Rheological Characterization and Process
Simulation of LFT-D Compression Molding

Zur Erlangung des akademischen Grades eines

Doktors der Ingenieurwissenschaften (Dr.-Ing.)

von der KIT-Fakultit fiir Maschinenbau des
Karlsruher Instituts fiir Technologie (KIT)

angenommene

DISSERTATION

von

M. Sc. Louis Schreyer

geboren in Schwibisch Hall

Tag der miindlichen Priifung: 10. Juli 2026
Hauptreferentin: Prof. Dr.-Ing. Luise Kérger
Korreferent: Prof. PhD. Andrew Hrymak






Kurzfassung

Langfaserverstirktes ThermoplastflieBpressen im Direktverfahren (LFT-D) kom-
biniert In-line-Compoundierung mit FlieBpressen und ermdoglicht die Herstellung
semistruktureller Bauteile mit maf3geschneiderten Faser-Matrix-Kombinationen.
Da sich die mechanischen Eigenschaften mafgeblich wihrend der Verarbeitung
einstellen, muss das aus der Faser-Matrix-Wechselwirkung resultierende aniso-
trope rheologische Verhalten in der Prozesssimulation genau abgebildet werden.
Dieses Verhalten ist fiir LFT-D jedoch weitgehend unerforscht. Bisherige Simula-
tionen verwenden ausschlieBlich isotrope Viskosititsmodelle, wihrend fiir andere
diskontinuierlich faserverstirkte Kunststoffe (DiCoFRP) vermehrt skalare Surro-
gatviskositdtsmodelle eingesetzt werden. Zudem weist das LFT-D-Halbzeug auf-
grund des In-line-Compoundings rdumlich inhomogene Eigenschaften auf — ins-
besondere den dreidimensionalen Faserorientierungszustand und den variierenden
Porengehalt —, die bislang nur iiber Einwegkopplung bzw. gar nicht beriicksichtigt
werden.

Die vorliegende Arbeit adressiert diese Herausforderungen durch einen kom-
binierten experimentellen, analytischen und numerischen Ansatz, der auf drei
Sdulen aufbaut: (1) die Untersuchung und Modellierung des anisotropen und
ratenabhédngigen FlieBverhaltens von LFT-D, (2) eine kritische Analyse des
weitverbreiteten skalaren Informed Isotropic (IISO) Surrogatviskositdtsmodells
und (3) eine vollstindig gekoppelte Prozesssimulation, die die prozessspezifischen
Anfangsbedingungen des Halbzeugs beriicksichtigt.

Im ersten Teil wird auf Basis isothermer Squeeze-Flow-Versuche eine Methodik
zur Charakterisierung des faserorientierungs-, raten- und temperaturabhéngigen
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rheologischen Verhaltens von kohlenstoftfaserverstirktem Polyamid 6 LFT-D en-
twickelt. Die elliptische Deformation der anfinglich zylinderférmigen Proben
bestitigt das faserbedingte makroskopisch anisotrope Materialverhalten. Zudem
ist die Probenverformung unabhingig von Pressgeschwindigkeit und Temper-
atur, wihrend die Presskraft eine ausgeprigte Ratenabhingigkeit bei weniger
ausgeprigter Temperaturabhingigkeit aufweist. Ein anisotropes viskoses Mate-
rialmodell wird vorgeschlagen und iiber ein erweitertes analytisches Squeeze-
Flow-Modell parametrisiert.

Im zweiten Teil wird die Eignung des IISO-Viskositidtsmodells fiir das Flief3-
pressen von DiCoFRP umfassend untersucht. Es wird analytisch bewiesen und nu-
merisch verifiziert, dass das IISO-Modell bei geschmiertem und ungeschmiertem
Kontakt keinen anisotropen Fluss auf Materialebene erzeugen kann — unab-
hingig von der anfinglichen Faserorientierung. Zudem wird gezeigt, dass der
urspriinglich zur Verifizierung des IISO-Modells vorgeschlagene FlieBpress-
Benchmark nicht schliissig ist. Demzufolge sind vollstindig anisotrope Vis-
kositdtsmodelle dem IISO-Surrogatmodell vorzuziehen.

Im letzten Teil wird ein vollstidndig gekoppeltes, nichtnewtonsches Prozesssimula-
tionsmodell fiir LFT-D entwickelt. Das Framework beriicksichtigt das anisotrope
Viskositiatsmodell aus dem ersten Teil, Faserreorientierung, die anfénglich drei-
dimensionale Faserorientierung des Halbzeugs sowie den rdumlich variierenden
Porengehalt. Simulationen mit seitlicher Halbzeugeinlage zeigen, dass die in-
homogene Porenverteilung der wesentliche Einflussfaktor fiir die experimentell
beobachtete schiefe FlieBfront ist. Da wihrend des Flieens kein stationdrer
Zustand erreicht wird, beeinflusst die anfangliche Faserorientierung die Orien-
tierungsentwicklung wihrend des gesamten Pressvorgangs. Die Ergebnisse unter-
streichen die Bedeutung des prozessspezifischen Ausgangszustands des LFT-D-
Halbzeugs fiir eine zuverléssige Prozesssimulation.

Insgesamt liefert diese Arbeit eine methodische Grundlage fiir die Weiterentwick-
lung der Modellierung und Prozesssimulation des LFT-D-FlieBpressens hin zu
physikalisch konsistenten, anisotropen und prozessspezifischen Vorhersagen.
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Abstract

The long fiber-reinforced thermoplastic direct process (LFT-D) combines in-
line compounding with compression molding, enabling the production of semi-
structural components with tailored fiber—matrix combinations. Since the me-
chanical properties are largely established during manufacturing, predictive pro-
cess simulation requires accurate modeling of the material’s anisotropic rheologi-
cal behavior, governed by two-way fiber—matrix coupling. However, this behavior
is largely unexplored for LFT-D, and numerical studies have exclusively employed
isotropic viscosity models. In recent literature, scalar surrogate viscosity models
have been increasingly adopted for related discontinuous fiber-reinforced polymers
(DiCoFRP). In addition to anisotropy, in-line compounding imparts inhomoge-
neous properties to the semi-finished LFT-D, including a three-dimensional fiber
orientation state, which has only been considered with one-way coupling. More-
over, the spatially varying void-content distribution has not yet been accounted
for in simulation.

This thesis addresses these challenges through a combined experimental, analyt-
ical, and numerical framework structured around three pillars: (1) the investiga-
tion and modeling of the material’s anisotropic and rate-dependent flow behavior,
(2) a critical assessment of the widely adopted informed isotropic (IISO) scalar
surrogate viscosity model, and (3) a two-way flow—orientation coupled process
simulation that accounts for the semi-finished LFT-D’s process-specific initial
conditions.

In the first part, a methodology based on isothermal squeeze flow testing be-
tween parallel plates is developed for characterizing the orientation-, rate-, and
temperature-dependent rheological behavior of carbon fiber reinforced polyamide

il
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6 LFT-D. The initially circular samples show elliptical deformation during squeeze
flow, confirming the fiber-induced macroscopic anisotropic nature of the mate-
rial. The sample deformation is found to be independent of compression velocity
and temperature, while the compression force exhibits distinct rate dependence
with less pronounced temperature dependence. An anisotropic viscous material
model accounting for orientation-, rate-, and temperature-dependent behavior is
proposed and parameterized via an extended analytical squeeze flow model.

In the second part, the applicability of the IISO viscosity model to compression
molding of DiCoFRP is comprehensively evaluated. It is analytically proven
and numerically verified that the IISO model cannot generate anisotropic flow at
the material level in lubricated (ideal slip) and non-lubricated (no-slip) squeeze
flow, regardless of the initial fiber orientation. Additionally, the compression-
molding-style benchmark originally proposed in support of the IISO model is
shown to be inconclusive. These findings establish that fully anisotropic viscosity
models should be preferred over the IISO surrogate for accurate representation of
flow—orientation coupling.

In the third part, a two-way flow—orientation coupled non-Newtonian simulation
methodology for LFT-D compression molding is developed. The framework in-
corporates the anisotropic viscous material model, fiber orientation evolution, the
semi-finished LFT-D’s initial three-dimensional fiber orientation, and the spa-
tially varying void-content distribution. Compression molding simulations with
lateral LFT-D positioning confirm the inhomogeneous void-content distribution
as the major contributing factor to the experimentally observed skewed flow front,
arising independently of anisotropic viscous effects. Furthermore, the initial fiber
orientation influences the fiber orientation evolution throughout molding, as no
steady state is reached during flow. The results underscore the importance of
considering the semi-finished LFT-D’s process-specific initial state for reliable
process simulation.

Overall, these contributions provide a methodological basis for advancing mod-
eling and process simulation of LFT-D compression molding toward physically
consistent, anisotropic, and process-aware predictions.

iv
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1 Introduction

1.1  Motivation

To curb climate change, the European Union (EU) member states have agreed
on the European Green Deal, which sets the goal of climate neutrality by 2050
[4]. The transportation sector, particularly the automotive industry, accounts for
a substantial share of the EU’s total greenhouse gas emissions [5]. Consequently,
the reduction of greenhouse gas emissions has become a critical objective. Since
the energy required for overcoming rolling friction, acceleration, and ascending
gradients scales linearly with vehicle mass [6], reducing mass through lightweight
design presents an obvious strategy. However, increasing demands for active and
passive passenger safety, passenger comfort, and drivetrain electrification have
led to a continuous increase in vehicle mass over recent decades. As a result, a
self-reinforcing upward weight spiral has emerged [7]: improvements in one area,
such as passenger safety, increase vehicle mass, which in turn necessitates larger
components and structures, such as brake systems, and so forth. The overarching
goal of lightweight design must therefore be to reverse this spiral.

Due to their excellent weight-specific mechanical properties, fiber-reinforced poly-
mers offer high lightweight potential. While continuous fiber-reinforced polymers
exhibit superior stiffness and strength properties, discontinuous fiber-reinforced
polymers (DiCoFRP) allow for higher freedom of design, short cycle times, and
thus more cost-effective production. The shift toward thermoplastic matrix mate-
rials within DiCoFRP is driven by growing demands for sustainability and circular
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economy integration. Among thermoplastic-based DiCoFRP, compression mold-
ing of bulk long fiber-reinforced thermoplastics (LFT) enables production of semi-
structural components with longer fiber lengths compared to injection molding
processes. The long fiber-reinforced thermoplastic direct process (LFT-D), which
combines in-line compounding with compression molding, offers particular ad-
vantages in design flexibility through customizable fiber—matrix combinations. In
this process, continuous fiber rovings are fed into a twin screw extruder where they
are compounded with liquefied thermoplastic. The resulting bulk semi-finished
material is then immediately compression molded into the final component.

The mechanical properties of DiCoFRP components are predominantly estab-
lished during the manufacturing process as fibers reorient during material flow.
Critically, a two-way coupling exists between fiber orientation and material flow:
fibers not only reorient according to the velocity field but also influence the flow
behavior itself. Numerical simulations can help to predict the resulting fiber ori-
entation distribution, potentially replacing expensive trial-and-error studies in the
early stages of product development. Anisotropic constitutive models have been
developed over the past decades, such as [8, 9], and have been applied to sev-
eral DiCoFRP manufacturing processes, for example, in [10, 11, 12]. However,
numerical studies on bulk LFT compression molding have exclusively employed
isotropic material models [13, 14], thereby neglecting orientation-dependent be-
havior. In response to numerical instabilities encountered when employing fully
anisotropic viscosity models, simplified approaches [15, 16] have been proposed
that reduce the anisotropic viscosity tensor to a scalar surrogate while incorporat-
ing orientation-dependent information. Although these models are increasingly
used, questions remain about their applicability to DiCoFRP compression mold-
ing.

A particular challenge lies in the parameterization of anisotropic viscosity models,
as fiber-induced effects cannot be readily isolated in classical rheological testing.
Consequently, the parameters describing anisotropy are generally approximated
using analytical expressions [17, 18]. In the context of LFT-D, the underlying
assumptions of these expressions present significant simplifications of the actual
microstructure, which consists of individual fibers and partially split fiber bundles
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of non-uniform length. Squeeze flow testing [19] offers a promising alternative
method to experimentally quantify anisotropic flow behavior. However, existing
parameterization approaches for squeeze flow either neglect shear-thinning effects
or assume simplified transversely isotropic material behavior.

Beyond anisotropic viscosity modeling, accurate process simulation requires
proper representation of the material’s initial state at the onset of molding. In-line
compounding imparts a characteristic three-dimensional fiber orientation distri-
bution that influences subsequent flow and thus fiber reorientation. Furthermore,
experimental observations of phenomena such as skewed flow fronts [20, 21],
which are clearly reflected in the resulting mechanical properties [22], cannot be
explained by fiber orientation effects alone. A recent investigation [20] suggests
that the void-content distribution of the semi-finished LFT-D also affects the flow
behavior. To date, no simulation framework for LFT-D compression molding ex-
ists that accounts for two-way flow—orientation coupling and the irregular initial
conditions at the onset of molding.

Therefore, this work aims to address these challenges by answering the open
research questions:

1. To what extent does LFT-D exhibit fiber-induced anisotropic flow behavior,
and how can this behavior be characterized and adequately modeled?

2. How do the process-specific initial conditions of LFT-D influence the flow
behavior and final fiber orientation in compression molding?

1.2 Thesis outline

This thesis has the following structure: Chapter 2 provides an overview of
the fundamental principles and relevant research contributions that are essential
for the understanding of the current research state and the motivation for this
thesis. Chapter 3 synthesizes the existing research gaps and formulates the re-
search hypotheses and objectives addressed in this work. Chapter 4 presents
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the rheological characterization of LFT-D through squeeze flow testing and in-
troduces an anisotropic viscous material model that accounts for shear-thinning
and temperature-dependent behavior along with its parameterization. Chapter 5
evaluates the applicability and limitations of the informed isotropic (IISO) scalar
surrogate viscosity model for compression molding of DiCoFRP. Chapter 6
presents a comprehensive simulation framework for LEFT-D compression molding
that simultaneously considers anisotropic viscous behavior, the inhomogeneous
process-specific LFT-D properties at the onset of molding, and investigates their
influence on the flow behavior and fiber orientation evolution. Finally, Chapter 7
summarizes the main findings, provides a conclusive assessment of the research
hypotheses, and gives recommendations for future work.

1.3 Remarks on notation

Symbolic tensor notation is preferred throughout this thesis. Scalars are denoted
by standard Latin and Greek letters, e.g., o, A. Vectors are denoted by lowercase
bold letters, e.g., a, u. Second-order tensors are denoted by uppercase bold
letters, e.g., A, whereas double-struck letters are used for fourth-order tensors
such as A, V. As an exception to the vector notation, the normalized rate of
strain tensor d, introduced in Chapter 5, is denoted by a lowercase bold letter to
maintain consistency with established literature [15]. The composition between
tensors of equal order, e.g., AB, is denoted without a particular operator symbol.
The linear mapping of a second-order tensor by a fourth-order tensor is denoted
using brackets, e.g., V[D]. The scalar product between two tensors of the same
order is indicated by a dot, e.g., a - b. The dyadic outer product yields a tensor of
order m + n from the multiplication of an m"-order tensor by an n"-order tensor,
e.g., a® B. The n-fold dyadic outer product is denoted as a®" = a®a®- - -®a.
The box product between two second-order tensors is defined as (A0 B), ;;,;, =
A, Byj. The second-order identity tensor is denoted as I, whereas the fourth-
order spherical, symmetric-deviatoric and skew symmetric projection tensors are
denoted by [P, T9¢V and [€V, respectively.



2 Fundamentals and state of
research

This chapter provides an overview of related work and establishes the theoretical
foundation relevant to this thesis. The chapter is divided into the physical world
of LFT-D processing, and the virtual world of modeling and process simulation.
First, Section 2.1 addresses the individual steps of the LFT-D manufacturing
process, the rheological behavior and corresponding characterization, as well as
process-specific characteristics of the bulk semi-finished LFT-D and their effects
on the compression molding behavior. Then, the macroscopic modeling of fiber
suspensions including the balance equations and constitutive modeling is sum-
marized in Section 2.2. Subsequently, process simulation methods for related
DiCoFRP and LFT(-D) are discussed in detail (cf. Section 2.3). Finally, Sec-
tion 2.4 concludes the literature review and outlines the research gaps addressed
in the following chapters.

2.1 Long fiber-reinforced thermoplastic
compression molding

LFT are discontinuously fiber-reinforced composites with a thermoplastic matrix
that can be molded into parts via compression molding under controlled pres-
sure and temperature conditions. Among LFT, a fundamental distinction exists
between sheet materials, such as glass mat thermoplastics (GMT), and bulk semi-
finished materials. Bulk materials exhibit superior flowability compared to sheet
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materials, enabling greater design freedom while maintaining comparable me-
chanical properties [23]. Among bulk materials, those produced via in-line com-
pounding (LFT-D) offer additional advantages over pellet-based systems through
the ability to tailor fiber—matrix combinations. In the in-line compounding pro-
cess, fibers are fed continuously into the extruder, whereas pellet-based systems
exhibit pre-defined fiber lengths prior to compounding. During compounding,
fibers experience substantial shear forces that cause continuously fed fibers to
fracture and pellet-based fibers to further shorten. Consequently, both the bulk
semi-finished material —referred to as plastificate from here on— and the finished
part exhibit a fiber length distribution rather than a uniform fiber length. The mean
of this fiber length distribution typically ranges from one to several millimeters
depending on the material combination and extruder settings. Since pellet-based
systems lie outside the scope of this work, the subsequent fundamentals focus on
the LFT-D process.

2.1.1 Process with in-line compounding

The production of LFT-D parts consists of two major steps: the production of the
plastificate and the subsequent compression molding. The setup for producing the
plastificate comprises two co-rotating twin screw extruders (TSE), as shown in
Figure 2.1. In the first TSE, the thermoplastic granulate is mixed with additives,
liquefied, and transferred to the second TSE via a film die. In the second TSE, the
continuously fed fiber rovings are compounded with the matrix material. Fiber
bundles disperse and break due to substantial shearing induced by the extruder
screws. Then, the material is pressed through a nozzle onto a conveyor belt,
forming a continuous extrudate that is cut to a predefined length. To avoid cooling
of the extrudate after leaving the second TSE, the conveyor belt is equipped
with infrared heating. The compounding process in the second TSE results in
a plastificate with a complex microstructure comprising individual curved fibers
and partially split fiber bundles. Additionally, the plastificate exhibits a spatially
inhomogeneous three-dimensional fiber orientation state.



2.1 Long fiber-reinforced thermoplastic compression molding

Polymer granulate
and additives

Fiber rovings TSE

Plastificate
Cutting segment

TSE '

Figure 2.1: Schematic of the LFT-D plastificate manufacturing comprising two co-rotating twin screw
extruders (TSE). The color indicates the temperature of the polymer (blue: solid, red:
liquefied). Adapted from [1].

After cutting, the plastificate is transferred to the heated mold for compression
molding. Due to the compact geometry of the plastificate, which initially occu-
pies only a fraction of the mold cavity, substantial material flow is required to
fill the cavity. The mold closure follows a prescribed compression speed profile.
Upon reaching a compression force threshold, the press controller switches from
displacement control to force control. Depending on the material viscosity, part
geometry, and press size, the force threshold may be reached during or after com-
plete mold filling. The closing force is maintained for a defined time interval, e.g.,
60 s, allowing the material to cool sufficiently below its solidification temperature.
Finally, the mold opens and the part is ejected.

2.1.2 Rheological behavior and characterization’

The mechanical behavior of LFT-D is strongly influenced by its microstructure
[22, 24]. Of particular interest is the final fiber orientation, which is determined
by the material flow during manufacturing. Although investigations on how the

1" This section comprises parts of Section 1.1 from [1]. Additional text passages have been added.
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fiber orientation alters the flow behavior of LFT-D are scarce, the influence of
fibers on the velocity field, and vice versa, is evident. This is demonstrated
in studies on bundle-like thermoplastics [25] and GMT [26, 27, 28]. Fluid
[8, 29, 30] and structural mechanics [9, 31, 32] motivated anisotropic viscous
material models were developed and applied to a variety of discontinuous fiber-
reinforced polymers (DiCoFRP) [10, 11, 12, 33, 34], which will be discussed
in more detail in Section 2.2.2 and Section 2.3. In these models, the shear
and elongational viscosity are generally approximated by analytical expressions
[17, 18, 30, 35]. The treatment of shear thinning behavior varies: some studies
neglect it entirely [9, 11], others assume it is independent of the fibers [10], and
still others incorporate it using an effective material viscosity [12, 33].

For the investigation of the flow behavior of long fiber-reinforced polymers like
sheet molding compounds (SMC) [36, 37], GMT [19, 27, 28, 38], bundle-like
thermoplastics [25], and LFT [39], squeeze flow between parallel plates has been
established. In squeeze flow testing, a (cylindrical) sample is placed between
two heated parallel plates and compressed by moving the plates towards each
other at either constant velocity [19, 25, 27, 28, 38, 39] or constant strain rate
[36, 37] while continuously measuring the compression force. For thermoplastic
composites, samples must first be heated above the melt temperature to achieve
thermal equilibrium with the plates. This is typically accomplished by bringing
the heated plates into contact with the sample under low force until a quasi-steady
temperature state is reached prior to the actual compression. An exemplary test
setup with heating via heating cartridges, which appears to be the preferred heating
method in the literature, is shown in Figure 2.2. The plates are usually larger than
the samples to allow evaluation of the final sample contour, which may reveal
fiber-induced anisotropy. In contrast, established rheological characterization
methods for short fiber-reinforced (SFR) composites like capillary and oscillatory
rheometry do not provide distinct information about fiber-induced anisotropy.

Materials that have no initial preferred fiber orientation are generally modeled as
(transversely) isotropic [19, 28, 39] since the sample shape does not change during
squeezing. Dweib and O Bradaigh [28] derive a power law model, which considers
shear-thinning behavior, for non-lubricated squeeze flow (no slip) to obtain the
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Figure 2.2: Exemplary squeeze flow setup. Adapted from [28].

shear and extensional viscosity of GMT. The extensional viscosity is computed
from the axial stress in the compression direction divided by the compressive strain
rate. Balaji Thattaiparthasarthy et al. [39] utilize this model to investigate the
influence of fiber length, fiber volume content, temperature and rate dependence
on the extensional and shear viscosity of compression molded LFT from fiber
pellets. Although the LFT samples were taken from a compression molded plate,
the samples do not show pronounced anisotropic flow. However, for materials with
an initial preferred fiber orientation, the samples exhibit anisotropic flow behavior.
Dweib and O Bréadaigh [27] and Ericsson et al. [26] observe the development of
an elliptical flow from initially circular samples during GMT squeeze flow due to
the pre-aligned fiber orientation state. Dweib and O Bradaigh [27] use a simple
geometric approximation assuming that the rate of flow at the principal axes is
constant, whereas Ericsson et al. [26] account for the two-way coupling between
the fibers and the matrix material in their analytical model. Furthermore, Dweib
and O Bradaigh [27] demonstrate that considering the anisotropic nature of the
material is crucial for comparison with experimental compression forces.
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2.1.3 Plastificate properties and effects

Building on the anisotropic nature of LFT-D outlined in the previous subsection,
this subsection focuses on process-specific plastificate properties at the onset of
molding that mainly result from in-line compounding, specifically the initial fiber
orientation state and the void-content distribution.

Initial fiber orientation distribution? Related DiCoFRP such as SMC and
GMT feature a predominantly planar homogeneous initial fiber orientation. In
contrast, LFT-D plastificates exhibit a complex three-dimensional initial fiber
orientation state resulting from in-line compounding.  The fiber orientation
within the plastificate (at molding onset) has been characterized using micro-
computed tomography (uCT) imaging in several studies for various materi-
als: glass fiber-reinforced polypropylene (GF-PP) LFT-D [40, 41], carbon fiber-
reinforced polyamide six (CF-PA6) LFT-D [42], and CF-PA6 pellet LFT [13].
For twin screw setups, the initial fiber orientation exhibits consistent character-
istics across different materials and die geometries: a more isotropic orientation
near the center, swirl-like patterns around the extruder screws, circumferential
orientation towards the perimeter, and a thin surface layer with fibers aligned in
the extrusion direction (cf. Figure 2.3). However, due to its small thickness, this
surface layer is typically not resolved by nCT-based FOT determination methods.
Given the nature of the extrusion flow, periodicity in the extrusion direction [41]
and twofold symmetry of the plastificate cross section [42, 43] are assumed in
literature. Consequently, for a consistent description of fiber orientation evolu-
tion and macroscopic flow, the plastificate’s spatial fiber orientation distribution
resulting from in-line compounding must be considered in numerical simulations,
especially with regard to fiber-induced anisotropy.

2 This paragraph comprises parts of Section 1.1 from [3]. Additional text passages have been

added.
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Figure 2.3: Fiber orientation glyphs in a cross-section of a GF-PP LFT-D plastificate determined from
pCT imaging, shown over the corresponding nCT scan slice. Adapted from [40].

Void content distribution® Despite advances in understanding initial fiber
orientation, experimental observations reveal phenomena unexplained by fiber
orientation alone. Notably, the skewed flow front observed experimentally in
LFT-D compression molding [20, 21, 22] cannot be attributed solely to fiber-
induced anisotropy and three-dimensional initial fiber orientation. Several studies
report that the principal fiber direction deviates from expectations during molding
of planar parts with lateral plastificate positioning (GF-PP [44]; CF-PA6 and GF-
PAG6 [22, 45]), which is clearly reflected in the resulting macroscopic mechanical
properties [22, 46]. In a recent work [20], we identified the density distribution
as a contributing factor: the effective density of the plastificate that first exits
the extruder (the old end) is lower than that of the new end. This density differ-
ence is corroborated by void-content distribution measurements of the plastificate
[45]. Note that the void content directly determines the effective density, making
both quantities equivalent representations of the same physical phenomenon. A
temperature gradient along the plastificate’s surface has been reported in [21];
however, no significant temperature gradient exists within the plastificate at the
onset of molding [20]. This rules out the initial temperature distribution as a
major contributing factor. Furthermore, geometric deviations in the tool were
ruled out through a comprehensive parameter study [20].

3 This paragraph reproduces Section 1.1 from [3].
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2.2 Modeling of fiber suspensions

Fiber suspensions consist of elongated particles suspended in a viscous matrix
material, or equivalently in the context of DiCoFRP processing, of fibers sus-
pended in a viscous polymer matrix. Depending on the fiber volume fraction and
the fiber aspect ratio, fiber suspensions are categorized as dilute, semi-dilute, or
concentrated [8], with industrially relevant DiCoFRP being predominantly con-
centrated. Within a macroscopic continuum framework, DiCoFRP are modeled
as homogeneous materials with effective material properties. The macroscopic
flow behavior of DiCoFRP during manufacturing is governed by the interaction
between the polymer matrix and the embedded fibers. This interdependence
between macroscopic flow and fiber reorientation is also referred to as flow—
orientation coupling [47]. In modeling, flow—orientation coupling is classified
by the degree of interaction considered. In one-way coupling, the velocity field
governs fiber reorientation but the fiber orientation does not affect the flow. In
two-way coupling, the fiber orientation additionally influences the velocity field
through a fiber-orientation-dependent viscosity, rendering both fields interdepen-
dent. Two-way coupling represents the physically consistent description, as both
the influence of fibers on the flow and the influence of the flow on fiber reori-
entation occur simultaneously in reality. In this section, the balance equations
that govern macroscopic flow, and constitutive modeling relevant to this work are
presented.

2.2.1 Balance equations

The physical behavior of materials is described by the following balance equations:
balance of probability density [48], conservation of mass, and balance of linear
momentum [49]. In this thesis, thermal effects are not considered. Therefore, the
balance of internal energy is not introduced in the following. The general form
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of a conservation equation for a continuously differentiable i"-order tensor field
1) on a domain 2 C R? in local form is given by:

0 .

8—1?+d1v(w®u):sw7 2.1
where J(-)/0t denotes the spatial time derivative, u the velocity, and s, source
terms. The spatial time derivative is related to the material derivative via:

Dy _ 0y
-7 _Z7 . orad . 2.2
DU 0w rad (1) 2)
Balance of fiber orientation probability density The scalar-valued fiber
orientation distribution function (FODF) ¥ (p) quantifies the probability P of
finding a fiber p € S? within a specific interval X C S? via integration:

P(K) = / wds, 23)
K

where S? denotes the unit sphere. As a probability density function, the FODF
must obey the Fokker-Planck equation [48]:

DU

D = ~&tads: (U(p)p) + D As: (¥ (p)), 2.4)

where gradg: () denotes the gradient operator on the unit sphere, p is the tan-
gential deterministic drift of the fibers, D, is a diffusion coefficient, and Ag2(-)
denotes the Laplace operator on the unit sphere. An evolution equation for the
FODF has been derived by Folgar and Tucker [50], who set p to Jeffery’s equa-
tion [51], i.e., p = Ppj, and proposed a diffusion coefficient proportional to the
deformation rate:

DW . .
o= —gradg: (V(p)p;) + Ciy As2(¥(p)), (2.5

p;=Wp+u(Dp— (D -p*)p), (2.6)
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where C} denotes the interaction coefficient, scaling diffusivity, ¥ = V2D - D
denotes the shear rate, D = (L+ L") /2 the rate of strain tensor, L = grad (u) =
D + W the spatial gradient of the velocity w, W is the spin tensor, and x is a
fiber shape parameter.

Although the FODF W (p) offers a complete statistical characterization, its arbi-
trary complexity makes it impractical for most numerical methods. To address
this, the FODF function is typically represented by its statistical moments given by
the ¢™-order fiber orientation tensor (FOT) A<i> following the works of Kanatani
[52] and Advani and Tucker [53]:

Ay = /S ) U (p)p®idsS. 2.7

From the assumption that the FODF is of even order, i.e., ¥(p) = ¥(—p),
it follows that all odd-order FOT vanish. In addition, all even-order FOT are
completely symmetric. Furthermore, the information from the (i — 2)"-order
FOT can be fully recovered from the i"-order FOT via the linear mapping with
the second-order identity tensor I:

For a comprehensive discussion regarding FOT, the reader is referred to Tucker
[47] and Bauer and Bohlke [54].

Inserting the i"-order FOT into Equation 2.1 yields the following general transport
equation:
0A )
ot

+ div (A<z) ® u) = F<Z> (A(z) s A<i+2>7 L,.. .), 2.9

where F'(; denotes a tensor-valued function (supply or diffusive flux).
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Conservation of mass The conservation of mass with density p follows
directly from Equation 2.1:

ap . _
5 +div (pu) =0, (2.10)

where the source term vanishes since mass can neither be created nor destroyed
(at least not in Newtonian mechanics). Substituting the relationship from Equa-
tion 2.2 into Equation 2.10 yields:

D

D—i+pdiv (w) = 0. @2.11)
For incompressible materials, the material derivative of density vanishes (% =
0), reducing Equation 2.11 to

div (u) = 0, (2.12)

which is equivalent to requiring that the trace of the rate of strain tensor D
vanishes, i.e., tr (D) = 0.

Balance of linear momentum The balance of linear momentum density pu
in local form is given by
9 (pu)

ot +div ((pu) @ u) = div (o) + b, (2.13)

where o denotes the Cauchy stress tensor (representing non-convective momen-
tum flux density), and b the volume force density field. Applying the product rule
to the first term and expanding the divergence term (second term) of Equation 2.13
yields:

p <?,;: +u - grad (u)> +u <g§ + div (Pu)) =div(e) +b. (214
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The first parenthetical term in Equation 2.14 represents the material derivative of
velocity (cf. Equation 2.2), while the second parenthetical term corresponds to
the mass conservation and thus equals zero (cf. Equation 2.10). This simplifies
the linear momentum balance to:

Du .
Por = div (o) + b. (2.15)

2.2.2 Constitutive modeling

The total stress of a viscous (quasi-)incompressible material is given by
o=—-pl+T, (2.16)

where p denotes the hydrostatic pressure, and T the viscous stress. In this additive
split, the pressure p solely describes the spherical contribution; thus, the viscous
stress 7 is purely deviatoric, as emphasized in [55]. A general form of the viscous
stress is given by

T =V'[D’], (2.17)

where V' = [9¢VVI9¢V is the fourth-order viscosity tensor, mapping from de-
viatoric to deviatoric space, V denotes the fourth-order viscosity tensor, and
D’ = 19V[D] is the deviatoric part of the rate of strain tensor. The isotropic
model provides the simplest viscous description, with the viscosity tensor ex-
pressed as a scalar multiple of the symmetric deviatoric projection tensor:

V' = 2n1dev, (2.18)

where 7 denotes the scalar shear viscosity. To better represent the actual physical
material behavior, the viscosity n can be formulated as a function of shear rate
v = V2D - D [56], temperature 1" [57], and state of curing (for thermosets).
Furthermore, the viscous material behavior strongly depends on the local mi-
crostructure, i.e., on fiber geometry [35], fiber volume fraction [17], and fiber
orientation [29]. However, due to the coaxiality of o and D in isotropic viscosity
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models (cf. Equation 2.17 and Equation 2.18), the fiber-induced anisotropic nature
of DiCoFRP, as reported in numerous works [25, 26, 27, 28], is not considered.

Anisotropic viscosity models To account for the anisotropic nature of
DiCoFRP, the fourth-order viscosity tensor V is generally modeled as a function
of the fourth-order FOT, i.e., V.= f(A). These models are either derived from a
fluid mechanics [8, 29, 30] or solid mechanics [9, 31, 32, 58] context.

The general form of a properly invariant anisotropic viscous constitutive equation
was presented by Ericksen [29] and later recast by Tucker [8]. A fully deviatoric
formulation of Tucker’s viscosity model was introduced by Bertéti [55], which
eliminates spherical contributions from the FOT to ensure purely deviatoric vis-
cous stresses. Both Verweyst and Tucker [59] and Latz et al. [60] performed
numerical investigations considering one-way and two-way flow—orientation cou-
pling in injection-molding-inspired geometries using Tucker’s model, demonstrat-
ing a pronounced influence of fiber-induced anisotropy. Gorthofer et al. [12] used
Tucker’s model to simulate compression molding of SMC. Several works proposed
analytical expressions for dilute [35] and semi-dilute [17, 30] fiber suspensions
to approximate the fiber-induced elongational extra viscosity in fiber direction,
which were used, e.g., in works regarding SFR injection molding [61], GMT [33],
and SMC [62].

An alternative approach was taken by Sommer et al. [9], who, analogous to the
theory of elasticity, developed an anisotropic viscosity model starting from the
transversely isotropic case of a unidirectional fiber reinforcement, building on the
works of Gibson [31] and Beaussart et al. [32]. Sommer’s viscosity model has
been applied to a variety of DiCoFRP, including prepreg platelet molding [11],
GMT [9], and SFR injection molding [10]. Pipes et al. [18] derived analytical
expressions based on micro-mechanics to approximate the model parameters de-
scribing fiber-induced anisotropy, which have been utilized in all of the latter
works. Recently, Karl and Bohlke [58] presented a Mori-Tanaka [63] based vis-
cous constitutive model applicable to SFR composites with fiber volume fractions
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up to 20 %, which is then applied in their subsequent SFR injection molding study
[64].

Surrogate viscosity models* Fully anisotropic models often suffer from
numerical issues such as poor system conditioning and convergence problems
[59, 65, 66, 67, 68]. To mitigate these issues, several simplified scalar viscosity
models have been proposed in recent literature to reduce the anisotropic viscosity
tensor to a scalar surrogate viscosity, which is easier to handle numerically. Costa
et al. [69] introduce a threshold-based approach to consider the influence of fiber
orientation on the composite’s viscosity. However, this approach is not thermo-
dynamically consistent. An alternative is the informed isotropic (IISO) viscosity
model proposed by Favaloro et al. [15], which is thermodynamically consistent.
In this model, the energy dissipation rate of a fully anisotropic fourth-order ten-
sor model and an isotropic scalar model are equated to obtain a scalar surrogate
viscosity. Although the model fails to predict anisotropic behavior in lubricated
squeeze flow between two parallel plates, the authors present a simplified verifi-
cation case, namely a compression-molding-style center-gated disk (CGD), both
analytically and via Moldex3D simulations [15]. Simultaneously, Li and Luyé
[16] proposed an equivalent model. However, we will refer to the model as IISO
viscosity model, as it is commonly known in the literature. Subsequently, the IISO
viscosity model has been utilized in prepreg platelet molding [70], compression
molding of hybridly laminated thermoplastics [34], GMT [33], SMC [71] and
injection molding [72, 73, 74]. However, several of these studies raise concerns
about the model’s applicability. Lee et al. [34] report elliptical deformation in a
lubricated squeeze flow verification case, which contradicts the analytical predic-
tion by Favaloro et al. [15]. Furthermore, parameter identification procedures have
yielded non-unique solutions depending on the spatial weighting of measurement
points [74], or anisotropy ratios that substantially exceed established values [71].
A more detailed review of these applications is provided in Section 5.2.

4 This paragraph comprises parts of Section 1.1 from [2]. Additional text passages have been

added.
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Fiber orientation evolution models® Inan engineering context, the second-
and fourth-order FOT A and A are of particular interest. The second-order FOT
A is generally utilized to model fiber reorientation in flow simulations, offering
a good balance between accuracy and computational effort. Advani and Tucker
[53] derived a general evolution equation for FOT of arbitrary order based on
Jeffery’s equation [51] (cf. Equation 2.6), which describes the motion of a single
ellipsoidal particle in viscous flow. Their tensorial formulation extends Jeffery’s
single-fiber description to a statistical representation using moment tensors, es-
sentially providing an explicit formulation for the tensor-valued function F'(;y in
Equation 2.9. To account for random fiber-fiber interactions during flow, which
tend to reorient fibers towards a more isotropic orientation, a tensor-based for-
mulation of the isotropic diffusion term in Equation 2.5 (last term) is generally
considered in F'(;y as well. Over the last decades, numerous extensions and adap-
tations of this second-order evolution equation have been proposed, including
objective models with reduced reorientation rates [75] and anisotropic diffusion
[76, 77]. More recently, Karl and Bohlke [78] proposed a general orientation
evolution formula using a linear homogenization approach and derived evolution
equations for several mean-field homogenization schemes. A comprehensive
review of established fiber orientation evolution models can be found in Kugler
et al. [79].

Closure approximations for fiber orientation tensors® The respective
i"-order fiber evolution equation requires knowledge of the (i +2)"-order FOT as
well. In engineering context, this means that the second-order evolution equation
depends on the fourth-order FOT. Closure approximations A = C(A) solve this
problem by associating a second-order FOT A with exactly one fourth-order
FOT. Prominent algebraic closure approximations include the linear, quadratic,

This paragraph comprises parts of Section 2.1 from [2]. Additional text passages have been
added.
This paragraph comprises parts of Section 2.1 from [2]. Additional text passages have been
added.
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and hybrid closures [53], the orthotropic fitted closure [80], and the invariant-
based optimal fitted closures (IBOF) [81]. The orthotropy of the second-order
FOT A is generally preserved by closure approximations; therefore, the fourth-
order tensor A is also orthotropic. Notable exceptions are the non-orthotropic
closures proposed by Tucker [82] for planar fiber orientation states.

2.3 Process simulation

With the LFT-D process characteristics and fundamental modeling approaches
for DiCoFRP introduced in the preceding sections, this section reviews numerical
studies on compression molding process simulation. Since simulative works on
bulk LFT, i.e., pellet-based LFT and LFT-D, are scarce, related DiCoFRP are also
discussed.

2.3.1 Process simulation of related DiCoFRP

Two-dimensional macroscopic models SMC has been developed earlier
than LFT-D, is more widely used in industry, and has been extensively studied
experimentally. Therefore, a substantially larger body of process simulation lit-
erature exists. Early simulative works on SMC [83, 84, 85, 86] employed the
two-dimensional Hele-Shaw model using the finite element (FE) or boundary ele-
ment method. The basic Hele-Shaw model assumes isotropic Newtonian viscous
behavior and employs a no-slip boundary condition at the mold interface with the
assumption of a quadratic velocity profile over the mold gap. For the validity of
the model, the mold gap must be significantly smaller than the lateral dimensions.
To account for temperature and shear rate dependence, Lee et al. [84] proposed
an extension of the basic model assuming a power law fluid, achieving good
agreement for thin SMC stacks. In response to experimental observations [87]
suggesting that the flow kinematics of SMC result from hydrodynamic friction
at the mold interface rather than from no-slip, the Hele-Shaw model has been
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extended to account for this so-called plug-flow behavior. Using the FE con-
trol volume method, such models have been utilized to simulate large shell-like
automotive components [86, 88].

Three-dimensional macroscopic models In contrast to the two-dimen-
sional Hele-Shaw model, modern macroscopic (compression) molding frame-
works feature a three-dimensional discretization of the domain. This transition
is motivated by several limitations inherent to the Hele-Shaw model. Two-
dimensional models fail to predict the flow in complex three-dimensional part
geometries featuring, e.g., ribs, sharp corners, and thickness changes, where the
thin-gap assumption is violated. Moreover, three-dimensional discretization en-
ables resolution of through-thickness gradients in velocity, temperature, and fiber
orientation. In particular, the evolution of fiber orientation is inherently a three-
dimensional problem that requires the full velocity gradient. Furthermore, in
two-way flow—orientation coupling, fiber reorientation depends on the instanta-
neous velocity gradient, while the velocity field itself is governed by the instan-
taneous fiber-orientation-dependent stress (cf. Section 2.2.2), rendering the two
fields interdependent. However, commercial molding software such as Autodesk
Moldflow and CoreTech System Moldex3D is primarily developed for polymer
injection molding, and compression molding capabilities are not the main focus
of development for these software packages. Consequently, anisotropic material
modeling capabilities are limited. CoreTech System Moldex3D supports aniso-
tropic viscosity modeling via the built-in IISO viscosity model, whereas Autodesk
Moldflow has recently introduced the option to account for anisotropic effects via
Tucker’s model [8]. In Autodesk Moldflow, however, the anisotropy parameter is
computed internally from Dinh’s analytical approximation [30] based on the user-
specified fiber volume fraction and fiber aspect ratio, and cannot be set directly
by the user. Furthermore, the Autodesk Moldflow API is limited to isotropic
viscosity models. As a result, many authors resort to other, non-molding spe-
cialized software. Sommer et al. [9] simulated squeeze flow of cylindrical GMT
samples with fiber volume fraction of 7.8 % between two parallel plates within
Simulia Abaqus/Standard considering two-way flow—orientation coupling, albeit
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neglecting shear-rate dependence. Additionally, an ideal slip boundary condition
at the plate surface was employed to enable sufficient deformation within the
purely Lagrangian framework. The model parameter describing anisotropy was
computed from Pipes’ analytical approximation [18] and scaled by a factor of 2/3
to account for the assumed uniform fiber overlap lengths. The predicted elliptical
deformation agreed well with Ericsson’s analytical model and experiments [26].
Given the assumption of Newtonian behavior, a comparison with the experimental
forces was not meaningful.

Compared to Sommer et al. [9], Song et al. [43] present a methodology for com-
pression molding of a CF-PA6 sheet material from a water slurry process by
splitting molding into two steps using built-in methods: first, the draping of the
sheet is simulated in Ansys LS-DYNA using a thermoforming module; then, the
draped sheet is transferred to CoreTech System Moldex3D for compression mold-
ing simulation (filling of corners and ribs). Anisotropic orientation-dependent
behavior is neglected throughout these steps. Subsequently, a warpage simulation
is performed, considering viscoelastic behavior via a generalized Maxwell model.
During the compression molding simulation, fiber reorientation is modeled using
the iARD-RPR model [77]. The authors point out that the time point of the
user-specified transition from draping simulation to flow simulation affects the
predicted warpage results, which is further investigated in a numerical study.

Gorthofer et al. [12] simulated SMC compression molding in Simulia Abaqus/
Explicit with two-way flow—orientation coupling, employing Tucker’s anisotropic
viscosity model [8] and Jeffery’s equation [51] implemented via the user sub-
routine VUMAT. The authors argued that two-way coupling justifies omitting
diffusion (cf. last term in Equation 2.4) from the fiber evolution equation. The
demonstrator is a plate-like part with a recessed center region and constant thick-
ness. Due to this three-dimensional geometry and the initial SMC stack posi-
tioning, the mold filling process was split into two steps: first, the forming of
the SMC stack was simulated using a Lagrangian description until the mold gap
equals the stack height; then, the deformed material was mapped onto an Eulerian
mesh, and the subsequent flow phase was simulated using the coupled Eulerian—
Lagrangian (CEL) method. In contrast to Song et al. [43], Gorthofer et al. [12]
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employ a purely viscous material model in both simulation steps. The lubrication
layer exhibiting plug-flow behavior was modeled via a constant tangential fric-
tional stress. Compared to a commercial isotropic simulation tool, the anisotropic
framework yielded improved agreement with experimentally measured fiber ori-
entation. However, it remains unclear how the model scales to more complex
geometries.

Dorr et al. [33] adopted the two-step molding procedure of Gorthofer et al. [12]
for the simulation of complex GMT parts, using Simulia Abaqus/Explicit for the
forming step and Autodesk Moldflow for the molding step. A fully anisotropic vis-
cosity model was employed during forming, whereas the molding step utilized the
IISO viscosity model via the solver API, which we collaboratively implemented.
Unlike Sommer et al. [9], who scaled the analytically computed anisotropy pa-
rameter, Dorr et al. [33] used the unscaled value but assumed an effective fiber
diameter for the bundles instead of the actual fiber diameter. A no-slip boundary
condition was applied, consistent with their experimental observations [89].

Favaloro et al. [11] simulate prepreg platelet molding of an aerospace-grade
CF thermoplastic using smooth particle hydrodynamics (SPH) within Simulia
Abaqus/Explicit. Due to the explicit time integration scheme, reducing the
particle size decreases the stable time increment, which limits the achievable
through-thickness resolution. Given the pronounced anisotropic behavior and
predominantly planar orientation of the platelets, the authors assumed an ideal
slip boundary condition at the mold surface, justified by the order-of-magnitude
analysis for SMC-like materials in [8]. This contrasts with the typical no-slip
assumption for thermoplastic DiCoFRP. To improve numerical efficiency and to
utilize a no-slip boundary condition, the authors switched to CoreTech System
Moldex3D utilizing the IISO viscosity model in their later work [70]. Kapsham-
mer et al. [71] also utilized the IISO viscosity model within CoreTech System
Moldex3D to simulate a thick-walled CF-SMC brake caliper.

Direct fiber models In recent literature, direct fiber models [62, 90, 91] that
explicitly resolve individual fibers or fiber bundles have been proposed. In such
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models, fibers interact with each other via contact modeling and with the sur-
rounding matrix via hydrodynamic forces. These approaches can directly capture
phenomena such as fiber-fiber interactions, fiber-wall interactions, fiber behavior
in confined regions, and fiber—matrix separation in ribs [47]. Macroscopic models
can only account for these effects approximately, if at all (cf. Section 2.2). A note-
worthy example is the direct bundle simulation (DBS) proposed by Meyer et al.
[92], which is applicable to materials with distinct scale separation such as, e.g.,
GF-SMC. The DBS has since been extended to account for thermal effects [93]
and applied within a probabilistic process chain [94]. Unlike, e.g., the mechanistic
model [90, 91], which relies on an uncoupled isotropic flow simulation, the DBS
features true two-way fiber—matrix coupling, i.e., the fibers influence the flow of
the bulk material and vice versa. However, the DBS requires a distinct mesoscale
—that is, the presence of fiber bundles rather than individual fibers— which is
assumed to be preserved during compression molding [92], thereby allowing for
a numerically feasible number of discretized fiber bundles.

2.3.2 Process simulation of bulk LFT

In bulk LFT compression molding simulation, previous numerical studies have
exclusively employed isotropic material models [13, 14, 41], thereby neglecting
two-way flow—orientation coupling. Balaji Thattaiparthasarathy et al. [14] de-
veloped a 2.5-dimensional FE model to simulate pellet-based LFT compression
molding (single-screw extruder; 40 wt.% GF-PP) of a shell-like battery box door.
The control volume approach is utilized for flow front tracking, and the tem-
perature and shear-rate dependence of the viscosity is modeled using a Carreau-
Williams-Landel-Ferry model. Given the 2.5-dimensional approach, fiber ori-
entation modeling is restricted to in-plane reorientation; thus, the plastificate’s
three-dimensional initial fiber orientation is not considered.

Song et al. [41] have presented a method to account for the plastificate’s spatial
fiber orientation at the onset of molding in LFT-D compression molding. For
this, they performed a nCT scan of a cut-out of a LFT-D plastificate (twin screw

24



2.3 Process simulation

extruder), divided the scan into subvolumes, and determined the FOT for each
subvolume using the methodology introduced in [95]. As the scan resolution was
a multiple of the fiber diameter, the authors rely on the previously established
assumption by Perez et al. [40] that the fiber orientation within the plastificate
aligns with the orientation of fiber bundles. The FOT field from nCT scans was
then mapped onto the Moldex3D mesh via a radial basis function approach. The
plastificate is modeled as a rectangular cuboid. To validate their approach, the
authors conducted one-way coupled compression molding simulations on a simple
three-dimensional demonstrator part with the mapped initial FOT from pCT scans,
initially random FOT, and initially unidirectional FOT. In their validation case, the
plastificate had a significantly larger width than length (extrusion direction). To
reduce the scanning effort, they did not scan the actual plastificate but a plastificate
with smaller width and identical length, assuming the FOT characteristics are
transferable. Fiber reorientation is modeled using the iARD-RPR model [77],
which has two parameters describing diffusion and one parameter that determines
the reorientation rate. The predicted fiber orientation at various positions in the
part shows the best agreement with experiments for the initial FOT from pCT
scans.

In their later work, Song et al. [13] applied the initial FOT mapping methodol-
ogy to pellet-based CF-PA6 LFT compression molding (single-screw extruder)
and additionally modeled warpage by employing a viscoelastic material model
after mold filling, specifically a generalized Maxwell model. During molding,
the material is modeled as a non-isothermal isotropic viscous fluid via a power
law viscosity model, and once sufficiently cooled for demolding, the viscoelastic
model is employed. Since a single-screw extruder was used, only a quarter of
a 10mm long cut-out of the plastificate was scanned, assuming periodicity in
extrusion direction and twofold symmetry in the cross section perpendicular to
the extrusion direction. As in their previous study [41], the iARD-RPR model
[77] was used to model fiber reorientation. Again, the predicted fiber orienta-
tion showed the best agreement with experiments when using the mapped FOT
from pCT scans. Furthermore, the warpage predictions also showed the best
agreement with experiments when using the mapped FOT. Notably, neither study
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[13, 41] reported the mold filling behavior; validation focused on comparing the
predicted fiber orientation against experiments at selected positions in the part.
Moreover, none of the above studies account for the void-content distribution of
the plastificate (cf. Section 2.1.3).

2.4 Summary and research gap

Based on the preceding literature review, key research gaps are identified that
must be addressed to advance process understanding and simulation capabili-
ties for LFT-D compression molding. Due to the in-line compounding of fibers
and matrix, LFT-D exhibits a complex microstructure consisting of individual
curved fibers and partially split fiber rovings of non-uniform length. In con-
trast, related sheet-type DiCoFRP such as SMC and GMT have a pronounced
mesoscale consisting of fiber bundles of uniform length and a predominantly
planar isotropic initial fiber orientation. While fiber-induced anisotropic viscous
behavior is generally recognized in DiCoFRP (cf. Section 2.1.2), research on bulk
LFT has exclusively employed isotropic material models in both characterization
and simulation (cf. Section 2.3.2).

For compression molded DiCoFRP such as SMC and GMT, squeeze flow test-
ing has been established to investigate fiber-induced anisotropy, demonstrating
elliptical deformation of initially cylindrical samples with prealigned fiber orien-
tation (cf. Section 2.1.2). Unlike sheet-type DiCoFRP, whose samples can be cut
directly from the semi-finished material, the plastificate of bulk LFT must first
be compression molded into a dedicated sample geometry, adding an additional
processing step to the characterization procedure. While squeeze flow tests have
also been conducted on pellet-based LFT, no anisotropic flow behavior was ob-
served [39]. To date, no methodology exists to simultaneously parameterize both
fiber-induced anisotropy and shear-thinning behavior for DiCoFRP from exper-
iments. Existing approaches either assume Newtonian behavior or approximate
anisotropy parameters using analytical expressions derived under simplifyin