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Abstract

In the design of long fibre reinforced thermoplastic (LFT) structures, there is a direct
dependency on the manufacturing. Therefore, it is indispensable to integrate the
manufacturing influences into the design process. This not only offers new opportunities
for material- and load-adapted designs, but also reduces cost-intensive modifications in later
stages. The goal of this contribution is to make the complexity manageable by presenting a
method which couples LFT manufacturing and structural simulations in an automated
optimization loop. Herein, the influence of linear-elastic, local anisotropic material prop-
erties as well as residual stresses resulting from the compression molding of LFT on the
stiffness-optimized design of beaded plates is investigated. Based on the simulation studies
in this contribution, it can be summarized that the resulting bead height and flank angle,
considering anisotropies and residual stresses, are smaller compared to isotropic modelling.
Asa conclusion, the strength constraint limits the maximum bead height and the flank angle
needs to be additionally chosen as a consequence of the local fibre orientations and residual
stresses resulting from manufacturing. Optimized bead cross sections are only valid for a
specific system under investigation, as they depend on the defined boundary conditions

Received 30 July 2020 (load case, initial charge geometry and position, fibre orientations, etc.).
Revised 04 February 2021
Accepted 05 February 2021 Key words: design optimization, coupling, computational modelling, finite element

) analysis (FEA), discontinuous reinforcement
Corresponding author

Sven Revfi
sven.revfi@kit.edu

© The Author(s), 2021. Published by 1 |ntroduction

Cambridge University Press. This is

an Open flocess arlcle, dsvibuted  Increasing system complexity and functional integration lead to rising product

Commons Attribution licence (hitp/ ~ Weights. As a result, the energy efficiency of the products suffers. Lightweight

creativecommons.org/licensesiby/ design plays a decisive role in solving this design challenge. To face this challenge,

4.0/), which permits unrestricted . . . . . . . .

re-use, distribution, and various lightweight design strategies are available, which can also be combined.

reproduction in any medium, Particularly in material lightweight design, fibre reinforced polymers are often

rovided the original work is proper! . T . . . . .

o, 9 ProPEY " uised. Their application is motivated by their exceptional mass-specific stiffness and
strength. However, due to their anisotropic behaviour, existing classical design

processes must be adapted to this class of materials, since the good properties are

Des. Sci., vol. 7, €5
journals.cambridge.org/dsj

DOI: 10.1017/dsj.2021.4 only found when the fibres are aligned in load direction. It is essential to consider
. this in the design process in order to unlock the full potential of these materials. A
" Dcs.l‘%"]‘ S.f’u'“"ty load-adapted design can be realized by continuous fibres, which are arranged along

9 UNIVERSITY PRESS  mm

CrossMark

(m

https://doi.org/10.1017/dsj.2021.4 Published online by Cambridge University Press


https://orcid.org/0000-0001-5432-704X
mailto:sven.revfi@kit.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://journals.cambridge.org/dsj
https://doi.org/10.1017/dsj.2021.4
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/dsj.2021.4&domain=pdf
https://doi.org/10.1017/dsj.2021.4

Design Science

the load paths. But continuous fibres limit the design freedom and can cause high
costs (Bohlke et al. 2019). For these reasons, discontinuous long fibre reinforced
polymers (with a fibre length of several millimetres) are used as an alternative. Due
to their flowability, even complex geometries can be manufactured, which signif-
icantly increases the design freedom. In addition, they are notably cheaper than the
continuous fibre reinforced alternatives and are suitable for industrial applications
due to the possibility of high production volumes. However, the component
geometry influences the material flow and thus the orientation of the fibres in
the manufacturing process. And, as the resulting fibre orientations are among
others responsible for the linear-elastic material properties, there is a direct
dependency of design and manufacturing process, which has to be taken into
account for the optimal load-adapted component design (Kédrger 2019). This leads
to a complex design process, since the product developer not only has a high degree
of geometric design freedom, but also needs to consider the material properties
resulting from the manufacturing process (Kérger 2019).

For the manufacturing of discontinuous long fibre reinforced polymer struc-
tures, primary forming processes such as compression molding are used, which
requires cost-intensive molds. Optimizations of the component design can later on
only be realized by experimental trial-and-error and expensive mold modifications
(Rios, Davis, & Gramann 2001; Li et al. 2017). In order to reduce the number of
mold modifications and necessary prototypes and to be able to consider the
influences of the manufacturing process already in early phases of product devel-
opment, simulations of the compression molding process support the product
developer. As a result, characteristics that are important for the structural perfor-
mance such as stiffness or warpage and shrinkage can already be taken into account
in the design process. The consideration of the anisotropic material properties
resulting from the manufacturing process is therefore decisive for the validity of the
simulation models. The use of isotropic material properties can lead to significant
result differences (Davis, Gramann, & Rios 2002). Models for the prediction of
fibre orientations have been the subject of extensive research for a long time
(Folgar & Tucker IIT 1984), although the use of fibre reinforced polymers in
load-bearing components such as in the automotive industry is relatively new
(e.g., BMW i3).

To further increase the stiffness of long fibre reinforced polymer components,
constructional stiffening elements such as beads can be used (European Alliance
for SMC/BMC 2016). For beaded structures, the stiffening effect is not only
achieved by the used fibre reinforced material, but is significantly determined by
the increase in the second moment of area due to the selected bead position and
bead cross section (Revfi et al. 2020). However, the bead position and the bead
cross section affect the material flow and consequently the resulting component
stiffness and strength due to local differences of the fibre orientations (Sanwald
etal 2013).

In the 1970s, design catalogs were developed to support product developers in
designing beads in steel components (Oehler & Weber 1972), but these design
proposals were only of limited applicability for complex load cases. In the 1990s,
the design catalogs were gradually replaced by numerical optimization methods,
since the simulations provided significantly stiffer results (Schwarz 2002). Com-
mercial optimization software tools such as Tosca Structure offer sensitivity-based
and controller-based approaches for bead optimization (Dassault Systemes 2018).
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Figure 1. (a) Controller-based and (b) sensitivity-based bead optimization result for a one-sided clamped
plate under bending load.

The controller-based approach dates back to Albers et al. (2005). By transferring
the anisotropic material properties from the manufacturing simulation to a shell
structure model, this model can be used for bead optimization. To generate the
beads, the nodes of the shell model are moved perpendicular to the shell surface.
The results of such bead optimizations for a model based on local anisotropic
material properties for a one-sided clamped plate under bending load are exem-
plarily shown in Figure 1.

As can be seen from the sharp edges and strongly varying bead cross sections in
Figure 1, none of the two approaches provides directly manufacturable bead
structures without additional interpretation. Moreover, geometric restrictions
such as minimum radius or flank angle cannot be defined. As a result, the design
of an appropriate mold is considerably challenging, since no load-adapted bead
cross section is obtained that contains specific values for all bead parameters (see
Figure 2). In contrast to steel components, where the maximum bead cross
section is limited by the residual formability of the sheet metal and for which
simulative, manufacturing-integrated optimization approaches have already been
developed (Majic et al. 2013), the product developer has almost complete design
freedom when designing the mold for beaded, long fibre reinforced polymer
components. But, this design freedom is not only an advantage compared to
classical manufacturing processes. It comes at the price of a huge variety in the
design parameters which, in their interrelated complexity, are difficult to manage
by the product developer.

For this reason, Revfi et al. (2020) developed a methodology for a manufacturing-
based, load-adapted bead optimization of long fibre reinforced polymer compo-
nents. A genetic algorithm is used to determine the stiffest bead cross section among
the large number of parameter combinations (see Figure 2), taking into account a
strength constraint. This methodology has been developed for sheet molding
compound (SMC) where, due to its composition and process control during
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Figure 2. Bead cross section and bead parameters according to Emmrich (2004).

compression molding, negligible residual stresses at the component level and thus no
warpage and shrinkage can be assumed (Atkins, Gandy, & Gentry 1982).

This is not the case with long fibre reinforced thermoplastics (LFT), which
are processed by compression molding, too. Here, macro-mechanical residual
stresses and warpage occur, which should be considered in the component
design (Balaji Thattaiparthasarathy et al. 2008). The residual stresses present
in the LFT component have two main causes. On the one hand, residual stresses
are induced during mold filling due to the uneven solidification process from the
surface to the core. Adhesion prevents the solid layer at the cold mold surface
from moving and the newly solidified layers experience forces by the flowing
melt. The melt pressure prevents shrinkage and longitudinal forces stretch the
newly solidified layers (Fan et al. 2017). Thus, residual compressive stresses are
generated on the component surface, while the slowly solidifying core causes
tensile residual stresses (Sunderland, Yu, & Manson 2001). These pressure-
dependent stresses remain in the frozen component but can be partially reduced
if the processing temperature is still high (Parlevliet, Bersee, & Beukers 2006).
On the other hand, temperature-induced residual stresses arise during the
cooling process and their extent is determined by the thermal expansion of
the used LFT and the temperature difference. The residual stresses generated by
the manufacturing process lead to warpage after ejection and therefore influence
the component stiffness and strength, respectively. If residual stresses in the
component are oriented in the same direction as externally induced stresses,
they represent an additional load and have a negative impact on the component
strength. If residual stresses and externally induced stresses are oriented in
opposite directions, residual stresses can prevent component failure by reducing
the locally occurring stresses.

For this reason, the present work analyses the influence of residual stresses on
the stiffness-optimized design of bead cross sections in beaded LFT components.
This is achieved by automatically coupling the commercial simulation software
Moldflow 2019 and Abaqus 2019. Consequently, it is possible to provide the linear-
elastic, local anisotropic material properties resulting from the fibre orientations as
well as the residual stresses from Moldflow for the calculation of the resulting
stiffness and stresses in a structural simulation in Abaqus. With the help of a
genetic algorithm that varies all adjustable bead parameters (see Figure 2), the
volume-specific stiffest bead cross section depending on the manufacturing pro-
cess is determined under consideration of a strength constraint. This result is
compared with the optimization result without consideration of the
manufacturing-induced residual stresses and a result with an isotropic material
modelling in order to derive recommendations for the product developer.
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2. Methodology

The product development process for components made of LFT materials is
characterized by a strong interdependency between structural design, material
design and manufacturing process design. In theory, all parameters of the three
domains have to be optimized simultaneously during product development.
However, this is not yet possible today. Therefore, suitable models need to be
developed. These models have to be able to represent the relevant parameters for
the bead optimization to be investigated, while taking into account the residual
stresses resulting from the manufacturing process. Due to the described interde-
pendencies between design, material and manufacturing, it is indispensable to
identify the relevant parameters of the respective domain and to simulate them for
areliable prediction of the stiffness. For this purpose, a simulation method has been
developed that consists of a coupling of individual simulation models. The cou-
pling diagram is shown in Figure 3. The advantage of coupling different models in
one method is to overcome the isolated assessment of individual parameters and
thus to be able to answer complex, cross-domain questions (Albers et al. 2017). The
reason for choosing commercial (simulation) software is their good availability and
high robustness.

Starting with the first step of the workflow shown in Figure 3, the component to
be beaded as well as the initial charge are generated in a CAD software, for example,
Creo Parametric. The initial charge is the cut to shape and stacked semi-finished
product. It has to be ensured that the volume of the initial charge is slightly higher
than the component volume in order to avoid a short shot which means an
underfilling of the mold. In the developed workflow, the height of the initial charge
is adjusted automatically so that the volume of the initial charge is 105% of the final
component. Afterwards, the manufacturing of the component by compression
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Figure 3. Coupling diagram for the optimization of manufacturing-based beads in fibre reinforced polymers
considering residual stresses from the manufacturing process.

5/22

https://doi.org/10.1017/dsj.2021.4 Published online by Cambridge University Press


https://doi.org/10.1017/dsj.2021.4

Design Science

molding is simulated as a three-dimensional (3D) model in Moldflow with a
defined number of element layers over the thickness. Within Moldflow, the
Navier-Stokes equations for non-Newtonian viscosity are solved to determine
the flow field. The 3D modelling allows the consideration of varying flow patterns
over the thickness such as fountain flow, which is typical for thermoplastic poly-
mers. The heated initial charge solidifies when in contact with the cold mold and
thus, the flow velocity is zero at the surface and no slip occurs. At the inner region
the velocity remains high and the material passes the solidified outer region.

For the calculation of the fibre orientations, there are different models which
are developed for mold filling simulations. In the present work, the Anisotropic
Rotary Diffusion - Reduced Strain Closure model model (ARD-RSC) is chosen.
This orientation model, developed by Phelps & Tucker (2009), is particularly
suitable for long fibres. However, as all one-phase approaches, this model can only
calculate probabilities for the fibre orientation tensor and does not calculate the
motion of each fibre itself. The calculation of the anisotropic material parameters
resulting from the fibre orientation is performed using the micromechanics model
of Mori & Tanaka (1973). In the work of Tucker III and Liang (Tucker & Liang
1999) different micromechanics models were compared and the Mori-Tanaka
model was identified as the most suitable for fibre reinforced polymers. The
calculation of local anisotropic material properties is performed in a two-step
procedure (Eom & Veinbergs 2017). First, the fibres are assumed to be unidirec-
tionally oriented, resulting in a transversely isotropic material. In the second step,
the material properties are adapted to the simulated fibre orientation and local
orthotropic material parameters are calculated. Five independent material param-
eters are required for this procedure: Ej, E;, vi3, v23 and Gy;.

When the simulation of the compression molding is completed, the fibre
orientation tensors and the mechanical material properties are exported to provide
them for the structural model in Abaqus (as shown in Figure 3). The fibre
orientations are used to calculate the eigenvectors, which define the local coordi-
nate systems for each element. Thus, each element has an individual orientation
and individual mechanical properties. The MpCCI MapLib of Fraunhofer SCAI is
used for the transfer. The Abaqus model consists of the same number of solid layers
as chosen for the mold filling simulation. After mapping on the Abaqus solid
model, the parameters are further transferred to a shell model (see Figure 4).

This procedure is necessary because the tool used for the bead generation
requires the description of the structural problem as a shell model. The external
loads are applied on this shell model according to the load case to be investigated in
order to derive the bead positions. To ensure that the calculated stress distribution
corresponds to the load case, no residual stresses are used for the structural
simulation of the component in this step.

Then, the stress results are transferred to the beading tool. The tool calculates
the main bending stresses and the main bending stress directions for each element.
The elements with the highest main bending stress values are potential trajectory
starting points. Trajectories are generated along the highest bending stresses and
their directions as long as they lie in a predefined design area (see Figure 5a). The
trajectories are sorted in a list according to the bending stress value at the
trajectory’s starting point. Each trajectory is a possible course of a bead. The
beading tool allows a definition of course restrictions such as minimum bending
radius and minimum length. Furthermore, a minimum distance between beads can
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Figure 5. (a) Design area (b) bead partitions and trajectories according to Revfi et al. (2019) (c) schematic bead
generation via perpendicular nodal displacement.

be set. Beginning at the top of the trajectory list, the trajectories that fit the position
constraints are added to the model and represent the centreline of the beads.
Afterwards, the partition of the bead is created along the centrelines on the
component (see Figure 5b). For a more accurate description of the bead geometry,
the local element size has to be fine enough within the bead partition. The global
element edge length can be chosen coarser. The only bead parameter that affects
the partition and hence the mesh of the flat component is the bead width. A
variation of the other bead parameters does not change the total number of
elements. After meshing is complete, the nodes within the partition are moved
perpendicular to the shell surface according to piecewise defined functions to
create the beads (see Figure 5¢). Based on this newly created beaded shell model, a
solid mesh consisting of a defined number of element layers is created by a both-
sided offset using the shell model as the midsurface.

During the optimization process, several hundred beaded components are
generated in this way. To generate different bead cross sections, the bead param-
eters (see Figure 2) are varied within a specified range. The upper limit of the flank
angle and the lower limit of the radii depend on the mesh size. The perpendicular
nodal displacement of the beading tool (see Figure 5c) can lead to a low number of
elements in the flank, if the flank is designed too steep. This results in long stretched
elements of poor quality. To avoid this, the maximum flank angle has to be chosen
carefully. Every change in the geometry of the bead cross section leads to a change
of the component volume. Since the initial charge of the original component
cannot be used for the beaded components because of the volume difference, a
corresponding initial charge is created for each bead geometry. To keep the volume
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of the initial charge at 105% of the final component, the initial charge’s height is
automatically adjusted. All other parameters concerning the initial charge remain
the same. For each generated bead geometry, the mold filling process and the
following structural analysis are performed as previously described for the original
component without beads, but this time residual stresses are considered.

In the present work, after mold filling, the component is cooled down to 25°C
(room temperature) and the in-cavity residual stresses are exported for this tem-
perature. A thermo-viscoelastic model (see Eq. (1)), that describes the material
behaviour under thermal and mechanical loads, allows the prediction of the
in-mold stress distribution before ejection of the cooled component (Fan et al. 2017).

t ¢ oT
i) = ijrs —6(r —— sy d
3 (t) /OCJ (¢ 5<>)<a, a a,) :

Cjjrs is the viscoelastic relaxation modulus tensor. oj;(t) and ¢;(t) are the stress and
strain tensor, respectively, where ¢ is the time. T is the temperature and o;; is the
tensor of coefficients of thermal expansion. {(;) is a pseudo-time scale defined as
HOEIN 2-dr with ar as the time temperature shift factor.

As thermo-viscoelastic material characterization leads to complexities, Mold-
flow uses the following simplified thermo-viscous-elastic stress-strain relationship
for orthotropic material with the mechanical properties calculated from the mold
filling simulation (Fan et al. 2017).

(1)

rl1-— VizVey  Vyx T VaxVyz Vax T VixVay 0 0 |
[ O EE.A E,E A E,E.A M |
o Vxy FVazVax 1 — Vax Vg Vzy + Vax Vxy 0 0 P
% E.E,A  EEA  EEA et
rzx Viy TVxgVyz Vay tVisVyr 1 —Vglye 0 0 yxx (2)
i E.E,A E(E,A E<E,A o
Ty 0 0 0 Gy O Tya
L Tzx O 0 0 0 Gyz L yzx -
L 0 0 0 0 0 Gge
A— 1 — VayVyx — VyzVay — VaxVaz — 2Vay VyzVax 3)

E.E,E,

The residual stresses include pressure-dependent stresses after freezing and
temperature-dependent stresses resulting from thermal shrinkage during the cool-
ing process. This is described in Eq. (4) (Autodesk Help 2020).

{og} =—[De]{eg0} +{0p0} (4)

The index g refers to the global coordinate system. [D] is the stress—strain
relationship matrix, [g4] is the initial strain from zero pressure state or transitional
temperature to room temperature and oy is the initial stress.

For the structural simulations in the present work, the in-cavity residual
stresses are introduced into the Abaqus model by an initial condition which defines
the local stress tensor for each element. In the first step of the structural simulation,
warpage is calculated and in the second step, the external load is applied.
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For the optimizations carried out in this work, a genetic algorithm is used that
consecutively creates generations of individuals to determine the stiffness-
optimized solution. Genetic algorithms are suitable for parallelization and allow
a wide investigation of the solution space reducing the risk of converging at a local
optimum which is not the global optimum. The design variables are the bead
parameters: height, width, flank angle, head radius and base radius. The bead
parameters of each individual are automatically checked before each optimization
loop if they meet the requirements for a sufficient number of elements in every
segment of the bead cross section. The first generation consists of eight individuals.
Every following generation will be generated based on the previous generation. The
current optimal solution is kept and recombined with the other individuals that
pass the later presented strength constraint. The probability of a recombination of
each parameter is 60%. All individuals that do not pass the strength constraint are
replaced by a mutation, here that means a slight variation of two bead parameters,
of the current optimum. If all individuals pass the constraint, the two worst
solutions are replaced by mutations of the current optimum in order to explore
the solution space efficiently while maintaining a population size of eight individ-
uals. Due to the limitation of parallel executable simulations, the number of eight
individuals per generation is relatively low, resulting in more optimization loops.
For the comparison of bead parameter sets and the according bead cross sections, a
fitness value is used as objective function which needs to be minimized to
determine the parameter set resulting in the highest specific stiffness. To assess
the stiffness of the component, the work of the external forces (ALLWK in Abaqus)
is used as energy quantity. This has the advantage compared to the Strain Energy
(ALLSE) value, which is often used in topology optimization, that the residual
stresses generated by the manufacturing process are not considered in the stiffness
evaluation. In addition, the component volume is integrated into the fitness
function. This is due to lightweight design reasons: the optimization method
results in a component with a lower mass if there are individuals showing the
same stiffness. The stiffness of a component depends on the two factors, geometry
and material. The geometric stiffness results from the second moment of area,
whereas the material stiffness is defined by the Young’s modulus. Accordingly, for
direction-independent, isotropic materials, the stiffness can only be affected by
changing the second moment of area. For these kinds of materials, the optimization
of the objective function results in the bead geometry with minimum radii,
maximum height and width and largest possible flank angle (Revfi et al. 2020).
However, for anisotropic materials, it can happen that due to a different flow
behaviour, the material stiffness partly compensates the geometric stiffness (Revfi
et al. 2020). As a result, it is possible that two different bead cross sections result in
the same stiffness. Therefore, the fitness value is calculated as given in Eq. (5). The
objective is to optimize stiffness but at the same time to include the volume so that
the optimization results in a lightweight solution if two individuals show a similar
stiffness. The definition of the fitness function can be easily adjusted to other
optimization problems such as minimum weight with a required stiffness.

fe Volume
"~ Work

Additionally, a strength constraint is implemented. Since the presented opti-
mization methodology serves the purpose of an initial design proposal and more

(5)
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accurate strength investigations are carried out at a later phase of the product
development process, a simple, conservative maximum stress criterion is used. The
general definition for a plane stress state is given in Eq. (6).

} (6)

By replacing the longitudinal and transverse strengths by the smaller one, the
formulation can be further simplified and only compressive strength, tensile
strength and shear strength are necessary material parameters. In addition,
the principal stresses are used for the strength criterion. With o7 < o1 < oy, the
strength criterion for each element is given as in Eq. (7). Again, the definition of the
constraint can be easily adjusted to other criterions.

} (7)

Based on the Egs. (5) and (7) the optimization problem for this work can be
mathematically formulated as shown in Eq. (8).

minf (x)

withx = [bead height,bead width, flank angle,head radius, base radius

712

>t sHt .
- |C| R|| _Rj_ Rl Rshear

o — o
2 X Rghear

o1 o111
_RC > Rt b

12max{

"
so that for each element
or (J?) >—FR°
o (x) <R
o (x) — o (x) <2 X Repear |

(8)
3. Model design

In this work, the analysis problem is a square plate under single bending. The
problem is intentionally kept simple because the paper is focussed on the method
development. Therefore, a simple example helps to evaluate the plausibility of the
results. The square plate has an edge length of 200 mm and a height of 2mm. A
square initial charge is generated with an edge length of 130 mm. The meshed plate
and the associated initial charge, which is positioned centrally, are shown in Figure 6.

The used thermoplastic material is a long glass fibre reinforced polypropylene’
from the Moldflow-integrated material database. The fibre length is 10 mm and the
fibre content is 30 wt.%. The material data are applied as entered in the database.
The model is meshed with tetrahedral elements with an edge length of 2 mm, which
follows Moldflow’s recommendation of one to two times the thickness of the
component (Autodesk Support 2020). The used meshing technique is Advancing
Front and six element layers over the thickness are set. Important values and
parameters needed for setting up the mold filling simulation are listed in Table 1.
Moreover, the isotropic material properties calculated based on the values in
Table 1 are provided.

To determine the trajectories for the beads, the two-stage mapping procedure is
used (see Figure 4). For this, the Abaqus model in this contribution consists of six

'Supran 1330 from Sambark LFT Co Ltd.
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200
130

Figure 6. Meshed plate (yellow) and initial charge (orange) (Revfi et al. 2020).

Table 1. Additional modelling settings

E, 7378 MPa

E, 3445 MPa

V12 0.448

Va3 0.475

Gz 1629 MPa

Eiso 3299 MPa

Viso 0.338

Viscosity model Cross-WLF

pvT model Two-domain modified Tait pvT model
Shrinkage model Uncorrected residual stress

solid layers. After mapping on the Abaqus solid model the parameters are further
transferred to a shell model consisting of seven layers.

The applied load case is shown in Figure 7. One side is clamped and the
opposite edge is loaded displacement-controlled by moving its nodes 20 mm
downwards. The structural simulation of the plate to derive the trajectories is
performed using square elements with linear basis functions (S4) and an edge
length of 2 mm (see Figure 4). This model does not consider residual stresses to
optimize the trajectory position based on the defined load case. Having calculated
the trajectories, the plate is partitioned (see Figure 5b). The global element edge
length is set to 1.6 mm. For a more accurate description of the bead geometry, a
local element size of 0.4 mm is applied within the bead partition. The solid mesh
model is generated by a both-sided offset using the beaded shell model as the
midsurface. The solid models always consist of six elements over the thickness. The
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Figure 7. Model with boundary conditions: one-sided clamped plate (Revfi et al.
2020).

Fixed in Z-direction

Figure 8. Residual stress-induced deformation state before the application of the external load, displacement
in Z-direction (scale factor: 10).

total number of elements (C3D8R) is about 1.3 million with about 1.5 million
nodes. For the used bead generation process, beaded geometries with the same bead
width have the exact same number of elements.

For the warpage simulation in the first step, which is only executed for beaded
plates, the displacement is only restrained in out of plane direction (Z-direction)
on the clamped edge and the loaded edge, respectively. Deformation in the
XY-plane is possible. Additionally, a single node at the middle of the clamped
edge is fully fixed in every direction. For these boundary conditions, an exem-
plary deformation state before applying the external load is shown in Figure 8.
The purpose of this boundary condition definition is to model a realistic mount-
ing of the plate in an assembly that requires a flat edge for the connection with
adjacent components.

In the second step, the external load is simulated. Here, the movement of the
nodes at the clamped edge is completely restrained and the nodes of the opposite
edge are moved 20 mm in negative Z-direction (see Figure 7). During the optimi-
zation process, sets of bead parameters within the chosen parameter range are
generated (see Table 2). For the chosen local element size of 0.4 mm, which is a

Table 2. Bead parameter range

Parameter Range
Bead height 10-18 mm
Bead width 23-25mm
Flank angle 70°-86°
Head radius 2-4mm
Base radius 2-4mm
12/22
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Table 3. Strength values

Parameter Value

R 113 MPa
R 113 MPa
Rshear 90.4 MPa

good tradeoff between accuracy and simulation time for this setup, these parameter
limits ensure a sufficiently precise modelling of the bead geometry and a good mesh
quality.

To define the strength values of the investigated LFT material for the strength
criterion, the compressive strength is assumed to be as high as the tensile strength.
The strength values are given in Table 3. As elements being directly located at the
clamped side are sensitive to numerical errors and thus overpredict occurring
stresses, these elements are not considered for the strength constraint.

4. Results and discussion

In the following, the influence of the manufacturing-induced residual stresses on
the stiffness-optimized bead cross section is investigated, taking into account the
described strength constraint. For this purpose, three different optimization runs
were carried out. In the first optimization run, the stiffness-optimized bead cross
section is determined using isotropic material properties. These isotropic material
properties were calculated on the basis of the selected LFT material and are shown
in Table 1. The second optimization run considers the linear-elastic, local aniso-
tropic material properties resulting from the manufacturing process but no resid-
ual stresses. The third optimization run is the most comprehensive optimization,
which considers, in addition to the second one, the residual stresses resulting from
the manufacturing process.

4.1. Isotropic optimization

Table 4 shows selected individuals (optimum and individuals in its direct vicinity)
of the isotropic optimization. The stiffness-optimized bead cross section has a
width of 25 mm, a height of 16 mm, a flank angle of 83°,a head radius of 2 mmand a
base radius of 4 mm (highlighted in bold in Table 4). The maximum compressive
stress occurring in this individual is —113 MPa. For the selected individuals in
Table 4, the optimizer always chooses the largest bead width, since this bead
parameter is not relevant to strength in this example, but it increases stiffness.
An increase of the flank angle from 83° to 84° causes a higher second moment of
area and thus a stiffer geometry, which is indicated by the lower fitness value, but at
the same time leads to an exceedance of the maximum permissible strength value
(114> 113 MPa). A smaller base radius (3 mm), which also leads to a larger second
moment of area, also causes invalid compressive stress values (123 > 113 MPa). The
results with smaller flank angles or smaller bead height show that the optimization
method works as intended. All these cross sections lead to a lower second moment
of area. Since the stiffening effect of beads in structures with isotropic material
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Table 4. Selected individuals of the isotropic optimization - optimum highlighted in bold

Width Height Flank ~ Head radius  Base radius Fitness Volume Minimum
(mm) (mm) angle (mm) (mm) (mm®/m)) (mm®) stress (MPa)
25 16 83° 2 3 22.45 108,696  —123 (failure)
25 16 84° 2 4 23.34 108,146  —114 (failure)
25 16 83° 2 4 23.47 107,733 —113

25 16 82° 2 4 23.60 107,356 —112

25 16 81° 2 4 23.75 106,943 —111

25 15 85° 2 3 24.62 107,473 —112

properties is material-independent and is determined solely by the geometrical
second moment of area, the optimization method is verified by these results.

4.2. Anisotropic optimization without residual stresses

In this section, the manufacturing-based bead cross sections are optimized. To
generate these results, the method shown in Figure 3 is used. However, the residual
stresses resulting from the manufacturing process are not considered in this
optimization. Table 5 shows selected (optimum and individuals in its direct
vicinity) individuals of this optimization run. The optimum is a bead width of
25mm, a bead height of 13 mm, an 81° flank angle, a head radius of 2mm and a
base radius of 4 mm (highlighted in bold in Table 5). All selected individuals in
Table 5 again have the maximum bead width, since this bead parameter is not
relevant for strength in this example. However, it is striking that all individuals only
have a bead height of 13 mm and are therefore 3 mm lower than the results of the
isotropic optimization. This clearly shows the influence of the manufacturing
process on the optimization result. By taking into account the local anisotropic
material properties, stress states arise which prevent a stiffer geometry.

In the following, further individuals close to the optimum are examined in
order to check the plausibility of the optimization result. A reduction of the base
radius of the optimum cross section to 3 mm leads to a stiffer cross section, but
exceeds the permissible stress (—119 MPa). The increase of the head radius to
3mm produces a smaller second moment of area, hence this individual has, in
combination with the resulting fibre orientation, a worse fitness value. The
combination of a larger flank angle of 83° and at the same time an increase of
the head radius (3 mm) leads to a lower specific stiffness as well as the choice of a
smaller flank angle (78° and 79°) but the same radii as with the optimum cross
section.

The two combinations that are marked in italics in Table 5 are particularly
interesting. These two individuals have the same fitness value up to the second
decimal place, although they have a difference of 4° in the flank angle. The
geometry with a flank angle of 83° requires an external work of 3763.88 m] for
the specified displacement and is therefore stiffer than the geometry with a flank
angle of 79° (ALLWK =3723.27 m]). This is to be expected from their second
moment of area. However, the larger volume required for the cross section with a
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Table 5. Selected individuals of the anisotropic optimization without residual stresses — optimum
highlighted in bold, further investigated individuals highlighted in italics

Width Height Flank  Head radius  Base radius Fitness Volume Minimum
(mm) (mm) angle (mm) (mm) (mm?>/m]) (mm?) stress (MPa)
25 13 81° 2 3 25.75 102,177  —119 (failure)
25 13 81° 2 4 26.83 101,333 —110

25 13 83° 3 4 26.90 101,178 —105

25 13 78° 2 4 27.00 100,484 —105

25 13 79° 2 4 27.07 100,775 —107

25 13 83° 2 4 27.07 101,883 —103

25 13 81° 3 4 27.10 100,662 —111

flank angle of 83° causes the fitness values to equalize, as the objective function
relates the stiffness to the volume. To investigate this result further, Figure 9 shows
the resulting probabilities for fibre orientations in Y-direction (A, component of
the fibre orientation tensor) of the three geometries with a width of 25 mm, 13 mm
height, 2 mm head radius, 4 mm base radius and 81° (optimum), 79° and 83° flank
angle. The results look very similar even if they show varying fibre orientations
especially in the edge-near areas on the left and the right side.

From this, the angle ¢ between the fibre preferential direction and the iso-
tropically determined maximum (magnitude) principal stress direction op can be
calculated (see Figure 10a). The isotropic model is used as reference because it
provides information on how to optimally strengthen the component depending
on the applied load case. Therefore, the angle ¢ serves as an indicator for the extent
to which the fibres contribute to the stiffening of the component, since fibres that
are oriented in the principal stress direction contribute more to stiffness.

Figure 10b shows the number of elements in the component determined in this
way in the specified angle ranges for the three geometries mentioned. The models
all have the same number of elements of about 1.3 million as described in Section 2.
Therefore, the number of elements shown in the specified angle range in Figure 10b
is directly comparable. It can be seen that the stiffest geometry with the flank angle
of 81° has more elements in all stiffness-relevant angle ranges between 0° and 45°
than the bead cross section with 83° flank angle. This explains why the optimiza-
tion gets a stiffer individual at 81° flank angle, although the flank angle of 83° is
larger, which initially means a larger second moment of area for otherwise identical
bead parameters. In this case, the material stiffness arising from the resulting fibre
orientations obviously exceed the additional geometric stiffness generated by a
steeper flank. At the same time, the 81° flank geometry has a smaller component
volume compared to the 83° flank geometry. The combination of the two factors
causes the 81° flank to have a better fitness value despite lower geometric stiffness.
With a very similar argumentation it can be explained why the 79° flank is as good
in fitness as the 83° flank, but worse than the 81° flank angle geometry. The 81°
flank has consistently more elements in the 0°-15° range (see Figure 10b), which is
extremely relevant for stiffness (see Figure 10a). Only in the areas between 15° and
35°, the 79° bead cross section shows better fibre orientations. In addition, the 81°
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Figure 9. Fibre orientation tensor: A,, component indicating vertical fibre orientation (Y-axis). (a) 81°
(optimum), (b) 79° and (c) 83°.
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Figure 10. (a) Fibre angle dependence of the Young’s modulus according to Roos, Maile, & Seidenfuf8 (2017).
(b) Number of elements with fibres in the angle difference to the first principal stress for three geometries with
different flank angles.

bead has a larger second moment of area so that the stiffness is maximized in
relation to the volume. The fact that the 79° flank has the same fitness value as the
83° cross section up to the second decimal place can be explained analogously. The
bead with 83° flank angle is stiffer (ALLWK =3763.88 m]) than the 79° flank
geometry (ALLWK =3723.27 m]). This is mainly due to the larger second moment
of area. However, the fibres of the 79° bead are significantly better oriented for the
present load case in all angular ranges than those of the 83° flank. Thus, the material
stiffness compensates partly for the lower geometric stiffness. Related to the
volume of the geometries, in which the 83° geometry has a significantly larger
one, this results in an identical fitness value. In contrast to the isotropic material
modelling, where the increase in geometric stiffness is never compensated through
a higher volume, it can be clearly stated that the integration of the manufacturing
process has a significant impact on the optimized bead cross section.
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Of course, this statement must be evaluated against the background that no
component tests are involved, but this is not possible due to cost reasons as each
individual parameter combination would require its own mold. Therefore, the
plausibility check has been carried out simulatively based on the verified optimi-
zation method (see Section 4.1). To further validate these results, the Moldflow
simulations should be verified with comprehensive flow studies.

4.3. Anisotropic optimization with residual stresses resulting from
the manufacturing process

The influence of the fibre orientations resulting from the manufacturing process on
the stiffness-optimized bead cross section has already been shown in Section 4.2.
To simulate the models with residual stresses resulting from the manufacturing
process in an optimization loop, the workflow as shown in Figure 3 was followed.
The valid boundary conditions and time steps (warpage and external load) are
described in Section 3 and have to be kept in mind when interpreting the results as
they have an impact on warpage and stresses, especially at the clamped side.

Table 6 shows the optimization result (highlighted in bold) and other selected
individuals of the optimization run (individuals in direct vicinity of the optimum).
It is directly evident that the residual stresses resulting from the process cause the
stiffness-optimized bead cross sections to reach a bead height of only 12 mm while
maintaining the strength constraint. Thus, the influence of the residual stresses is
obvious. Without taking them into account, the product developer defines the bead
geometry as 25 mm width, 13 mm height, 81° flank angle, head radius 2 mm and
base radius 4mm (see Table 5) or even worse when using isotropic material
properties (see Table 4) and would consequently deviate significantly from the
optimized cross section considering the residual stresses. As a result, the design
would not meet the requirements and a trial-and-error procedure in production
would ensue. Not only the height, but also the 5° smaller flank angle and 1 mm
smaller base radius mean that extensive modifications of the mold would become
necessary.

The cross sections close to the optimum are analysed in the following. When
comparing the external work (ALLWK) at the end of the load step, it is noticeable
that the better fitness value of the geometry with 76° flank angle (ALLWK =
3351 mJ) compared to that with 78° flank angle (ALLWK =3352m]) is due to
the different volumes of the two components, since their ALLWK values are

Table 6. Selected individuals of the anisotropic optimization with residual stresses — optimum
highlighted in bold

Width Height Flank ~ Head radius  Base radius Fitness Volume Minimum
(mm) (mm) angle (mm) (mm) (mm?>/m)) (mm?) stress (MPa)

25 12 76° 2 3 29.49 98,824 —112

25 12 78° 2 3 29.64 99,378 —108

25 12 75° 2 3 29.74 98,558 —112

25 12 77° 2 3 29.82 99,107 —116 (failure)

25 12 83° 2 4 30.65 99,891 —107
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Figure 11. Residual stress states per flank angle (a) 76° (optimum), (b) 77°, (c) 78° and (d) 75°, and in red the
element which has the highest stress in the loaded state and leads to failure at 77°.

practically identical. Increasing the flank angle from 76° to 77° causes the compo-
nent to fail due to too high compressive stresses (—116 MPa), which is initially
surprising, since all other individuals in the immediate vicinity (75° and 78°) do not
fail. For this reason, Figure 11 shows the residual stress states at the base radius of
the centre bead after step one before the external load is applied and, marked in red,
the element with the highest stresses in the loaded state for the respective geometry.
In the case of the 77° flank angle, failure occurs at this element.

Itis noticeable that in the failed geometry with 77° flank angle, in contrast to the
other geometries, the red highlighted element is located in an area with local
residual stress concentration, which is subsequently increased by the stresses
caused by the external load. The reason for this is the combination of the resulting
fibre orientations and the bead cross section geometry, which obviously leads to an
unfavourable warpage and contributes to an increase in local stress above the
failure-critical compressive stress value of 113 MPa (see Table 3). The warpage in
load direction (displacement in Z-direction) resulting from the geometry, fibre
orientations and residual stresses is exemplarily shown in Figure 12 for the
geometry with 76° flank angle. Moreover, the values of maximum displacement
for 75°,76° 77° and 78° flank angles are presented. It is striking that the optimum
shows the smallest residual stress-related deformation. However, this observation
cannot be generalized, since the failed geometry with 77° flank angle causes the
second smallest deformation in Z-direction. Consequently, in the present case it is
not the maximum displacement in Z-direction that is decisive for the failure of the
geometry, but the local superposition of the residual stresses with the stresses
caused by the external load.

18/22

https://doi.org/10.1017/dsj.2021.4 Published online by Cambridge University Press


https://doi.org/10.1017/dsj.2021.4

Design Science

=
c
@

COoOO00
NwB oo
b bWwnN

L
sS600
Y=l
NN N

-0.21
-0.30

%% i E i# 76° (optimum) | 0.82 mm

Geometries Maximum

Maximum displacement .
— P displacement

Zz 77° 0.83 mm

I 78° 0.89 mm
Y X |75 0.84 mm

Figure 12. Warpage resulting from residual stresses as displacement in Z-direction (scale factor: 10)
exemplarily shown for the 76° flank angle geometry (optimum).

Summing up this discussion, an initial design draft can only be created in
consideration of the manufacturing process and provides much more information
than if the manufacturing influences are not taken into account (see Section 4.1).

5. Conclusion

Lightweight solutions can only reach their full potential if the lightweight aspect is
consistently integrated in the development process from the beginning
on. Therefore, when using LFTs, it is essential to take into account the fibre
orientations and residual stresses resulting from the manufacturing process right
from the concept phase.

The simulation studies in this paper show the complexity of the design process
for beads in long fibre reinforced thermoplastic components. The design guidelines
for beads in steel components, which are a common instrument to transfer
knowledge, are not transferable to components with discontinuous fibre reinforce-
ment. This is already shown by the comparison of the isotropic optimization results
with the manufacturing-based optimization results without residual stresses. In
particular, the design parameter of the bead height, which is highly relevant for
component stiffness, is significantly incorrectly predicted under the assumption of
isotropic material properties, that is without considering the fibre orientations that
occur in the manufacturing process.

If the residual stresses induced by the manufacturing process of LFT in
compression molding are additionally taken into account, an even more complex
design process results. Existing design rules for beads can no longer be used for this.
The dependency of the bead geometry, the fibre orientations and the residual
stresses resulting from the manufacturing process cannot be handled by the
product developer without support. As a result, expensive modifications of the
mold can become necessary if it is discovered during prototype construction that
the components do not meet the requirements. Such a mentioned support of the
product developer during the initial design process is the optimization method
presented in this contribution. The iterative coupling of manufacturing and
structural simulation in an automated optimization loop allows load-adapted
designs to be generated in early phases of the product development process.

Even if the results within one optimization loop are very close and might not be
completely resolvable by simulations, the comparison of isotropic, anisotropic and
anisotropic with residual stresses modelling shows clear tendencies. The authors
summarize that the results show the most stiffness-significant difference in the
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bead height. When being compared with optimization results based on isotropic or
anisotropic material modelling without the consideration of residual stresses, it can
be concluded that the bead height and the flank angle should be chosen smaller for
LFT components. The strength constraint limits the maximum bead height. It is
shown that the flank angle is highly sensitive to fibre orientations and residual
stress distribution and has to be optimized individually. This bead parameter
depends decisively on the defined boundary conditions, the initial charge geometry
and its position in the mold since they have a direct impact on the resulting fibre
orientations. However, these insights are only valid for the chosen boundary
conditions (load case, initial charge geometry and position, fibre orientations,
etc.) and the defined objective function. Nevertheless, due to the flexibility of the
developed method, the objective function can easily be adapted to other problem
formulations like optimizing the component weight under a stiffness constraint.
Doing this might include the component thickness also to be a design variable.

Future research will focus on the transfer of the method on problems of
industrial complexity. Moreover, the method will be extended on thermo-
mechanical component load and its effect on the stiffness-optimized bead cross
section. Besides, further geometric stiffening possibilities through additional ribs in
the beads are investigated. This can be achieved, for example, through coupled
topology optimization, which uses the volume defined by the bead cross section as
design space. In addition, the LFT material system will be further characterized and
the findings will be integrated into the mold filling simulations. By conducting flow
studies to validate the Moldflow simulations and thus the input for the verified
optimization method, the significance and transferability of the results can be
further increased.
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