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Abstract. A fully automated resin transfer molding (RTM) process is commonly used to
manufacture large quantities of continuous fiber-reinforced composite components economically.
Due to the high cost of process development, the process is currently used only to a limited extent
in aerospace applications. Virtual process chains significantly reduce the process development
phase. The simulation of the individual process steps enables the virtual safeguarding of the
manufacturability of components and systems. The first step in the process simulation of the RTM
process is forming. Compared to woven fabrics, the modeling of non-crimp fabrics (NCFs) at the
macroscopic simulation level is not yet sufficiently established. Therefore, this work investigates
the predictive quality of the current forming simulation methods for NCFs. The geometry of the
validation component is derived from an aerospace application. A segmented stamp concept is
developed to mitigate forming defects. First, the stamp concept is virtually optimized by adjusting
the segmentation and sequence. Second, the optimized tooling concept is manufactured, and
experimental forming studies are performed. Finally, the simulation results and the produced
preforms are compared to demonstrate the predictive quality of current simulation models for NCF
forming.

Introduction

The aerospace industry places considerable significance on utilizing lightweight construction as a
fundamental design principle. Fiber-reinforced plastics are becoming increasingly prevalent due
to their high weight-specific stiffness and strength. The deployment of fiber-reinforced composites
enables weight savings of up to 40% for secondary structures and up to 20% for primary structures
compared to light metal alloys in aerospace applications [1].

The process of autoclaving has long been established as a means of producing fiber-reinforced
components within the aerospace industry. However, the process is characterized by long cycle
times, high costs for the prepreg materials, and the necessity for specialized storage conditions [2].
As aresult, the resin transfer molding (RTM) process has recently been investigated for use in the
aerospace industry. The RTM process uses dry textiles, which are less expensive than prepregs
and do not require special storage conditions. In the first stage of the RTM process, semi-finished
textiles are draped into a preform. In the second stage, the preform is infiltrated with the reactive
polymer matrix. The curing of the composite begins after the impregnation of the matrix. Once
cured, the part can be demolded. The preform can be produced in batches and stored until the
infiltration is performed. The RTM process is highly automatable and requires minimal manual
labor compared to autoclave processes, allowing for high production rates [3]. The closed tool of
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the RTM forming and infiltration stages results in excellent surface quality, but also high tooling
costs [3].

In the context of dry semi-finished products employed in the RTM process, non-crimp fabrics
(NCFs) exhibit a different fiber architecture than woven fabrics, given that the fiber rovings are
held together extrinsically by stitching. As a result, the fibers are aligned straight and display no
out-of-plane undulations, resulting in higher lightweight potential than woven fabrics. An
advantage of bidirectional (BD) NCFs compared to unidirectional (UD) composites is that multiple
orientations can be combined in a single layer. This results in a more efficient and consequently
more economical production of preforms, as a multiaxial semi-finished product can be deposited
in a single axis in one production step [2].

Within an industrial context, a continuous CAE chain is an efficient tool for integrated product
development [4]. The individual process steps are modeled virtually, and the results are transferred
to downstream simulation steps via suitable interfaces. Virtual optimization can significantly
reduce the tooling's development costs and process development phase.

Constitutive laws that accurately describe the material's behavior are needed to predict
manufacturing effects in process simulations. Developing simulation models at the macroscopic
level is an essential requirement for efficiently simulating technically relevant components. While
macroscopic methods for woven fabrics are already state of the art [5—9], such methods have yet
to be established for NCF. Most simulations of NCF have been conducted at the mesoscopic level,
where the fibers and the stitching are depicted discreetly [10—13]. More recently, NCF models
have also been developed at the macroscopic level [14—-17]. To model the relevant forming
mechanisms, it is necessary for macroscopic approaches to capture mesoscopic effects in a
homogenized form.

This study outlines a forming simulation workflow for the RTM process. A component derived
from an aerospace application is utilized as a demonstrator, comprising 16 layers of uni- and
bidirectional NCF, including four local patch reinforcements. In this context, the material models
used to model the forming behavior of NCF are presented. The NCF material is experimentally
characterized, and the material model is subsequently parameterized. The tool's stamp concept is
then optimized virtually. Based on the stamp concept, the tool is manufactured, and preforms are
produced. Finally, the results of the forming simulation and the preforms are compared to evaluate
the current level of predictive quality of the proposed NCF forming simulation model.

Material modeling for uni- and bidirectional non-crimp fabrics

The following paragraphs list the applied approaches for describing the membrane, bending, and
interface behavior. The methods are implemented via user subroutines in the commercial Finite
Element (FE) solver ABAQUS/EXPLICIT.

Membrane behavior. The material model was initially proposed by Schifer et al. [17] for
unidirectional NCFs. Additionally, Schifer et al. examined the transferability of the model to
bidirectional NCFs [18]. The potential and limitations of the model for the application to a 0°/90°
bidirectional NCF are investigated in an additional publication [19].

The material model is based on a hyperelastic approach. In hyperelastic approaches, the strain
energy density W, is defined as a stress potential. For an anisotropic hyperelastic material the
strain energy density can be described by directional pseudo-invariants I; (i = 4,6,8,11). The
pseudo-invariants describe the properties of the fiber families and their interaction with other
material parameters. To relate them to the observed deformation modes of the material, the pseudo-
invariants are chosen based on the principal material orientations. For the second Piola-Kirchhoff
stress tensor S, the following relationship (Eq. 1) applies:
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with the right Cauchy-Green tensor C. The deformation modes are often assumed to be
independent of each other. Thus, the deformation energy density can be decomposed additively,
and each component, quantified by a pseudo-invariant, correlates with a deformation mode. The
typical deformation modes of UD-NCF are tension in the fiber direction (I,), transverse tension
(Ig), shear deformation (/5) and in-plane compression perpendicular to the rovings (I;1). UD-NCFs
deform under large shear strains, superimposed by transverse tensile deformation and in-plane
compression perpendicular to the fiber orientation. Therefore, UD-NCFs are subjected not only to
pure or simple shear but also to mixed deformation modes. In areas of high roving compression,
there is significant roving slippage compared to cases where the tension of the stitching limits the
shear deformation. To adequately model this interaction, a coupling between the transverse tension
of the stitching (Ig) and perpendicular compression (I;4) is introduced. The strain energy density
is given by Eq. 2:

thbl]t)(14'16'18'111) = W4UD(14) + WGUD(Ie) + WSUD(18'111) + WHD(IM)- (2)

In contrast to UD-NCFs, bidirectional NCFs with perpendicular fiber directions display a shear-
dominated membrane behavior, which can be asymmetric based on the stitching pattern and its
orientation. Based on these observations, a simplified shear-based approach is proposed. The
roving slippage is neglected, and only the stress in both roving directions, the pure shear, and the
tension of the stitching (Igitcn), are considered. This yields the strain energy density for
bidirectional NCFs as follows (Eq. 3):

WEP Iy, 16, I, Is) = WEP (1) + WEP (I) + WEP (Ig) + WEeh Ustiten)- 3)

The material model is implemented in a user material subroutine for ABAQUS/EXPLICIT
(VUMAT). The subroutine is applied to M3D3 membrane elements whose edges are aligned with
the fiber direction to circumvent numerical intra-ply locking [20]. For a comprehensive description
of the material law, the definition of the pseudo-invariants, and the coupling introduced for UD-
NCEF, the reader may refer to Schifer et al. [17].

Bending behavior. The approach used to describe the bending behavior [21] has already been
used for UD-NCF [14] and can also be applied to bidirectional fabrics. Due to the low transverse
stiffness of dry textiles, the bending behavior during forming must be considered decoupled from
the membrane behavior. The bending behavior is described by a hypoelastic material law to
account for large shear deformations. A linear-elastic orthotropic bending stiffness in the non-
orthogonal fiber-parallel material system is considered. The approach is implemented in a user
subroutine VUGENS, which handles the thickness integration scheme for the linear triangular shell
elements (S3R). For the decoupling of membrane and bending behavior, the membrane and shell
elements are superimposed via shared nodes.

Interface behavior. The inter-ply deformation behavior includes the tool-ply interface and the
ply-ply interface. For the forming simulation, tangential sliding between the two interfaces is
assumed. It is based on Coulomb’s law of friction. The built-in ABAQUS/EXPLICIT general contact
algorithm is used for the contact.

Material characterization and parameterization
The following section presents the respective coupon tests conducted to characterize the material.
Inverse parameterization from the simulation of the coupon tests is employed for the membrane
and bending behavior.

Three NCF materials are selected for consideration in the forming simulation. The NCFs
include a UD-NCEF, a bidirectional NCF with 0°/90° fiber orientation (BD-NCF 0/90), and a BD-
NCF +45/-45, as illustrated in Fig. 1. The fibers are high-tensile-strength carbon fibers and the
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stitching is polyester yarn. A powder binder based on a heat-activated epoxy is applied to the top
of the dry textiles to facilitate the handling of the produced preforms.

stitching stitching stitching
9 9 < 4
ly v ly 450 ly
rovings rovings rovings
Wo Wo Wo
a) UD-NCF b) BD-NCF +45/-45 c) BD-NCF 0/90

Figure 1 — Fiber architecture showing the stitching and roving direction of the used NCFs. The
0°-direction for the off-axis tensile tests follows for ¢ = 0°.

Membrane. Off-axis tensile (OAT) tests are used to characterize the membrane behavior, cf.
Fig. 1. A standardized tensile testing machine is employed for this purpose. A specialized clamping
device prevents the samples from slipping [14]. Three OATSs with angles ¢ of 30°, 45° and 60°
are carried out as part of the investigation for the UD-NCF. In the case of the BD-NCF +45/-45,
the angles ¢ are 0° and 90°, while for the BD-NCF 0/90, they are 45° and 135°. The specimens
have an aspect ratio of a = l,/wy = 2, where [ is the initial height and wy is the initial width.
The force-displacement curves for the OAT tests of the BD-NCF are illustrated in Fig. 2. The
stitching does not significantly impact the membrane behavior of the BD-NCF 0/90, which falls
within the standard deviation (Fig.2a). As illustrated in Fig. 2b, the stitching considerably
influences the membrane behavior under tension for the BD-NCF +45/-45. The two BD-NCFs
exhibit different shear behaviors. The UD-NCF displays the anticipated behavior, so reference is
made here to Schéfer et al. [22].
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a) BD-NCF 0/90 b) BD-NCF +45/-45
Figure 2 — Force-engineering strain curves from the OAT tests for both BD-NCF's (normalized to
the respective maximum force values).

The material model is parametrized based on the forces and strains measured in multiaxial
deformation states from all the OATs outlined above in Fig. 2 for the corresponding NCFs. The
parameters characterizing the membrane behavior are identified using an FE model and an inverse
optimization procedure. Fig. 3 illustrates the force-displacement curves resulting from the
simulation for the final parameterization of the BD-NCF 0/90 ¢ = 135° and the BD-NCF +45/-
45 ¢ = 90°, which are compared with the corresponding experimental curves. The determined
force-displacement curves show good overall agreement with the experimental data. The initial
increase in stiffness can be attributed to the applied powder binder, which cannot be reproduced
with the current modeling approach. The parameterization of the UD-NCF follows analogously
and is not discussed further.
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Figure 3 — Force-engineering strain ratio curves, including the experimental and fitted results
(normalized to the respective maximum force values).

Bending. The cantilever test ASTM D1388-18 standard [23] is employed to determine the
elastic bending modulus of NCFs. The tests are carried out with a binder at the top and bottom.
The determined bending stiffness allows the conclusion that the binder has no significant influence
on the bending properties of the NCFs. The material parameters of the bending behavior are
identified inversely using an FE model.

Interface. Friction tests are conducted to characterize the tool-ply and ply-ply friction behavior.
To this end, a standard tensile test setup is connected to a friction test rig that was developed
following the ASTM D1894-14 standard [24]. Different friction partners are investigated, and the
respective mean value of the determined tool-ply and ply-ply friction coefficients is applied.

Workflow of the draping simulation

The geometry and laminate layup of the preform are predefined boundary conditions due to the
targeted application. The geometry is illustrated in Fig. 4. The laminate layup comprises 16 layers
of UD- and BD-NCFs and an additional four patches for local reinforcement. The patches are the
first four layers starting from the bottom of the layup. The first complete ply and the top ply is a
BD-NCF +45/-45. The tight radius and the double curvature within it, as illustrated in Fig. 4a,
make the forming of the component a challenging task that requires a customized, segmented
stamp concept. Initial hand-drawn forming trials identified the area of the double curvature as a
critical area for forming.

critical area )
a) Front view b) Back view

Figure 4 — Part geometry of the considered component.

The FE model of the tool and the semi-finished textile product are generated automatically
using an ABAQUS/CAE plugin, available under the name SimuDrape [25]. The tools are modeled
as rigid bodies. The decoupling of the membrane and bending behavior is achieved by
superimposing M3D3 and S3R elements with shared nodes for each NCF ply. The discretization
is carried out with an edge length of 5 mm, which corresponds to the width of the rovings. An
alignment of the element edges along the fiber orientations is necessary to avoid tension locking
[20].

Stamp concept. The segmented stamp concept, which comprises eight independently moving
stamps, is illustrated in Fig. 5.
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a) Top view b) Front view
Figure 5 — Tooling with the segmented stamp concept used for draping.

The stamp profile is arranged so that the two blank holder stamps S; and S> move first. The two
hold-down stamps compress the laminate layup and move lower than the final cavity height. As a
result, the stack is fixed during further forming, preventing it from slipping out of the mold. Stamps
S3, S4, and Se start moving simultaneously but with different displacement profiles. Punch Se is
provided with a wedge geometry, whereby the wedge tip is in the middle of the radius of the double
curvature. The stamps Ss, S7, and Sg are slanted. In combination with the associated displacement
profiles, a continuous forming slope of the stamps is obtained during the process. This causes the
stack to be driven outward from the critical radius. Using a BD-NCF 0/90 layer as an example,
Fig. 6 shows that the number of wrinkles and shear bands is significantly reduced due to the
continuous forming slope compared to standard planar stamps.

U v in deg

/ P i N oo 6ko e T P —

a) Standard stamp concept b) Slanted stamp concept
Figure 6 — Comparison of the shear angle distribution y for the stamp concepts with standard
and slanted stamps for a BD-NCF 0/90 plie.

Area-locking function. The evaluation of the simulation results showed that in the BD-NCF
+45/-45 plies an unphysical shearing of the elements occurs because the element area is not limited
to its physical maximum (see Fig. 7a). This is due to the component radius and the fact that the
fiber rovings span across the radius from one side to the other side. To limit this to a physical
degree, a locking function is introduced based on the fiber volume content Iy and the element area
A because the elements are two-dimensional. The initial fiber volume content in the undeformed
configuration A, for the targeted cavity height is assumed to be V¢y = 0.6 and the maximum
packing density is assumed to be Vgpax = 0.907. These values result in the physically minimum
possible element area A,,;,. Using a smooth step function, the material is artificially stiffened if
the element area exceeds the values A > Ay, and A < Ay by adding a numerical locking stiffness
Elocsurs- To stay within the scope of the energy formulation of Eq. 1, the artificial contribution is

connected to the invariant ./ det (C). Fig. 7b shows that the artificial stiffening reduces the material
draw-in and reduces the shear angle. At the same time, wrinkling occurs in the flat areas outside
the radius due to the reduced shearability of the material.

453



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 448-457 https://doi.org/10.21741/9781644903599-49

a) Without area-locking b) With area-locking
Figure 7 — Comparison between the material draw-in for the top BD NCF +45/-45 ply without
and with the new area-locking function.

Comparison of simulation results and preform

The tooling was manufactured based on the virtually developed stamp concept. In the following,
the simulation results are qualitatively compared with the manufactured preforms. The top and
bottom layers, both BD-NCF +45/-45, are evaluated in detail.

The top view comparison is shown in Fig. 8. In the red areas, wrinkles form in both the
simulation and the preform that extend almost entirely across the component’s width. In the green
area, shear deformation is predicted. This shear deformation is due to the part's geometry because
the rovings to the right of the green area are not pulled over the edge into the radius like the rovings
on the left. The blue marking shows the material draw-in of the top layer, which is well predicted
in the simulation. This draw-in indicates that the area-locking function is a necessary extension of
the membrane behavior. In the simulation results in Fig. 8a, the patch plies located on the bottom
of the layup are emerging from under the top layers (cf. yellow marking). This behavior is not
observed in the preform in Fig. 8b. The inaccurate prediction of ply-ply behavior is due to the
assumption of simple Coulomb friction between the plies and the neglect of the binder behavior.

The bottom view is shown in Fig. 9. Analogous to the top BD-NCF +45/-45 ply, the material
draw-in from the bottom BD-NCF +45/-45 ply is well predicted (cf. green area in Fig. 9). In both
the simulation and the preform, wrinkles appear in the blue area. While wrinkles are predicted in
the orange area in the simulation, they do not occur in the preform. Similarly, the behavior of the
patches seen in the simulation is also not seen in the preform for the reasons mentioned above (cf.
yellow area in Fig. 9). In the area marked in red, a severe wrinkle, which is completely folded
over, can be seen in the simulation as well as experimental results.

a) Simulation b) Preform
Figure 8 — Top view comparison between simulation results and preform with highlighted areas
of interest.
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a) Simulation b) Preform
Figure 9 — Bottom view comparison between simulation results and preform with highlighted
areas of interest.

Conclusion

The general workflow for setting up and carrying out a forming simulation for a complex geometry
in aerospace applications was presented. The material models for membrane, bending, and
interface behavior were introduced with a focus on describing the deformation behavior of BD-
NCFs. The characterization of the NCF material and the subsequent parameterization of the
material models were described. The advantages of the segmented stamp concept were
demonstrated. By establishing a continuous forming slope, the occurrence of wrinkles in the
critical area was significantly reduced. The unphysical shear of the elements due to the geometry
and layup constraints was reduced by introducing an area-locking function. The material was
artificially stiffened based on the theoretical fiber volume content. The area-locking function
improved the prediction accuracy regarding wrinkle location and material draw-in. Finally, the
manufactured preforms and the simulation results were qualitatively compared. The comparison
shows that with the current state of NCF forming simulation, a large number of relevant forming
defects such as material draw-in, the occurrence and severity of wrinkles can already be predicted
with good agreement between simulation and reality. This is why NCF forming simulations can
already be a valuable tool for process development and resource conservation.
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