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Abstract. Over the last decades, sheet molding compounds have become an attractive alternative
material for forming complex structures in the transport and energy sectors. Given the rapid
development cycles in these industries, there is an urgent need for reliable simulation tools to
predict the feasibility of the process. This work aims to conduct a detailed analysis of numerical
simulation applied to short-fiber composite molding processes of an automotive panel by means
of two distinct simulation approaches: a conventional 2.5D flow model and a full 3D flow model
to capture the characteristic advantages and challenges of each methodology. For this purpose, the
commercial software 3D-TIMON (Toray Engineering Co. Ltd.) is adopted to tackle the challenge
of predicting actual fiber volume content and directionality by means of a direct fiber simulation
(DFS) approach, which enables the direct computation of the motion of fibers within the
processing flow.

Introduction

Compression molding of Sheet Molding Compound (SMC) is an effective and essential method
for manufacturing fiber-reinforced composite materials for the automotive, aerospace, and energy
sectors, where lightweight and improved energy absorption in case of impact are of paramount
importance [1,2]. This process facilitates the economical production of sophisticated components
by enabling the material to be formed on complex shapes, including features such as ribs and beads
[3], as well as integrated metallic elements like over-molded inserts [4,5]. Generally, non-net-
shaped charges are employed since considerable material flow occurs during compression
molding, which aids in manufacturing parts with these features. However, as the charge flows, its
microstructure undergoes changes that introduce local variations in the material, particularly in
fiber orientation and fiber volume content, which may negatively affect the mechanical properties
of the molded part [6]. Given the rapid development cycles in the automotive industry, there is an
increasing demand for accurate numerical tools to assess both the feasibility of manufacturing and
the mechanical performance of SMC components. In this context, the utilization of a valid
numerical tool has become crucial for optimizing the performance of finished components while
simultaneously reducing both costs and time to market [7]. Similarly to what already performed
with light metal alloys [8—10], process simulation of SMC has been performed for many years
with both commercial and proprietary software with distinct solution strategies. Several models
were developed in the Lagrangian framework to simulate the forming process of SMC and thereby
predict fiber reorientation [11,12]. In contrast, several researchers [13,14] and several state-of-the-
art commercial software solutions (e.g. 3D Timon, Moldflow, and Moldex 3D) deal with SMC
process simulation in the Eulerian framework. This solution strategy enables several
methodologies to calculate fiber orientation during molding, which can be divided into
macroscopic and mesoscopic approaches. In macroscopic approaches, both fibers and resin are
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treated as single-phase media. Fiber orientation evolution within the processing flow is statistically
computed using the phenomenological models suggested by Folgar and Tucker [15], Advani and
Tucker [16], and successors [17]. Despite their computational efficiency, all existing macroscopic
models assume that fibers are perfectly rigid and lack detail on fiber—fiber interactions. Moreover,
due to the simplification adopted, they fail to predict crucial defects such as fiber-matrix separation
(FMS). In contrast, mesoscopic approaches, such as Direct Fiber Simulation (DFS), directly
calculate the motion of the fibers within the processing flow by simulating them as a chain of rigid
rod elements connected by spherical hinges [3]. The distinction between fibers and matrix flow
within the composite material allows the prediction of defects such as FMS, fiber winkling,
swirling, and breakage. The major drawback of this kind of approach is their increased
computational effort, which may hinder their applicability to large-scale components in industrial
applications. In this work, the forming process of a large automotive component is numerically
investigated by means of DFS. Two distinct modeling strategies integrated into the commercial
software 3D-Timon were used to understand the impact of some simplifications adopted while
computing the processing flow over computational cost and efficiency. The results of the
simulations were compared, highlighting the advantages and drawbacks of both techniques.

Material and Methods
Material. The material used in this study is an automotive-grade SMC (STR120N131, Mitsubishi
Chemical Carbon Fibre and Composites GmbH). The material is composed of tows of 25.4 mm
TRS50S chopped carbon fibers impregnated with vinyl-ester resin. The width and thickness of the
tows may vary significantly due to the manufacturing process; however, their average dimensions
are approximately 8 mm in width and 0.115 mm in thickness, based on supplier estimates. Each
tow contains 15,000 filaments, as stated by the supplier. The fiber volume fraction is 53%, and the
areal weight is approximately 3,100 g/m?. This material has been thoroughly characterized in the
research conducted by Yoon et al. [18] using various chemical and physical tests.

Governing equations. From the classical theory of fluid mechanics, the governing equation for
a viscous fluid is dictated by the continuity equation, the equation of motion, and the energy
balance. The continuity equation is given by:

ouy Oouy ouy

0x oy 0z =0, (1)

where u,, u, and u, are the components of the velocity field u aligned with the x, y, and z axis
respectively. The equation of motion in the x, y, and z direction is given by:
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where P is the pressure and 7 the stresses, p is the density and g, is the body force acting on the
continuum. The equation of energy can be written as:
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where ¢, is the specific heat, T is the temperature field, ¢ is the time, and £ is the thermal
conductivity. Solving the set of Eqs. 1-5 is impractical, potentially causing convergence issues and
requiring much computational effort [19]. To overcome this limitation, the potential flow
assumption described in Eq. 6-8 can be adopted

7]

ue = —Cr(n,20) 5, (6)
ap
opP

u; = _Cf (77: Z) E’ (8)

where P is the forming pressure and Cr is flow conductance, which is defined as a function of
viscosity 17 and position x, y, and z.

In 3D-Timon, two distinct solution strategies are implemented to solve the Eqgs. 1-4, and 4-8.
The first approach is a full 3D method named the “Euler Method” (EM), which assumes that all
velocity field components can vary. The second approach is a simplified 2.5D method named
“Morphing Method” (MM), in which the velocity field in the z molding direction is assumed
constant. In this case, the plug flow equation (Eq. 9) determines conductance Cr.

Hz

Cr=J, 2 dz, 9)

In the 3D-Timon, the velocity field generated by the two previously mentioned methods is
utilized to simulate the motion of individual fibers of DFS that may be positioned arbitrarily within
a plane or volumetric space, oriented in a specified direction, or systematically arranged in
accordance with the charge deformation during the preforming process (this option is exclusively
available in the EM context). Each fiber is modeled as a series of rigid rods interconnected by
spherical hinge nodes. The nodes of the fibers move in accordance with a pre-computed velocity
field, resulting in a one-way coupling[20]. This means that while the movement of the fibers is
determined by the flow field, the flow field itself is unaffected by the presence or orientation of
the fibers. Anisotropic flow behavior arising from fiber orientation, as well as interactions between
fibers, are not considered. As a result, there is no requirement to identify neighboring fibers or
calculate interaction forces between adjacent fiber segments, reducing the computational effort of
the simulation. To prevent unrealistic elongation of the fibers, a check is implemented to
redistribute nodes that exceed the maximum elongation threshold, taking into account the
neighboring nodes and the lengths of the rods, as illustrated in Fig. 1.

657



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 655-664 https://doi.org/10.21741/9781644903599-71

fiber nodes before
rearrangment

fiber nodes after DFS
calculation

fiber nodes before
DFS ealeulation

Figure 1 — Fiber nodes rearrangement schematization

Model setup. In the EM, a mold open volume mesh is required to numerically solve the
governing equation. This methodology allows the definition of the initial charge shape, the
calculation of its deformed shape (Fig. 3a and Fig. 3b), and the initial fiber distribution within the
mold. For this model, a voxel mesh with an element size of 3x3x1.5 mm in X, y, and z directions,
respectively, is employed, resulting in a model composed of 2,001,417 elements (Fig. 2a and Fig.
2b). For the DFS analysis, a total of 6,004,251 fibers were generated in the EM model. Each fiber
was discretized with 20 rod elements, ensuring an optimal balance between accuracy and

computational cost [6].

Figure 2 — Mesh of the panel. (a) lower view of voxel mesh for EM model; (b) upper view of
voxel mesh for EM model; (c) lower view of tetrahedral mesh for MM model; (d) upper view of
tetrahedral mesh for MM model.

In contrast, the MM requires a tetrahedral mesh of the final molded part. This mesh is stretched
along the z-axis at the beginning of the flow simulation to accurately reconstruct the open mold
condition and allow for the analysis of the extensional material flow during the compression
molding simulation [13]. The entire 2.5D MM model, shown in Fig. 2¢ and Fig. 2d, contains a
total of 189,655 tetrahedral elements with an average size of 2.5 mm; for DFS, the generated fibers
were 6,628,228 using the same division and density adopted in the EM model.
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Figure 3 — charge definition between the two methods. (a) upper view of the charge set for the
Euler method. (b) lower view of the charge set for the Euler method. (c) upper view of the charge
set for the Morphing method (red areas indicate the regions in which the initial fibers
orientation is manually aligned along the z-molding direction). (d) lower view of the charge set

for the Euler method (red areas indicate the regions in which the initial fibers orientation is
manually aligned along the z-molding direction).

A limitation of the morphing method is that it does not allow for the definition of the charge as
a separate component within the mold cavity. Instead, the charge is generated to match a portion
of the component's geometry, as shown in Fig. 3¢ and Fig. 3d. This complicates the process of
defining the charge itself because it is necessary to manually set different orientations of the fibers
for the portions of the charge that lie on horizontal features compared to those on vertical features
(blue and red regions in Fig. 3c and Fig. 3d).

Virtual process setup. A downstroke press profile divided into 3 parts was used to set up the
virtual press (Table 1), closely resembling the processing conditions for the physical component.

Table 1 — Press speed profile

Step # Time [s] Press Speed [mm/s] Press Stroke [mm)]
1 0.800 20 16.000
2 2.106 15 35.590
3 3.430 4 40.886
4 4.500 2 43.026

Regarding force limit, from our experience and as reported in the literature, 3D-Timon tends to
overestimate process forces because of the boundary conditions of no slip of material in contact
with the molds during the process [21]. For this reason, a maximum force of 1000 tons was set to
avoid the virtual press switchover from displacement control to force control. The mold
temperature was set at 145 °C with an initial material temperature of 60 °C to account for the
preheating phase. Both simulations were performed on an HP Z8 workstation (CPU: dual Intel(R)
Xeon(R) Gold 6248R @3.00GHz; RAM: 512 GB).
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Results and Discussion

The EM simulation took a total wall clock time of 48.38 h (23.65 h for the flow simulation and
24.72 h for the DFS simulation). In contrast, the MM simulation took 28.83 h of total wall clock
time (4.93 h for flow simulation and 23.90 h for the DFS simulation). From these results, it can be
concluded that the main advantage in terms of the computational cost offered by the MM is given
by the simplification performed in the fluid dynamics solvers and by the reduced amount of
elements necessary to discretize the mold cavity.
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Figure 4 — Bottom view of DFS result of fiber alignment on Z-direction during the molding
process as computed by the two methods

As depicted in Fig. 4a-c and Fig. 5a-c, the EM successfully captures the intricate motion of
fibers during compression molding in all three spatial directions. In particular, as illustrated in Fig.
4b and Fig. 4c, the fibers undergo considerable misalignment with the z-direction as the mold
closure progresses from 75% to 100%, this phenomena is more marked in regions highlighted in
yellow in Fig. 4b and Fig. 4c. Initially, the charge is forced to bend and navigate the vertical
features of the mold; afterward, when the fibers contact the vertical features of the mold, a
significant rearrangement of the velocity field occurs due to friction. As the filling front advances,
the emergence of wrinkling and swirling effects becomes increasingly evident, highlighting
imperfections as shown in Fig. 4c and Fig. 5c. In filling the ribs, the vertical side walls were filled
first, and then the core of the ribs was the last region to be filled. This behavior was experimentally
observed by Qian et al. [22], demonstrating the reliability of the EM analysis in accurately
capturing the flow behavior of the material while simulating the forming process of challenging
features such as ribs.
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Figure 5: Top view of DFS result of fiber alignment about Z-direction c;uring the molding
process as computed by the two methods

In contrast, in the MM simulation, the fibers undergo much less misalignment in the molding
direction. The simplification adopted for describing the velocity field and the shorter path of the
material’s flow (caused by the inability to model the draping of the charge at the beginning of the
process with the MM method, see Fig. 5a and Fig. 5d), are both aspects that tend to limit the fiber
reorientation during the compression molding processes [23,24]. Additionally, it can be observed
that ribs were not homogeneously filled along their thickness in the z-direction by the fibers, as
marked in highlighted red regions in Fig. 4b and Fig. 4c. Indeed, a deep analysis of the simulative
results revealed that the rib crossovers were filled first with this approach, followed by the ribs and
the vertical side walls. This result, already observed by [22], contrasts experimental evidence and
outcomes from the EM simulation.

" A
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Figure 6 — Fiber volume content of the panel predicted by the EM

Results from FVC computed by EM display a variation of this property in the range of 27%-
65%, while the nominal value of this prepreg is 53%. It can be argued that due to the intense
processing flow, fiber accumulation was approached in several localized regions, principally at rib
interception (region R1 in Fig. 6a). This strong accumulation may be amplified by the fact that,
during the node rearrangement phase of the DFS, the fibers flow tends to be numerically clustered
in regions in which high shear stress is computed [25]. In addition, the kinematic approach used
by 3D-Timon does not consider fiber-fiber interactions, which may cause unrealistic fiber
accumulation in certain areas [3,21]. Some very localized FVC spikes can be observed in the
magnified region in Fig. 6a.
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Figure 7 — Fiber volume content of the panel predicted by the MM

This scatter can be attributed to the rough discretization of the curvature of the geometry by the
voxel mesh, which generates sharp edges in the model that numerically alter the material flow.
Resin-rich volumes can be observed in region R2 in Fig. 6a; in this case, the material undergoes
large displacements during the initial phases of the process (dragged by the 2 lateral flanges of the
upper tool) and then is squeezed during the final stage of the compression, generating a large
material’s flow that leads to a pronounced FMS phenomenon. In the FVC results from the MM
simulation, the property displays a considerably smaller variation compared to the EM case,
ranging from 35% to 48%.

It can be argued that this discrepancy between the two models is caused by the more limited
material flow computed by MM. In region R1 of Fig. 7, a high concentration of fiber occurs along
the vertical walls of the component, probably caused by the fact that the charge generated with
fibers orientated xy plane (blue region in Fig. 3c-d) flow into the charge generated with initial
fibers orientated along z molding direction (red region in Fig. 3c-d).

Another important observation can be made on the reinforcing ribs (region R2 in Fig. 8a), where
fibers seem to be stuck at the base of the ribs, leading to a smaller FVC value on their tops as a
direct consequence of the unrealistic flow path described previously.

Conclusions

In this work, the forming process of a large automotive component is successfully investigated
numerically by means of two distinct solution methods implemented in the commercial code 3D-
Timon. When evaluating accuracy and simulation costs, the EM method had longer computation
times compared to the MM method. This is mainly due to the need for more elements while
modeling the mold cavity and to the comprehensive 3D analysis of material flow. The EM method
excels at capturing the intricate phenomena that occur during molding, yielding more realistic
results in challenging features such as ribs. In contrast, the MM failed to predict the filling
mechanisms of such features, leading to the underestimation of FVC in these regions. The MM
method was more straightforward for discretizing the geometry, thanks to the use of tetrahedral
elements. In contrast, the sharp edges of the EM voxel mesh lead to unrealistic fiber accumulations
in localized regions. Future works will experimentally illustrate the accuracy of both models in
predicting actual fiber orientation and FVC on the physically molded components.
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