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ABSTRACT

A virtual process chain for compression molded long fiber-reinforced thermoplastic (LFT)
composites with co-molded continuous fiber-reinforced thermoplastics (CoFRTP) consisting of a
compression molding and structural simulation step is established. The compression molding simulation
considers the three-dimensional initial fiber orientation distribution of the semi-finished LFT plastificate
and applies the Moldflow rotary diffusion (MRD) model to predict the reorientation of fibers. The
predicted fiber orientations are compared to experimental results obtained from micro computed
tomography (LCT) scans. The mapping step from molding to structural simulation allows the transfer
of higher order anisotropy. Challenges in homogenizing the effective elastic material behavior of the
direct (D-) LFT are discussed. The structural simulation is validated by means of coupon-level four-
point bending tests on a D-LFT tape sandwich. The predicted bending stiffness shows higher accuracy
if the mapped fiber orientation data are considered.

1 INTRODUCTION

Compression molded discontinuous fiber-reinforced thermoplastics (DiCoFRTP) have become well-
established engineering materials due to their high specific strength and stiftness, short cycle times, and
a high degree of design freedom. Regarding stricter environmental requirements and due to their
superior recycling properties compared to thermosets, DiCoFRTP are increasingly being used, e.g., in
the automotive sector. However, these materials are mostly restricted to semi-structural components
because of the intrinsic fiber discontinuity. A possibility to overcome this deficiency is to hybridize
DiCoFRTP with co-molded CoFRTP. The hybridization introduces tailored local load-bearing
structures in critically loaded areas to strengthen and stiffen the component.

As the pressure to reduce costs and shorten development cycles increases, virtual process chains have
become a powerful tool in product development. These digital twins depict a holistic simulation
approach with forward transfer of all relevant process parameters and process results. Virtual process
chains were already established for discontinuous fiber-reinforced polymers (DiCoFRP) in [1-4] and for
CoFRPs in [5-7]. For DiCoFRTP, the virtual process chain usually consists of the steps molding,
warpage, and structural simulation. Since the final fiber orientation distribution of DiCoFRTP is
determined during the flow, virtual process chains are of utmost interest for these material systems, as
shown by Buck et al. [8] for D-LFT. The hybridization with CoFRTP introduces additional complexity
to the individual simulation steps. For instance, the final adhesion between the CoFRTP and the
DiCoFRTP strongly depends on molding parameters. Further, depending on the component geometry
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and the positioning of the CoFRTP, the CoFRTP forming process must also be considered in the process
simulation.

In this study, we present a virtual process chain for compression molded D-LFT with co-molded
CoFRTP reinforcement. The digital twin features a compression molding simulation and a structural
simulation, both of which are validated with experimental data. Additionally, we propose a method to
transfer relevant process results. To highlight the significance of considering the fiber orientation
distribution resulting from molding, we conduct additional structural simulations with various
meaningful DiCoFRTP fiber orientation distributions. The authors point out that the focus of this
contribution lies on the development and implementation of the described virtual process chain.
However, effects that are not well captured by the models are discussed, and indicators for further
investigations are suggested.

2 PROCESS AND MATERIAL

In D-LFT compression molding, the fibers are impregnated in line with the thermoplastic matrix
during compounding and plastification by a twin-screw extruder setup. At the same time, the CoFRTP
is heated in a contact oven and then co-molded with the D-LFT plastificate. The hand-held mold transfer
and stacking of the individual semi-finished composites during molding are done sequentially. The layup
configuration of the tapes is [0°, 0°] and the layup thickness is 0.22 mm. The CoFRTP and the D-LFT
consist of identical fiber and matrix material, namely carbon fiber-reinforced polyamide 6 (CF-PAG6).
Table 1 and Table 2 list the material properties of the D-LFT and the CoFRTP, respectively. The fiber
length and the mean fiber volume content of the D-LFT are determined from nine evenly spread
(25 x 25) mm? samples of a molded (400 x 400 x 3) mm?* D-LFT plate. The fiber length is given by the
number average L, = X%, [in; / X5, nj, where [; is the fiber length and n; the corresponding number

of fibers of the i-th length cluster.

Property LFT Matrix Fiber
Mean fiber volume content P=2361+14%
Number-average fiber length L, = 1.5 mm
Fiber diameter de = 7.2 um
Young’s modulus En =31GPa  Egqq =242.0GPa
Poisson’s ratio Vm,12 = 0.39

Table 1: Material properties of the CF-PA6 D-LFT material and its constituents.

Property Tape
Fiber volume content © =48.0%
Mass density p=148-103kgm3
Young’s modulus (longitudinal direction) Ei1 =91.75 GPa
Young’s modulus (transverse direction)* E,, = 6.36 GPa
In-plane shear modulus* G2 = 2.80 GPa
Poisson’s ratio** vy, = 0.297
Heat capacity [9] cp =2.0-10%J kg™  K™*
Heat transfer coeff. (free convection) [9] he=80Wm2K?
Heat transfer coeff. (forced convection) [9] hee(v =3ms 1) =3250 Wm 2K
Heat transfer coeff. (mold-ply) [9] hmolg = 1.05- 103 Wm2 K™!

* Approximated using the semi-empirical Halpin Tsai homogenization [10].
** Approximated using the rule of mixture.

Table 2: Material properties of CF-PA6 tape “TECHNYL LITE C130 C60” from DOMO.
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3 METHODOLOGY

A co-molded D-LFT tape sandwich with dimensions (400 x 400 x 2.95) mm® serves as a
demonstrator to validate the results of the virtual process chain by means of experimental four-point
bending tests following DIN ISO 14125. Figure 1 illustrates the individual steps of the virtual process
chain.
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Figure 1: Schematic of the virtual process chain.

3.1 COMPRESSION MOLDING SIMULATION

The flow behavior of D-LFT is shear-dominated resulting from a thin solidified layer at the mold
surface. This arises from the high heat dissipation at the cold mold surface and the low thermal
conductivity of the D-LFT. Therefore, the tangential fluid velocity at the mold surface is zero
corresponding to a no-slip boundary condition. When co-molding tapes, the question arises as to whether
the assumption of a no-slip condition between the D-LFT and CoFRTP is feasible as well. This contact
surface interaction mainly depends on the tape’s temperature and the convective heat transfer with the
D-LFT. The CoFRTP cools during the mold transfer and the residence time in the mold until the press
motion is triggered. The convective heat transfer coefficient at the mold surface is high compared to the
free and forced convective heat transfer coefficients (compare Table 2). However, forced convection
has a high cooling effect for higher air stream velocities as shown by Dorr [9]. An analytical
approximation of the homogeneous tape temperature T is obtained by solving the one-dimensional heat
equation with convective heat transfer,

dT _
pepV —- = hA(Ty, — Ty), (1)
where hg and T are the heat transfer coefficient and the Temperature of the convective or conductive
heat sink, respectively. Figure 2 shows the corresponding solution for free convection, forced convection
and convective heat transfer between the CoFRTP and the mold, using the heat transfer coefficients
listed in Table 2, and the aforementioned CoFRTP thickness. The temperature of the mold and the
ambient temperature are Tp,o1q9 = 80 °C and Ty = 25 °C, respectively. We note that manual process
handling does not match the velocity of an industrial robot, which is around 3 m s~1 and which was the
basis for the heat transfer measurements. However, the results highlight the strong influence of the
CoFRTP handling on the temperature. Due to the small thickness of the CoFRTP and high heat flow
when interacting with the mold surface, we assume the bottom CoFRTP layup to have the same
temperature and to behave as the mold surface during the compression molding simulation. However,
the upper tape has no contact surface with the mold prior to the flow phase during molding. Due to the
small thickness of the tape layup and the manual tape handling, the upper tape cools by convection
below the crystallization temperature during the transfer and placement in the mold. Moreover, the D-
LFT plastificate’s surface cools below the crystallization temperature until the upper CoFRTP is placed
on top, which prevents the upper tape from reheating. Therefore, we make the broad assumption to
model both CoFRTPs as mold surfaces, i.e., assume no-slip condition and mold temperature.
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Figure 2: Analytical approximation of CoFRTP cooling for free convection, forced convection
(v = 3 m s~ 1) and convective heat transfer at the mold surface.

The compression molding simulation is performed with AUTODESK MOLDFLOW 2023 using an isotropic
viscosity approach. The plate is meshed with tetrahedral elements with a global mesh size of [, = 5 mm,
a refined mesh size of [, = 3 mm in the plastificate region, and 16 elements through the thickness (see
Figure 3a). The dimensions of the plastificate are (82 x 400 x 13) mm? discretized with [, = 1 mm
tetrahedral elements. The three-dimensional initial fiber orientation distribution of the plastificate is
approximated by the geometric-based approach introduced by Schreyer et al. [11]. Figure 3b shows the
initial fiber orientation distribution of the plastificate through a section in the x-z-plane. The fiber
orientation tensors are rendered as superquadratic glyphs [12]. The fibers in the outermost element layer
are fully aligned in extrusion (y-) direction, and therefore are not visible.
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Figure 3: (a) Process simulation model consisting of the plastificate (blue) and the plate (orange) and
(b) initial fiber orientation of a half section through the x-z-plane of the plastificate represented as
superquadratic tensor glyphs.

The reorientation of fibers is modeled by the MRD model [13] using the fiber interaction coefficient
C; = 0.0015. The rotational diffusion model coefficients are D; = 1.0, D, = 0.5 and D3 = 0.3. The
fourth-order fiber orientation tensor A is approximated by the Moldflow Bi-quadratic closure
approximation based on Cintra and Tucker [14].
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3.2 MAPPING OF FIBER ORIENTATION DISTRIBUTION

In the context of DiCoFRP, the local fiber orientation distribution, which establishes during the flow
phase of compression molding, significantly determines the mechanical properties. Because the element
size and/or element type changes between the compression molding and structural simulation model, an
intermediate mapping step is mandatory [15]. A comprehensive overview of interpolation methods and
their applicability in the context of virtual process chains of FRPs is given by KrauB et al. [16]. To
account for higher-order anisotropy, we interpolated the fourth-order fiber orientation tensor A, which
is needed further on for stiffness homogenization. Because the fiber orientation distribution is described
by the second-order tensor during compression molding, the IBOF closure is utilized to approximate the
fourth-order fiber orientation tensor on the molding simulation mesh. The interpolation is done
component-wise by a tensorial extension of the Euclidean interpolation method [16]:

N
Aijig = 2 WinAmijki - ()
m

The inverse distance method as introduced by Shepard [17] choosing the power parameter p = 2 and
the N = 4 nearest neighbors is used to determine the weights wy,:

1 1

e =2l Y[ -2 7

W 3)
This approach seems reasonable because there are no significant gradients in the resulting fiber
orientation tensor field. However, the authors note, that orthotropic tensor properties, which are
introduced by the IBOF closure, are not generally preserved by the Euclidean interpolation method.

3.3 HOMOGENIZATION OF THE DICO COMPOSITE

The effective elastic composite properties of the D-LFT are computed by the mean-field
homogenization method of Tandon and Weng [18], which is derived from Mori and Tanaka’s approach
[19]. Tandon and Weng propose explicit equations to compute the effective properties of discontinuous
fiber-reinforced composites for fully aligned fibers. However, the equation for the plane-strain bulk
modulus k,; and the Poisson’s ratio v, must be solved iteratively. To avoid an iterative solution
procedure, we used the explicit formulation given by Tucker [20]. The model by Tandon and Weng
assumes isotropic constituents, and the fibers to behave as if they are embedded in an infinite elastic
matrix. The microstructure is described by the fiber volume fraction ¢ and the fiber aspect ratio r.
Figure 4 shows the dependency of the effective tensile modulus in longitudinal and transverse direction
E;; and E,,, the effective in-plane shear modulus G, and the in-plane Poisson’s ratio ¥;, on the fiber
aspect ratio r. For comparison, the Mori and Tanaka estimate following Benveniste [21] using [22] is
plotted as well. The orientation-dependent effective stiffness tensor C(A) is computed according to the
orientation averaging scheme by Advani and Tucker [23].

3.4 STRUCTURAL SIMULATION

The structural simulations of the four-point bending test are conducted using the finite element
software ABAQUS 2021.HF14. Figure 5 shows the schematic and numerical model of the four-point
bending test. The (100 x 15 x 2.95) mm?® CoDiCoFRTP specimen is modeled using a continuum
mechanics approach with fully integrated quadratic hexahedrons C3D20 with an edge length of
le = 1 mm in the x-y-plane. In the z-direction, the CoFRTP and D-LFT are meshed with 2 and 12
elements, respectively. The support and loading rollers are modeled as analytical rigid bodies neglecting
friction. The loading of u, = —1 mm is applied in a static step with automatic stabilization with a
dissipated energy fraction of 0.2 - 10~3 to increase the numerical stability. To fully constrain the model,
the displacements u,, u,, and the rotation around the z-axis u,, of the center node of the top surface are
constrained.
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Figure 4: Influence of the fiber aspect ratio on effective engineering constants E;;, E,, Gy, and 7,
according to the homogenization methods of Tandon and Weng [18] and Mori and Tanaka following
Benveniste [21] for fully aligned fibers in the 1-direction.
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Figure 5: (a) Schematic of the four-point bending setup and
(b) the corresponding finite element model.

The mechanical properties of the D-LFT are determined according to the mapping and
homogenization approaches introduced in Sections 3.2 and 3.3.

The mechanical properties of the CoFRTP are listed in Table 2. The Young’s modulus E;4 is
determined following DIN ISO 527-4, whereas the remaining engineering constants are estimated
analytically. However, the load case introduces mainly uniaxial compressive and tensile stress in the
CoFRTP layers. The Poisson’s ratio vy, is approximated following the rule of mixture
Viz = Vg10@ + Vin12(1 — @) using v, = 0.2. The semi-empirical Halpin-Tsai model [10] choosing
the fitting parameter £ = 2 is used to approximate the transverse modulus E,, and the in-plane shear
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modulus G;,. The corresponding equation to compute the effective composite property (-) from the
fiber and matrix property (-)¢ and (-)p, reads as follows:

1+$ng (= Om

O=0Onm—- 1= 75 (6)

1-n¢ (e +E0m
The fiber properties E¢,, = 14.0 GPa and G¢,, = 8.78 GPa of a T800S fiber are taken from Duan et al.
[24]. The out-of-plane shear modulus G,3 is roughly estimated using G,3 = 2/3 G, because the four-
point bending test does not introduce significant out-of-plane shear deformation within the CoFRP
layers.

4 RESULTS AND DISCUSSION

4.1 VALIDATION OF THE PROCESS SIMULATION

We validated the fiber orientation model by comparing the resulting fiber orientation of the
compression molding simulation with experimental results of a 3 mm thick CF-PA6 D-LFT plate with
lateral plastificate positioning. The experimental fiber orientation tensors are estimated from uCT scans
from (25 x 25 x 3) mm? cut-outs by applying the algorithm of the gradient-based approach by Pinter et
al. [25] adjusting the pre-filtering for carbon fiber scans. The locations of these samples are shown in
Figure 6b. For comparability with experimental data, the simulative fiber orientation tensors are
averaged over the thickness. Averaging does not yield a more isotropic orientation distribution because
the experimental and simulation results do not show a significant shell-core effect in the flow region.
Figure 6a shows the projections of the orbital plots p = An of the second-order fiber orientation tensor
A onto the x-y- and x-z-plane in the global coordinates. Here, n is a unit vector. The experimental fiber
orientation tensors A; and A, exhibit a rotation around the z-axis of 14.3° and 6.9°, although the cause
is not yet fully understood. Possible explanations are geometric deviations between the plastificate ends
introduced by the cutting unit or density fluctuations within the plastificate, which lead to an inclined
flow front. The shape of the second-order fiber orientation tensors is validated using their eigenvalues
A;, as shown in Figure 7. The experimental orientation tensors exhibit an almost ideally planar
orientation state, whereas the simulation predicts a higher probability of fibers oriented in normal
direction. The predicted and experimental Frobenius norms of the eigenvalues of the second-order fiber

orientation tensor ||A||[g = [Y; A? at the points of interest (POI) 1 and 2 are in good agreement deviatin
F i p g g g

by 0.31% and 6.15 %, respectively. The deviating rotation and shape of the experimental fiber
orientation tensors is partly attributed to intrinsic process scatter, making pCT scans of several D-LFT
plates necessary.
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Figure 6: (a) Projections of experimental and simulative second-order fiber orientation tensor A;and
A, at (b) points of interest (POI) 1 and 2 in the global coordinate system.
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Figure 7: Eigenvalues A; of the experimental and simulative second-order fiber orientation tensors A,
and A, at POI 1 and 2. The bounding lines span the admissible set of linear combinations of the
eigenvalues A;, known as orientation triangle. The eigenvalues are sorted in descending order:

A =25 = 43,

4.2 VALIDATION OF MEAN-FIELD HOMOGENIZATION

The mean-field homogenization results assuming the Poisson’s ratio of the fiber v¢,, = 0.2 are
compared to experimental results of D-LFT tension tests. The experiments are done following DIN ISO
527-4 for the orientations (0,7/2) (see Figure 8b). The analytical results are given by the effective
Young’s modulus E(0,27) projected onto the x-y-plane according to

E(d) = ((d®d) - C'[d®d]) ", )

where d is a strain vector parametrized in spherical coordinates (6,1) with ||d|| = 1. Here, 8 denotes
the polar angle and 1 the azimuth angle. The experimental mean stiffness values are plotted as red dots
in Figure 8a. Due to the in-line compounding, D-LFT exhibits a complex microstructure consisting of
individual fibers and (split) bundles, whereas bundles tend to be longer than individual fibers. The naive
approach, describing the microstructure by the experimental fourth-order fiber orientation tensors A
and A, (compare Figure 6), the average fiber volume content ¢ and the effective fiber aspect ratio
r =~ 208 using the diameter of an individual fiber d; and the number-average fiber length L, (see Table
1), overestimates the effective composite behavior. Consequently, the microstructure descriptors of the
Tandon and Weng homogenization should consider fiber bundles. The reverse parameter identification
to fit the orientation averaged stiffness C(A,) and C(A,) of the experimental fiber orientation tensors
A; and A,, cf. Figure 6, to the results of the experimental tension tests for iy = 0° yields the aspect
ratios 7(A;) = 32.8 and r(A,) = 19.9 (see Figure 8a). Here, the experimental fiber orientation data is
used because the molding simulation does not predict the rotation of the fiber orientation around the out-
of-plane (z-) axis.
Estimating the effective fiber diameter by the linear weighting function

defr = wdg + (1 —w)d, )

does not yield meaningful results because the ideal bundle diameter is
dpigeal = Vnde = 1.61 mm > L, , where n = 10° is the number of fibers of an intact bundle.
Consequently, the experimental number-average fiber length L,, is not suited to estimate the effective
fiber aspect ratio, but effective fiber lengths for single fibers and bundles must be determined. Then the
aspect ratio might be calculated using a weighted interpolation function like Eq. 5. Because the
investigation for a meaningful descriptor of the microstructure is ongoing, we used the aspect ratio
r(A,) of the reverse parameter identification for the structural simulations of the demonstrator.
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Figure 8: (a) Comparison of the experimental moduli with the effective elastic moduli E(0°, 360°) of
the Tandon Weng homogenization projected onto the x-y-plane for the experimental fiber orientation
distributions A; and A, at POI 1 and 2, cf. Figure 6b, and different fiber aspect ratios r. (b) Cutting
plan of tension test samples and definition of orientation.

4.3 VALIDATION OF FOUR-POINT BENDING TEST

Figure 9a shows the resulting effective bending stiffness Ey, of the CoDiCoFRTP of the four-point
bending tests following DIN ISO 14125. The experimental result is shown as a boxplot. The results of
the virtual specimens are plotted as dots. Figure 9b shows the cutting plan of the physical and virtual
specimens. The virtual realizations with assumed constant fiber orientation states throughout the D-LFT
constituent showcase the importance of considering the fiber orientation distribution from
manufacturing. The upper and lower limit of possible effective bending stiffnesses when variating the
fiber orientation are marked by the uniaxial fiber orientation states A, = 1 and A,,, = 1, respectively.
The effective bending stiffness is underestimated in simulations that assume isotropic (4;; = 1/3) and
planar isotropic (Ayx = Ay, = 0.5) orientation states due to the neglected pronounced fiber orientation
in the flow direction which develops during the flow phase of compression molding. The virtual
specimens with mapped fiber orientations exhibit the most accurate results. The slight overestimation
of the effective bending stiffness is attributed to the inclined flow front observed in the experiments.
However, we want to emphasize that these results are obtained by using a fitted fiber aspect ratio for the
Tandon Weng homogenization method. Minor deviations of the resulting fiber orientation of the
molding simulation are amplified by the mapping procedure yielding slight scatter in the effective
bending stiffness of the virtual specimen with mapped fiber orientation.

S CONCLUSION

A virtual process chain for co-molded D-LFT is successfully established. The process chain consists
of the essential steps compression molding simulation and structural simulation. An intermediate
mapping step enables the transfer of higher order anisotropy by component-wise mapping of the spatial
fourth-order fiber orientation tensor distribution. Four-point bending tests on cut-outs of a co-molded
D-LFT tape sandwich served as a demonstrator for validation.

LCT scans on D-LFT plates show a high planar orientation of the fibers, motivating the consideration
of the local fiber orientation in the design of CoDiCoFRTP components. The compression molding
simulation which takes the three-dimensional initial fiber orientation and the Moldflow rotary diffusion
model into account, predicts the resulting degree of anisotropy of the fibers well. However, the resulting
fiber orientation in the flow region exhibits a rotation around the out-of-plane (z-) axis, whose cause
needs further investigation.
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Figure 9: (a) Effective bending stiffness E}, as predicted for different fiber orientation distributions by
the simulation and as measured by experiments. (b) Cutting plan of the physical and virtual bending
test specimens with mapped fiber orientation.

The significant influence of the CoFRTP handling prior to co-molding is demonstrated by means of
an analytical approximation of the heat transfer. Due to the small thickness of the CoFRTP layup and
the time-intensive manual handling, the CoFRTP is assumed to behave temperature-wise like the mold
surface in the compression molding simulation of the demonstrator.

Virtual four-point bending specimens with mapped fiber orientation data from the compression
molding simulation reproduce the physical bending stiffness most accurately. However, the complex
microstructure of D-LFT includes a combination of fibers and fiber bundles. Approximating this
microstructure by the number-average fiber length and single-fiber diameter in order to estimate the
effective stiffness through mean-field homogenization methods based on Mori and Tanaka's method
leads to overestimation. Due to the focus of this work on the virtual process chain, the homogenized
material properties are determined by reverse parameter identification. To accurately evaluate these
homogenization methods, a more detailed description of the microstructure must be developed. Because
this paper solely investigates mean-field homogenization methods derived from Mori and Tanaka’s
method, other methods from the literature should be evaluated in the future.

The virtual process chain can be extended by damage modeling of the D-LFT to improve the
prediction of the structural performance. Further enhancements include the delamination between the
CoFRTP and the DiCoFRTP, the transfer of varying fiber volume contents and an anisotropic viscosity
model to accurately capture the influence of the fibers on the flow behavior. The consideration of
eigenstresses which result from inhomogeneous cooling can be incorporated to improve the accuracy of
the structural simulation. Here, the heat transfer between the CoFRTP and the DiCoFRTP must be
considered.
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