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Physics-based evaluation of the drapability of textile composite reinforcements.

Renzi Bai, Bo Chen, Julien Colmars, Philippe Boisse”
Univ Lyon, INSA Lyon, CNRS, LaMCoS, UMR5259, 69621, Villeurbanne, France

Abstract.

The drapability of a textile composite reinforcement is its capability to be formed on a double
curved shape without wrinkling. This is an important property of a textile reinforcement when it
is used to manufacture a preform in liquid composite molding processes. The analysis of the
deformation modes and the form of the internal virtual works during draping of a fibrous
reinforcement leads to define a physics-based Drapability Ratio determined by the in-plane
shear stiffness and the bending stiffness of the textile reinforcement. This Drapability Ratio can
be used to identify the reinforcement that can be draped for a given geometry. Square box
forming and cylindrical forming carried out for a set of textile reinforcements under the same

conditions show the relevance of this Drapability Ratio.

Keywords: A. Fabrics/textiles, D. Mechanical testing, E. Preform, E. Forming

1. Introduction

Liquid Composites Molding (LCM) process [1,2] is a technology used to manufacture
composite parts in the aeronautical and automotive industries [3-6]. In these processes, the first
step is a forming of a textile reinforcement. It is followed by an injection of the resin on the
obtained preform. The present study considers continuous fiber textile reinforcements that
provide the best mechanical properties to composites. This forming process, often called
draping, is delicate when the geometry of the part is complex. Many studies have had, and
currently have, the objective of analyzing this stage [7-9]. Numerical simulation codes for this
draping step have been developed and are making steady progress [10-19].

When manufacturing a composite, it is necessary that the draping of the textile reinforcement is
carried out without defect [20 -23]. In particular, wrinkling, which is a major flaw during
draping, should be avoided [24-29]. There are several factors that can contribute to the
development of wrinkles when forming a fabric. The geometry of the tools (mold, punch, die),
the presence or absence of blank holders, the forming velocity, in particular play an important
role. Wrinkles occur when draping over the surface of the tools leads to deformations where the
minimum energy solutions contain folding. Besides these process parameters, the properties of
the textile reinforcement, which are linked to its internal structure, have a major contribution to

the development of wrinkles. This aptitude is a material property of the fabric called drapability.
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In the field of composite manufacturing, the classical definition of the drapability of a textile
reinforcement is its capability to be formed on a double curved shape without wrinkling [30].
Other points are important for a successful forming, in particular the adequate direction of the
fibers, the fiber volume fraction in the final composite part. Only the ability to be draped
without wrinkling is considered in this study. A textile reinforcement can or cannot be used to
make complex double-curvature geometries depending on its drapability which is an important
property for a textile composite reinforcement. However, this drapability of the fabric is not
sufficient to rule on the possibility of wrinkle-free draping of a given forming process because
factors external to the textile reinforcements have roles of primary importance. To determine the
possibility of a draping without wrinkles, a numerical simulation relevant to the description of
the wrinkles should be performed. Nevertheless, drapability is an essential property for the
producer of a textile composite reinforcement and for the manufacturer of textile preforms to
know if strongly double curved geometries can be considered for a given fabric.

The study of drapability has mainly been carried out by using an experimental device called
Drape Meter [31-39]. In a classical Drape Meter, a circular sample of radius R; is draped under
its own weight onto a support plate of smaller radius R;. (Fig. 1). The vertical projection of the
contour of the draped sample defines an area A, (Fig. 1b). By noting A; the area of the support
disk and A: the area of the disk of the initial textile sample, the Drape Coefficient DC is
obtained by DC=(A,-A1)/(Ax-A)).

The lower the DC value, the greater the drapability of the fabric studied. This method allows to
estimate the drapability of textiles or at least to compare them. However, this approach has
several drawbacks. The method does not measure a physical quantity and the drape coefficient
DC is dependent on the test device. The test lacks repeatability may be unstable, and the draped
geometry can evolve over time [34,36,38]. Some alternative devices dedicated to drapability
measurement have been developed. In particular, the Drapetest drapability tester is presented in
[30] that uses the principle of pushing a hemispherical reference body against a clamped textile
sample to forcibly drape the textile into that shape.

The objective of this paper is to propose a simple method to evaluate the drapability of a textile
composite reinforcement from its mechanical characteristics, without using a drape meter. For
this purpose, an analysis of the different energies of deformation during a draping process is
made. The square box forming test, known to be a complex shape to drape, was chosen to

demonstrate the relevance of the approach.
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Fig. 1. (a) Drape meter. (b) Projection of the draped fabric sample [37]

2. Deformation modes and stiffnesses of a textile reinforcement during draping.

2.1. Shell approach for textile composite reinforcement

The virtual work theorem is considered for a textile reinforcement during a forming process. For
any virtual displacement equal to zero on the boundary with prescribed displacements, it can be

written

JWEXI - Mnt - 5W[1L‘C = 0 (1)

Here, oW, ,,0W, oW,

int’ acc’

are the virtual works of external, internal and acceleration quantities.

A shell approach can be used because the thickness of the fabric is small compared to its in-

plane dimensions (Fig. 2) and the internal virtual work is the sum of the virtual works of tension

OW,ppsion » in-plane shear OW,, . and bending oW, ... -
W, = W nion + OW e + OW i 2)
with W, =IA (C€;,N,+ 0, N,,) dA 3)
W, =[ LN, dA 4
6‘/Vbending :jA (@(nMn +5X22M22 +5X12M12) dA 5

Here &¢,,, O, are the virtual strains in the warp and weft directions, &, is the virtual in-plane
shear strain, OY;,, Xy, OX;, are the virtual curvatures. N,, ,N,, ,N,,are the stress resultants and

M, ,M,, ,M,, are the stress moments (or stress couples) with:

h

h
Nog =[2G e My =[’20, e (©)
2 2

The indices @, 5 belong to the set (1, 2), Uqg are the components of the Cauchy stress, A is the

midsurface of the shell, % is its thickness.
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Fig. 2. Draping of a woven reinforcement on a double-curved surface.

The development of wrinkles during draping depends on the solutions given by the virtual work
theorem (Eq. 1) taking into account the specific forms of the internal forces in the case of a
textile reinforcement (Eq. 2 to 5), the material properties of the fabric, and the boundary
conditions [40].

The study and modeling of the mechanical behavior linking the interior loads N,

ap>M 5 10 the

deformations &

5 Xap N@s been the subject of numerous works in the case of textile composite

reinforcements. Most of these works make the simplifying assumption that these mechanical

behaviors are decoupled, i.e. that the tensile behavior is given by N, (£,,) and the bending
behavior by M, ()x,,) (a, B equal to 1 or 2, no sum). This assumption is adopted in the

proposed approach. In addition, the mechanical behavior is assumed to be elastic. It has been
shown that elastic behavior is satisfactory for modeling forming processes as long as the loading
is monotonic (no unloading) which is generally the case [41]. As a consequence the tensile

behavior is given by :
NH = CTI g]l NZZ = CT2£22 (7)
where Cp; and G, are the tensile stiffnesses of the fabric in the warp and weft directions.

By noting y the shear angle, i.e. the change in angle between the warp and weft direction

(y = 2812) , the in-plane shear behavior is in the form:
N, =C,y 8)
where Cj is the in-plane shear stiffness. The bending behavior is given by:

M11=CBIX11 M22 =CBZX22 (9)
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where Cy;,and C,, are the bending stiffnesses of the fabric in the warp and weft directions.

The internal virtual work Jy,,M,, coming from twisting curvature (Eq. 5) is neglected because

the total bending stiffness of the reinforcement is mainly due to the warp and weft yarns
bending stiffness.

The above equations are based on the warp and weft directions of continuous fiber woven
reinforcements or the two yarn directions of Non-Crimp Fabric (NCF). These are the materials
considered in this work. A triaxial NCF and an isotropic sheet are also analyzed for information.
They require another form of the virtual work equations. These two materials are not intended to

be draped.

2.2. Influence of the different stiffnesses on wrinkling

2.2.1. Tensions

When forming some materials, especially metals, the strains can be large [42,43]. The present
study focuses on textile composite reinforcements consisting of continuous yarns in the warp
and weft directions which are very stiff and quasi-inextensible. The warp and weft yarns govern
the deformation of the textile reinforcement, but the draping on a double curved shape is not
achieved by extension of the yarns. Tension loads in the yarns (Eq. 3) can prevent the formation
of wrinkles especially by the use of blank holders. However, these are devices and forces

external to the material.

2.2.2. In-plane shear

Because the yarns of textile composite reinforcements are almost inextensible, forming on a
double-curved surface is achieved by in-plane shear deformations (or shear angles) as shown in
Fig. 2 for a hemispherical surface. These in-plane shear angles are therefore an important mode
of deformation for the draping of textile reinforcements. Measuring and modeling of in-plane
shear behavior has given rise to numerous studies [44-51]. The in-plane shear stiffness should
be as low as possible to enable shear angles as large as needed to drape a given shape. If this
stiffness is higher, it can lead to wrinkling during draping. These wrinkles have out-of-plane
geometries that decrease the shear angles and thus the corresponding deformation energy. All
other properties being equal, the higher the in-plane shear stiffness, the lower the drapability of
the textile reinforcement. Apart from the drapability, the shear stiffness can bring some

advantages, e.g. ease of handling.

2.2.3. Bending
The bending behavior of textile reinforcements is strongly influenced by their fibrous
composition. The possible relative slippage of the fibers leads to a bending stiffness much lower

than that of a continuous material. The relations resulting from the classical plate theories which
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provide the bending stiffness from the tension stiffness and the thickness are not valid. Due to
the low bending stiffness, membrane type models (neglecting the bending stiffness) have been
proposed [52-58]. Nevertheless, it has been shown that the bending stiffness, although low,
conditions the onset and development of wrinkles [59-61] and thus plays an important role in
the drapability of textile reinforcements. The formation of wrinkles causes curvatures and
provides bending deformation energy. The bending stiffness counteracts the wrinkle formation
and therefore favors draping without wrinkles. All other properties being equal, the higher the
bending stiffness, the higher the drapability of the textile reinforcement. The increase in bending
stiffness can have disadvantages such as increased forces during forming. For a given

manufacturing process, this aspect should be analyzed.

2.3. Drapability Ratio

In plane shear and bending stiffnesses influence the drapability of a textile reinforcement in
opposite ways. On the one hand, the in-plane shear stiffness should be as low as possible to
easily drape a given shape, on the other hand, the bending stiffness counteracts the wrinkle
formation. The tensile characteristics do not influence the drapability because the yarns of
composite reinforcements are almost inextensible. The proposed Drapability Ratio (DR) is

defined from the in-plane shear and bending stiffness:

DR e (mm™) (10)
CB
If the shear stiffness C; is expressed in N mm™ and the bending stiffness Cz in N mm then the
Drapability Ratio is given in mm™. A large part of the studied textile reinforcements is balanced
and therefore have the same stiffnesses in the warp and weft direction. For unbalanced fabrics,

Cp is the average of the bending stiffnesses in the warp and weft direction.

3. Measurement of shear and bending stiffnesses and determination of Drapability Ratios
3.1. Materials

The textile reinforcements whose drapability is analyzed in this paper are shown in Table 1.
Their main properties are given in Table 2. In the case of interlocks G1151 and G1100, they are
made up of 3 yarns in each direction linked by weaving.

Table 1. Studied textile reinforcements.

B ELEE N .
EEFERN Itt't.'...

Plain
weave

PW Glass 1 PW Glass 2 PW Glass 3
[47] [62]
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Twill
weave
Satin
weave
SAT Carbon 2
[62]
Weft yarn plane (XZ)
Interlock

Warp varn plane (YZ) Smm

G1100®

NCF
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NCEF Triax

Isotropic
material

lon,

Polymer sheet

Table 2. Properties of the studied materials

Type of fabric Plain weave Twill weave
Name of fabri PW PW Glass PW PW ™ ™
ame o Tabric Glass 1 2 Glass 3 Carbon 1 Glass Flax
Thickness (mm) 0.34 1.2 0.12 0.8 0.3 1.1
Fiber Type Glass Glass/PP Glass Carbon Glass Flax
Areal density (g m?) 347 745 160 675 418 329
Number of warp yarns | 4 | 1.93 118 5 66 | 36
per cm
Number of weft yarns | ¢ ¢ 1.93 10.7 5 6.6 36
per cm
Type of fabric Satin weave Interlock NCF
Name of fabric SAT SAT Hexcel Hexcel NCF NCF
Carbon 1 | Carbon2 | G1151° G1100® Biax Triax
Thickness(mm) 0.3 0.4 1.3 1.04 0.5 1.1
Fiber Type Carbon Carbon Carbon Carbon Carbon Glass
Areal density (g m?) 290 234 630 600 312 1133
Number of warp 65 5 75 75 5 +45°:5
yarns per cm -45°:'5
Number of weft 6.5 5 74 74 5 0°: 4
yarns per cm (yarns/cm)

3.2. In-plane shear stiffness

The in-plane shear behavior of the textile reinforcement presented in Table. 1 is analyzed by

bias extension tests [44-51, 65-68]. The bias extension test and the picture frame test are the two

main experiments developed for the analysis of the in-plane shear behavior of textile

reinforcements. The bias extension test consists of a tensile test on a specimen whose yarns are

initially oriented at 45° (Fig. 3). The displacement of the tensile machine grips leads to an in-

plane shearing of the specimen in the central area C, under the condition that the warp and weft

8
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yarns rotate without slippage (trellising). The shear angle in zone B is half that in zone C and
zone A does not deform. The bias extension test is easy to implement. In addition, the yarns
have at least one free end which avoids the parasitic tensions that can be present in the picture
frame test [69]. On the other hand, the assumption of a relative non-slippage of the warp and
weft yarns is generally verified only up to a limit angle depending on the material [49]. In this
test the shear angle y is measured either directly by an optical measurement or calculated from
the elongation of the specimen. The tensile force F imposed by the machine on the specimen is

related to the shear force Ny, often noted F\y, [48,69]:

_ ___FD Yoo Leos” [z} (1)
N'Z(y)_FSh(y)_E(ZD—E)cosy[COSZ Sm2j (2D—/i)cosyFSh 2

The initial lengths L and D and the initial width ¢ of the specimen are defined in Fig.3a. The
in-plane shear curve measured for fabric G1151® (manufactured by Hexcel) is displayed in Fig.
4. The shear stiffness increases with the shear angle. This is due to the progressive lateral
contacts between the yarns [64, 69]. The in-plane shear curve is not linear. However, to make
the Drapability Ratio simple and easy to determine, the in-plane shear stiffness C, in Eq. (10) is
obtained from the shear force for an angle of 40°. This angle is large but can be reached easily
when forming. The values of the plane shear stiffness C; for the textile reinforcements presented
in Table 1 are given in Table 3. (The choice of the in-plane shear stiffness value for an angle of

40° is discussed in section 6.3)

Yarns at £45°

(©)

Fig. 3. Bias extension test. (a) Initial geometry. (b) Deformed shape, (c) Experiments
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0.1 . . . : .
Bias extension test

Shear Force Fsh(N/mm)

0 L 1 L 1
0 10 20 30 40 50 60

Shear angle (°)

Fig. 4. In-plane shear curve of G1151®

In the case of triaxial NCF, the picture frame test is preferred. The +45° directions were clamped
to the frame and the third fiber direction was perpendicular to the traction direction in order to
avoid any fiber tension. This test gives an in-plane shear stiffness equal to 3.8 N mm.

The in-plane shear stiffness of the isotropic PVC sheet was obtained by performing a tensile test
which leads to a Young's modulus £ = 822 MPa therefore, taking V= 0.5 for a polymer, to a
shear modulus G=E/2(1+V) = 274 MPa. The shear stiffness C; = Gh/2 is equal to 68 N mm.
This value is obtained in the context of small strains and gives an order of magnitude in the

present drapability study.

3.3. Bending stiffness

The bending stiffness of textile reinforcements can be determined by several experimental
methods. The Kawabata bending test imposes a curvature to the specimen by rotation of the two
ends [70-72]. In this paper, the bending stiffnesses are measured by a cantilever bending test.

The textile specimen is subjected to its own weight with one end clamped (Fig. 5).

Embedded

section

Bent section

Y

41.5°

Horizontal board

Tilted board

Fabric strip

Fig. 5. Peirce's Cantilever bending test [73, 77]

From the bending moment created by the gravity loads, the measurement of the curvature of the

deformed midline determines the bending behavior M() (M is the bending moment and Y is the

10
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curvature) for all curvatures between a zero value at the free end and the curvature at the
clamped edge [78]. The obtained bending curve M())-is not always linear but the non-linearities

are generally limited.

In the Pierce's test, the specimen is advanced progressively until its end comes into contact with
a plane inclined at 41.5° (Fig. 5) [73-77]. Assuming that the bending behavior is linear and thus
that M= C,), the measurement of the length ¢ of the bent part of the sample (Fig.5) gives an
approximation of the bending stiffness Ca:

Fw

C, =—— 12
5 g (12)

Here w is the weight of the fabric per unit area. The bending stiffnesses determined by this

approach for the textile reinforcements shown Table 1 are given in Table 3.

Table 3. In-plane shear stiffness, bending stiffness and Drapability Ratio of the analyzed textile
reinforcements.

In-plane shear

Material Stiffness Bending stiffness Drapability ljatio
C.(N mm™) Cp (N mm) DR (mm™)
PW Glass 1 0.0097 0.21 0.046
PW Glass 2 0.091 2.73 0.033
PW Glass 3 0.026 0.10 0.26
PW Carbon 1 0.22 1.38 0.16
TW Glass 0.030 0.47 0.064
TW Flax 0.056 2.57 0.022
SAT Carbon 1 0.069 342 0.020
SAT Carbon 2 0.040 3.05 0.013
G1151 0.041 4.52 0.0091
G1100 0.026 3.36 0.0077
NCF Biax 0.010 0.95 0.011
NCF Triax 3.8 2.17 1.75
Polymer isotropic sheet 68 0.74 92.6

11
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G1100

G1151

NCF Biax
SAT Carbon 2
SAT Carbon 1
TW Flax

PW Glass 2
PW Glass 1
TW Glass
PW Carbon 1
PW Glass 3

0 0.05 0.1 0.15 0.2 0.25 0.3
Drapability Ratio (DR)
Fig.6. Drapability Ratios for the analyzed textile reinforcements
The Drapability Ratios of the different textile reinforcements obtained from Eq. (10) are given
in Table 3 and Fig. 6.
The in-plane shear and bending stiffness of the various reinforcements and thus their
Drapability Ratio depend on the internal structure of the textile reinforcements. Some weaves
(satin, interlock) lead to lower (better) DR than others (plain weave). This point is discussed in
section 6.3.
The Drapability Ratio of the triaxial NCF and of the isotropic sheet are respectively 1.75 mm™
and 92.6 mm~. These two values are large. They correspond to materials that are not intended to

be draped.

4. Forming tests
4.1 Square box forming

The objective of these forming experiments is to analyze the draping behavior of the tested
textile reinforcements and to see if the proposed draping ratio is a relevant indicator for the
development of wrinkles. The considered wrinkles are undulations out of the plane of the fabric.
Although the square box is a basic geometry, it is a shape that is quite difficult to drape with
continuous reinforcement textiles. Due to the quasi-inextensibility of the fibers, large shear
angles are required which often leads to wrinkling. The square box forming processes presented

in scientific papers generally show significant wrinkling [62,63,79-81].

12



Accepted Manuscript

@Camera
- ’;r.
aalliNy

Units: mm
~ LW pabric
'} . ;
75 RS : Die
y 30[ | } Pmiwh II/B]ank holder
1
« 100
110
L 300 o
(a) (b)

Fig. 7. Square box forming experiments (a) Geometry of the test. (b) Forming depth

Fig. 7 shows a diagram of the square box forming experiments. The depth/width ratio is equal to
0.75 which is significant, and it is the same for all the tested textile reinforcements. Fig. 7b
shows that the forming depth is 75 mm, of which 30 mm is the thickness of the transparent die
and 45 mm corresponds to the visible part. Figures 8 and 9 show the geometry achieved after
forming of the different textile reinforcements. To measure the shear angles, pictures are
captured with a camera in the resolution of 4827 x 3248 pixels. The images are zoomed in to

measure the shear angle by manually tracking the warp and weft yarn.

13
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(a) Polymer isotropic sheet, DR =92.6 (b) NCF Triax, DR = 1.75

Shear angle 65°

Wrinkles

(d) PW Carbon 1, DR=0.16 [63]

¥,
....

i

(e) TW Glass, DR =0.064

Shear-angle

o AR
(g) PW Glass 2, DR=10.033

Fig. 8. Square box forming leading to wrinkling.
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“laahe Shear-angle 70°
(b) Satin Carbon 1, DR = 0.020 [62]

near angle 65°

(e) G1151, DR =0.0091 (f) G1100, DR =0.0077

Fig. 9. Square box forming without wrinkling.

The forming of the textile reinforcements shown in Fig. 8 all lead to wrinkling. These are the
seven reinforcements with the highest Drapability Ratio. Moreover, the magnitude of wrinkling
shows the same trend as the Drapability Ratio. The isotropic sheet and the triaxial NCF show
the most severe wrinkling, while the glass plain weave 2 shows very moderate wrinkling. In Fig.
9, the forming of the six textile reinforcements is achieved without wrinkling. The Drapability
Ratios of these fabrics have the smallest values. Fig. 10 shows the relationship between the

Drapability Ratio and wrinkling development. There is a clear connection between the two.

15
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The Drapability Ratio allows to classify the textile reinforcements with regard to drapability. If
a forming process has been done without wrinkles for a given textile reinforcement, this
forming, under the same conditions, can be done without wrinkles for all the textile
reinforcements whose Drapability Ratio is lower. On the other hand, if the forming process of a
textile reinforcement leads to wrinkling, all textile reinforcements with a higher Drapability

Ratio will lead to wrinkling and cannot be used for this process.

G1100

Gl1151

NCF Biax
SAT Carbon 2
SAT Carbon 1
TW Flax

PW Glass 2
PW Glass 1
TW Glass

PW Carbon 1
PW Glass 3

Fdrming without wrinkles

‘orming with wrinKles 1

0 0.05 0.1 0.15 0.2 0.25 0.3
Drapability Ratio (DR)

Fig. 10. Relationship between Drapability Ratio (DR)
and wrinkles formation in the square box forming

4.2. Forming on a cylinder

&

Fabric — 4

=150 ! B I--lr'.',_lnm
160 “=T130 mm
300 Unit: mm
(a) (b)

Fig.11. Cylinder forming experiments (a) Geometry of the test. (b) Forming depth.

In order to confirm the results obtained by forming on a square box, forming processes with a
cylindrical punch are carried out (Fig.11). This geometry is also strongly double curved and

wrinkles can develop during forming.

16
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(a)PW Glass 1, DR =0.040 (b) TW Glass, DR = 0.064 (c) Polymer sheet, DR =92.6
Fig.12. Cylinder forming leading to wrinkling.

Fig. 12. shows cylindrical forming that lead to wrinkling. The materials are those with the
highest Drapability Ratios.

(a) PW Glass 2. DR =0.033 (b) TW Flax. DR = 0.022 (c) SAT Carbon 2, DR = 0.013

(d) NCF Biax. DR =0.011 (e) G1151, DR= 0.0091 (f) G1100, DR = 0.0077

Fig.13. Cylinder forming with no wrinkle.

Fig. 13 shows draped fabrics obtained by cylindrical forming which do not show any wrinkle.
The deformed fabrics do not exhibit any wrinkle although optical effects linked to the woven
structure of the reinforcements could lead one to believe the contrary. Fig. 14 allows, by top

view, to verify the absence of wrinkles for the reinforcements G1151 and G1100.

{a) Gl151. DR= 0.0091 {b) G1100, DR = 0.0077

Fig. 14. Forming on a cylinder of revolution. Top view.

17
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Forming on a revolution cylinder confirms the results obtained by draping on a square box.
Textile reinforcements with low Drapability Ratio can be draped without wrinkles while those
with high Drapability Ratio lead to wrinkles. The relationship between Drapability Ratio (DR)
and wrinkles formation given in Fig. 10 are valid for this second process. There is, however, a
nuance. The draping of the plain weave glass 2 fabric (DR = 0.033) on the square box leads to
moderate wrinkling (Fig. 8g), while the forming on a cylinder is done without wrinkling (Fig.
13a). In both cases the process is at the limit of wrinkle onset, but forming on a square box is

somewhat more difficult than forming on a cylinder.

5. Forming simulations

Resultant stress shell finite elements were developed from the virtual membrane and bending
works given in Eq. (3) to (5) [11, 82, 83]. In this approach, the virtual works of tension (Eq. 3)
and bending (Eq. 5) are calculated independently (decoupled). In addition, in-plane shear and
bending stiffnesses analyzed in this study are explicitly used. The objective of this section is to
show that the forming simulation results are also consistent with the Drapability Ratios of the
different textile reinforcements. The materials input parameters adopted for the forming
simulations are given in Table 4. Fig. 15. shows the deformed geometries obtained by the
simulation of a square box forming carried out under the same conditions as those of the tests of
section 4.1. (depth/width ratio equal to 0.75). The forming simulation leads to wrinkling for the
two reinforcements with a high Drapability Ratio (PW Carbon 1, DR = 0.16, PW Glass 1, DR
=0.046) and no wrinkling for the textile reinforcements with a low Drapability Ratio (G1151,
DR= 0.0091, G1100, DR = 0.0077). Other simulation results leading to wrinkles (PW Glass 3,
DR = 0.26) and no wrinkles (SAT Carbon 1, DR = 0.020) can also be found in [62].

PW Carbon 1 DR =0.16 PW Glass 1 DR =0.046
G1151 DR=0.0091 G1100 DR =0.0077

Fig. 15. Square box forming simulations

18
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Table 4. Input parameters adopted for the forming simulations

Mechanical
properties G1100 Gl1151 PW Glass 1 PW Carbon 1
In plane shear
— _ _ — -1
dNyp =Cdy C. =006Nmm' C =004INmm' C =00097 Nmm" C =0.22Nmm
Out of plane bending
dM,, = CydXy, Cp =3.36 Nmm Cp =4.52 N mm Cp =021 N mm Cp =1.38 Nmm
dM,, = CprdXsy Cp, =3.36 N mm Cp, =4.52 N mm Cg, =0.21 N mm Cz, =1.38 N mm

Tensile stiffness
dNyy = Crdgy, Cpy =17000 N mm™ Cp; =21500 Nmm™ C;; =1150 Nmm™  C;, =4600 N mm™

Ny = Craden Cp, =17000 N mm™ Cp, =21500 Nmm™ C;, =1150 Nmm™  C,, =4600 N mm™'
Coulomb friction

coefficient
Ply to ply 0.21
Ply to mold 0.23

6. Discussion

6.1. Tensile deformations

The continuous fiber textile reinforcements that are used as composite reinforcements and that
are the ones considered in the present study, are made of yarns very stiff in tension and close to
inextensibility. For this reason, in-plane shear deformations are essential to achieve double-
curved geometry. In the case of lower tensile stiffness, e.g. for knitted reinforcements [85] or
stretch-broken fibers [86-88], significant in-plane elongations are possible and shaping on a
complex surface is greatly facilitated. In these cases, the Drapability Ratio as defined in Eq. (10)
is not relevant. It is restricted to the case of classical composite reinforcements with yarns in the
warp and weft directions made of continuous fibers (in order to obtain better mechanical

properties of the composite parts).

6.2. Shear locking angle

When a picture frame test is performed, wrinkles appear from a certain angle which has been
called 'shear locking angle' [45,46,89,90]. This shear locking angle has been used as a limit
beyond which a draping process leads to wrinkling. In particular, kinematic models (also called
fishnet algorithms) rely on this locking angle to predict or not the onset of wrinkles (which are
not described by these methods) [91-94]. It can be seen from the examples shown in Fig. 9 that
the in-plane shear angles can reach very large values (70°), higher than the shear locking angle,
without wrinkles occurring. This is possible thanks to the tensions induced in the textile
reinforcement by the tools and the blank holder. The onset and development of wrinkles occur
when the global equations of mechanics (Eq. 2 to 5) and the boundary conditions lead to an out-
of-plane solution. This wrinkling phenomenon concerns all mechanical properties. In this paper

it was proposed to take into account the in-plane shear and bending stiffnesses (because the
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tensile stiffness is very large). Using the shear locking angle to rule on the occurrence of
wrinkles means neglecting the bending stiffness which plays an important role in the occurrence
and development of wrinkles. The forming processes analyzed in this article and in others show

that it is necessary to take into account the bending stiffness.

6.3 Internal structure and weave pattern of the textile reinforcement

To achieve good drapability of a textile reinforcement, the shear stiffness must be low and the
bending stiffness high. The internal geometry of the fabric plays a major role in determining the
characteristics of a fabric that provide low shear stiffness and high bending stiffness. The
weaving pattern is one element of fabric’s internal geometry. Satin and interlock fabrics have
good (low) Drapability Ratio. Plain Weave reinforcements, on the other hand, lead to more
wrinkling. It is difficult to give a definitive rule on this point. On the other hand, it is quite easy,
for a given textile reinforcement, to measure the in-plane shear and bending stiffness. The
Drapability Ratio then gives a good indication of the drapability of the fabric.

In the case of biaxial NCFs, the stitch plays an important role with respect to stiffnesses and
therefore drapability. The biaxial NCF studied in this paper shows a good drapability. The
triaxial NCF and the isotropic sheet have an internal structure that does not allow them to be

used in a draping process.

6.4. Consideration of in-plane shear and bending non-linearities

The determination of the Drapability Ratio presented above is based on constant values Cs and
C; of the stiffnesses of in-plane shear and bending. However, the in-plane shear and bending
behaviors are generally non-linear (e.g. Fig. 4 for the in-plane shear of an interlock fabric). By
considering constant values of Cs and Cg(which corresponds to linear behaviors), it is possible
to calculate the Drapability Ratio which is a constant. But several choices for the determination
of constants Cs and Cp can be considered. In in-plane shear, Cs is determined by the shear force
for an angle of 40°. Different angles could be considered. The average of the stiffness for all the
measured angles could also be used. In bending, Peirce's method assumes a linear behavior
which allows to determine the constant Cs. But the bending behavior M(Y) is not linear in
general [65, 68]. The mean stiffness over the interval [0, Xmax] Where Xmax is the maximum
measured curvature, can be an alternative to the bending stiffness given by Peirce method.

A study will be conducted to establish the optimal way to determine the Cs and Cg constants. It
is nevertheless likely that the results will differ only slightly from those obtained by the
approach proposed in Section 2. For example, a calculation of the Drapability Ratios was made
using a shear angle of 30° (instead of 40° in the previous sections) and the corresponding shear
force to determine Cs for all the reinforcements presented in this paper (Table 1). The
Drapability Ratios were very slightly modified, and their relative order (Fig. 6 and 10) was not

changed.
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In this paper, the Drapability Ratio (DR) proposed to characterize the drapability of a textile
reinforcement is a constant for the sake of simplicity. In order to differentiate between low and
high curvature geometries, for each textile reinforcement, different DRs could be defined for
forming leading to low shear angles by taking into account the shear stiffness for an angle of
20° (for example) and for forming requiring higher angles by taking into account the shear
stiffness for an angle of 40° (as it was done in this paper). These two (or more) DR could be
taken into account depending on the geometry of the part to be formed. This can be extended to

the determination of a DR(Y) curve for a given reinforcement.

7. Conclusion

The Drapability Ratio proposed in this paper is a simple evaluation of the drapability of a given
textile composite reinforcement. It requires only the measurement (or estimation) of in-plane
shear stiffness and bending stiffness. Wrinkle-free drape is favored by low shear stiffness and
high bending stiffness. The Drapability Ratio is the ratio of these two stiffnesses and quantifies
the drapability of the textile reinforcement.

A set of square box forming and cylinder forming tests showed the good correlation between the
Drapability Ratio and wrinkling occurrence. The Drapability Ratio quantifies the drapability of
a textile reinforcement, but it is not sufficient to predict a wrinkle-free draping for a given
process. In addition to the drapability of the textile reinforcement, the parameters of the draping
process such as the geometry of the tools and the blank holder forces are also essential.
Nevertheless, the knowledge of the Drapability Ratio of a textile reinforcement is important to
consider its use for draping on complex shapes. When a forming on a given shape has been done
without wrinkling, all textile reinforcements with a lower Drapability Ratio will be able to be
draped under the same conditions on this geometry. On the other hand, if a forming process
leads to wrinkling, there is no point in trying to drape fabrics with a higher Drapability Ratio on
this shape. The choice of an alternative textile reinforcement must be made among fabrics with
a smaller Drapability Ratio.

It will be interesting to carry out studies to highlight the ways to control the Drapability Ratio of
textile reinforcements. It appears that weaving patterns satin and interlock lead to lower
Drapability Ratios than plain weave. The internal geometry of the weave of satins and interlocks
leads to high bending stiffnesses while preserving a sufficiently low in-plane shear stiffness.
When the reasons for these differences are well understood, it may be possible to manufacture

reinforcements with a better drapability.
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