimensional conformation of the fabric
(energy—]), presented in Table 5. From this analysis, the values with F > F i,y indicate that
the null hypothesis (Hp) is false, and the parameter presents an influence on the response.
This behavior occurred for all parameters since each type of fabric presents a different
draping behavior. This analysis is confirmed by a p-value < 0.01, guaranteeing reliability
of 95%.

The percentage of contribution (PC) values were calculated from the ANOVA results,
in which all measurement parameters exhibit an influencing factor on the drapability
results. All three parameters have values close to each other. However, the deformations
related to the fiber misalignment (angle and yield distance) affect the drapability behavior
more than the energy required for deformation, being important values to be considered in
the 3D conformation of the fabrics.
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Table 5. ANOVA results.

Parameter F p-Value Foritical PC
Deformation (mm) 582.65 6.8 x 10710 4.60 39.54
Angle change (%) 495.43 1.0 x 1072 4.45 33.62

Energy (J) 5.95 1.0 x 1072 3.84 26.84

Solver optimization was carried out using each value found for deformation between
warn/weft, angle changing, energy, and the contribution percentage as weight factors. The
optimization process aims to minimize deformation and required energy, accessing the
fabric architecture with less changing on initial properties. In other words, optimization
was conducted to access the fabric with lower defect formation and lower required energy
for the drapability process. Therefore, satin fabric shows the lowest influence of drapability
(i.e., 401), followed by NCF 0/90 (935) < twill (1311) < NCF = 45 (1718) < plain (3716).

4. Conclusions

This study was carried out to evaluate the drapability behavior of several fibrous
fabrics into a spherical indent. The experimental measurement of required energy and
fiber misalignment analysis was important for a comparative investigation of drapability
behavior to establish the contribution of textile architecture to drape in a 3D geometry. In
addition, the fabric drapability testing presented good comparative results among the five
fibrous reinforcements analyzed through the method applied.

The test determined that the fabric malleability for a three-dimensional structure
depends on fabric architecture (warp /weft relation), fiber direction, and the presence of
stitching. Satin fabric presented higher uniformity in load distribution over the displace-
ment, symmetry on drape capability, the lowest deformation degree, and fiber misalign-
ment, confirmed by ANOVA and optimization process. Even requiring greater energy for
draping than plain and twill fabrics, satin is the most suitable fabric for three-dimensional
shapes without fiber wrinkling, ensuring the initial fabric characteristic in a complex
geometry structure.
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