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Abstract
The continuously rising demand for renewable energies leads to increased installations of wind turbines with higher power.
While the current power-to-weight ratio of up to 20 metric tons of cast iron per megawatt is stagnating, cast iron components
of modern wind turbines are facing new challenges in terms of weight, manufacturability, and castability. These challenges
can be addressed by systematically using multi-domain optimization approaches to reduce component weight and increase
local component utilization.
In order to meet the requirements for modern cast iron components, this multi-domain approach must employ methods from
casting simulation, micromechanical analysis, topology optimization, and strength assessment. Here, casting simulation is
used to determine local microstructure descriptors, which are subsequently used in micromechanical shakedown analysis
to estimate the local microstructure-dependent fatigue strength. In parallel to the fatigue strength estimation, topology
optimization is performed iteratively in combination with a castability analysis. The component strength is evaluated using
a strength assessment approach based on the previously determined local material properties in combination with the
topology optimized component.
In this study, the overall concept of the proposed multi-domain approach is presented and requirements for the application
of such an approach are formulated. The use case of this study is a planet carrier of a wind turbine gearbox manufactured
from austempered ductile cast iron ADI-GJS-1050-6. For this use case, a weight reduction of 17% was achieved while
maintaining the required stiffness, such that the microstructure variance along the component was significantly reduced.
Furthermore, the potentials and limitations of the presented approach are outlined and discussed in the context of the
design of heavy-section castings.

Multi-Domain Optimierung von Gussbauteilen inWindenergieanlagen

Zusammenfassung
Im Zuge des Ausbaus der erneuerbaren Energien kommt es zu einem Zuwachs an Windenergieanlagen (WEA) mit gestei-
gerter Leistung. Durch Leistungsgewichte von bis zu 20 Tonnen Gusseisen je Megawatt in modernen WEA eröffnen sich
neue Herausforderungen im Bereich des Bauteilgewichts, Fertigbarkeit und Gießbarkeit. Eine Lösung bieten systematische
multi-domain Optimierungen, durch die das Bauteilgewicht reduziert sowie die lokale Auslastung des Bauteils gesteigert
werden können.
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Um die Anforderungen an moderne Gussbauteile zu erfüllen, muss eine multi-domain Optimierung Methoden aus dem
Feld der Gusssimulation, mikromechanischen Analyse, Topologieoptimierung und der Festigkeitsnachweise nutzen. Durch
die Gusssimulation können Mikrostrukturdeskriptoren gewonnen werden, welche in der folgenden mikromechanischen
Analyse zur Abschätzung mikrostrukturabhängiger Werkstoffeigenschaften verwendeten werden. Parallel dazu erfolgt eine
iterative Topologieoptimierung unter kontinuierlicher Berücksichtigung der Gießbarkeit. Der Festigkeitsnachweis erfolgt
auf Basis der bestimmten Werkstoffeigenschaften und der durchgeführten Topologieoptimierung.
In dieser Studie wird ein Konzept für eine multi-domain Optimierung vorgestellt und die Anforderungen für deren An-
wendung dargestellt. Als Demonstrator dient ein aus ausferritischem Gusseisen der Güte ADI-GJS-1050-6 gefertigter
Planetenträger. Für diesen Demonstrator konnten Gewichtseinsparungen von 17% bei gleichbleibender Bauteilsteifigkeit
erzielt werden. Darüber hinaus konnte die Mikrostrukturvariation innerhalb des Bauteils signifikant reduziert werden.
Es erfolgt eine Bewertung des möglichen Potentials und möglicher Grenzen des vorgestellten Ansatzes im Kontext der
Auslegung von dickwandigen Gussbauteilen.

1 Introduction

The transition towards a carbon-neutral society, the stated
aim of the European Union [1], requires ambitious expan-
sion targets for the installed renewable energy production.
As wind turbines have become a cornerstone of renew-
able energy production, the expansion targets require an in-
crease in installed wind turbine power. This can be achieved
through an accelerated installation of wind turbines and an
increase in wind turbine-specific power. However, modern
wind turbines still contain up to 20 tons of cast iron per
installed megawatt due to heavy-section castings such as
torque arm, main shaft, or planet carrier that are subjected
to cyclic loading during operation [2]. Thus, accelerated
installation and up-scaling create challenges in manufactur-
ing and logistics due to the component weight. The multi-
domain lightweight design concepts enable the up-scaling
of wind turbines to higher power density using weight-re-
duced components. The weight reduction in turn leads to
an optimization of CO2 emissions over the entire life cycle
of new wind turbines. Therefore, unused component po-
tentials of heavy-section castings, such as those given by
consideration of local material properties or new engineer-
ing materials, need to be exploited for component design
process. This requires, firstly, the material properties to be
numerically estimated based on limited microstructure in-
formation, and secondly, the local material properties to be
considered in a component design concept.

For ductile cast iron, as used in wind turbines, mi-
crostructure-based modeling has been investigated using
different approaches: Based on simplified unit-cell models,
as used by Bonora et al. [3] to study damage mechanisms.
More complex material models have been incorporated into
advanced concepts, such as those used by Andriollo et al.
[4, 5]. Utilizing the results of advanced material modeling,
the behavior of ductile cast iron under cyclic loading has
been investigated experimentally and numerically at the
microscale [6–8]. Thereby, numerical approaches, such as

the shakedown theorem, have been developed to determine
the fatigue strength of a given microstructure [6, 9].

With respect to the consideration of local material prop-
erties in design concepts of cast iron components, Olofsson
et al. [10, 11] have presented first multi-domain approaches.
Here, local material properties are considered along a cast
iron component based on the casting simulation results.
Thus, a strength assessment of the component has been
performed using the estimated local material properties [11,
12]. Progress has been made in other work in the field of
topology optimization of castings. Li et al. took into account
the manufacturing conditions in terms of gap dimensions
and undercuts [13]. For this purpose, a quantity, virtual
temperature, was defined, which allows specifying mul-
tidirectional demolding conditions. Approaches to stress-
based topology optimization for castings were presented by
Wang et al. [14]. Here, a comparison was made between
a stress-based and a stiffness-based optimization. Recently,
Lubenow et al. [15] used an optimization scheme of topol-
ogy optimization, casting simulation, and local computer-
aided optimization to optimize a planet carrier.

However, multi-domain design concepts with numerical
fatigue strength estimation have not yet been applied to
heavy-section castings made of austempered ductile cast
iron, such as the planet carrier. For such components, the
local microstructure varies significantly such that a numer-
ical estimation of the local fatigue strength can reduce ex-
perimental requirements. In combination with the localized
strength assessment a component potential can be opened
up.

This study presents an approach to consider a local
strength assessment in the design of heavy-section castings
made of austempered ductile cast iron for wind turbines
using a planet carrier as a demonstrator. Potentials for
weight reduction under certain boundary conditions given
by operating requirements are determined. The material
investigated, an austempered ductile cast iron, is described
for this use case. The fatigue strength is estimated using
shakedown analysis of the microstructure. Combined with
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Fig. 1 Exemplary micrographs
for casting modulus of 2.5, 3.3,
and 4.2cm

the casting simulation, this allows for a high resolution
of local fatigue strength within the casting. Subsequently,
topology optimization of the planet carrier is performed and
a modified strength assessment is used to determine local
utilization rates. Finally, the optimization potential of the
planet carrier is estimated based on topology optimization
and local strength assessment results.

Table 1 Analysis of microstructure descriptors according to EN 945-4

Casting Modulus 2.5cm 3.3cm 4.2cm

Graphite Phase Fraction [%] 10.7 10.4 11.4

Max. Feret Diameter [µm] 21.46 20.59 26.15

Nodularity [%] 83.9 88.3 88.3

Particle Count [1/mm2] 364 383 249

Table 2 Chemical analysis of the investigated austempered ductile
cast iron grade ADI-GJS-1050-6

Element wt.-% Element wt.-%

C 3.3 Mo <0.33

Si 2 Mn <0.3

Ni 1.99 Mg <0.05

Cu 0.8 P <0.03

Fe Bal – –

2 Material

The material investigated in this study is a heavy-sec-
tion cast of austempered ductile cast iron grade ADI-GJS-
1050-6. Sampling was done using cubes of side lengths 150,
200, and 250mm (casting modules 2.5, 3.3, and 4.2cm, re-
spectively) cast by Buchholz & Cie. foundry in a sand mold
and heat treated by ADI treatments. The material was sub-
jected to a two-stage heat treatment: austenitizing at 900°C
for 7h and austempering at 300°C for 4h. Specimens were
taken from the center of each cube for material character-
ization as well as fatigue testing. Exemplary micrographs
are shown in Fig. 1 for each casting modulus. The mi-
crostructure descriptors analyzed according to standard EN
945-4 using five micrographs of size 1.387× 1.045mm2 at
100×magnification are given in Table 1.

Chemical analysis was performed using a melt sample
during casting with the results given in Table 2. Results of
uniaxial tensile testing of five specimens of type A with

Table 3 Results of mechanical testing

Casting Modulus 2.5cm 3.3cm 4.5cm

Ultimate Tensile Strength [MPa] 1003 934 839

Yield Strength [MPa] 736 683 640

Fracture Elongation [%] 9.27 9.25 6.31

1% Fatigue Strength (R= –1,
uniaxial)

294 333 277
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Fig. 2 Overview of the multi-
domain optimization approach

a diameter of 10mm according to DIN 50125 [16] are
shown in Table 3. Additionally, results of fatigue testing
(fatigue strength at a survival probability of 1%) according
to DIN 50100 in a staircase testing procedure with a loga-
rithmic increment of dlog = 1.069 [17] are given in Table 3.
Fatigue testing was performed on a Roell Amsler HFP 422.
The remaining specimens and runouts were used to deter-
mine the finite life regime. The results were evaluated using
the software SAFD 5 [18].

Comparing the experimentally determined fatigue
strengths, a maximum can be observed at a casting modulus
of 3.3cm. This fits with the microstructure descriptors, as
casting modulus 2.5cm shows a reduced nodularity and
casting modulus 4.2cm an increased size of graphite precip-
itates. A possible reason for the increased fatigue strength
at a casting modulus of 3.3cm can be seen in the required
alloying for a successful heat treatment, which depends on
the wall thickness [19]. With 11.7% and 16.7% change in
local fatigue strength, respectively, a significant influence
of local microstructure and, thus, local solidification and
heat treatment can be identified.

3 Methodology

3.1 Multi-domain optimization approach

The presented multi-domain optimization approach for cast
iron components in wind turbines is characterized by the
combination of casting simulation, topology optimization,
micromechanical analysis, and strength assessment (see
Fig. 2). Thus, it uses cross-scale simulation and allows
an enhanced consideration of local material properties.
Starting from an initial casting simulation, the microstruc-
ture of characteristic component regions is estimated and
micromechanical analysis is performed for these regions.
In parallel, a topology optimization in combination with
castability analysis leads to a first optimized topology.
In a subsequent optimization loop, the local material pa-

rameters, determined by micromechanical analysis, are
considered in an iteration of strength assessment, shape
optimization, and casting simulation.

3.2 Casting simulation

Within the presented approach, the casting simulation is
used to estimate local solidification behavior and determine
the castability of the optimized component. In contrast to
the classical approach of solidification time prediction us-
ing the casting modulus, defined by the volume V and the
cooling surface S, the thermal modulus (or feedmod) is
used. Based on Chvorinov’s rule [20] the casting modulus
is proportional to the solidification time:

tS = c�M 2

where c is a constant depending on cast alloy, mold mate-
rial, and pouring temperature. Thus, the feedmod considers
neighboring parts, auxiliary materials such as cooling chills,
or transient heat flow conditions during cooling. Therefore,
determining characteristic material regions in the investi-
gated component under consideration of the feedmod al-
lows an implicit consideration of solidification times.

3.3 Shakedown analysis

The micromechanical analysis, as a central element of the
presented optimization approach, is based on the numerical
determination of a shakedown state for a microstructure as
a result of a casting simulation. A shakedown state can be
reached under cyclic loading if, after initial loading cycles
with plastic deformation, a purely elastic deformation oc-
curs during loading. Weichert et al. [21] have investigated
the shakedown state for composite materials. According to
them, the shakedown state is governed by a time-invariant
residual stress field �, which is formed in the microstruc-
ture [21]. The residual stress field is caused by an accumu-
lation of local plasticity and superimposes the purely elastic
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Fig. 3 Exemplary RVE with graphite precipitates (dark) and ferrite
matrix (gray) and applied boundary conditions for shakedown analysis

stress field σe due to external loading [21]. The locally act-
ing stress can be defined as:

� = �e + �

The plastic dissipation is bounded once a shakedown
state, characterized by purely linear elastic loading, is
reached. This prevents the formation of any further plastic
strains in the microstructure [8].

Using Melan’s static theorem for shakedown [22], the
shakedown state can be determined:

“If there exists a factor œ > 1 and a time-independent
residual stress field ¡ with
R
V

0

¯ρ W D W ¯ρdV < 1,
with compliance tensor D, such that for all loads B in
the load domain the following inequality is satisfied
f .λσe + ¯ρ/ � 0,
then the structure will shake down under the given
load domain.”

The FEM-based evaluation used in this study was imple-
mented by Gebhardt [23], and yields the maximum admissi-
ble residual stress field under a given loading. Therefore, the
following optimization problem, shown in non-discretized
formulation, must be solved:

maximize �

subject to r � � = 0 in Ω
� � n = 0 on �

f.λσek + �k/ � σ2Y k = 1; ::;NV

Table 4 Material parameters used in shakedown analysis

Material Property Ausferrite Matrix Graphite

Young’s Modulus [GPa] 210 32

Poisson Ratio [–] 0.3 0.25

Yield Strength [MPa] 461.2 150

Here, NV represents the number of load vertices that
define the load domain, Ω the computational domain, and
Γ the boundary of the computational domain.

In order to apply the FEM-based evaluation an applicable
computation domain representing the microstructure of in-
terest must be supplied, typically in the form of a represen-
tative volume element (RVE). Here, RVE define a computa-
tional domain that is sufficiently large to represent the char-
acteristics of the local cast iron microstructure. For a de-
tailed description of the RVE construction, the reader is re-
ferred to [9]. An exemplary RVE of size 1.387× 1.045mm2

is given in Fig. 3.
Material parameters of ausferrite and graphite used for

shakedown analysis are summarized in Table 4. Graphite
and ausferrite were considered to be linear elastic-ideally
plastic. The yield strength of graphite is artificially in-
creased to ensure the significance of the ausferrite matrix
during shakedown. No debonding is considered at the in-
terface of graphite precipitates and ferrite matrix.

3.4 Topology optimization

Topology optimization is used to determine the general
component layout within the presented optimization ap-
proach. Therefore, following the initial casting simulation,
an FE model of the component is created and split into
modifiable design and non-modifiable non-design spaces.
To ensure the maximum potential of the topology optimiza-
tion, design spaces should fill as much available space as
possible. Finally, the topology optimization can be formu-
lated as minimization of an objective function f depending
on a design variable x.

min f .x/

Whereas the following restrictions must be met:

gj .x/ � 0; j = 1; ::; mg

hk.x/ = 0; k = 1; ::; mh

xl
i � xi � xu

i ; j = 1:::n

Here, gj are the inequality constraints, hk are the equality
constraints, and xl

i and xu
i are the upper and lower explicit

constraints, respectively. However, functions have several
local minima or maxima and it is not immediately evident
whether the global maximum has already been found [24].

While different approaches exist, here the SIMP (Solid
Isotropic Material with Penalization) approach is used for
topology optimization. In solving the optimization problem,
the density in an individual element of the FE-model is
continuously varied between a minimum value ρmin and the
actual material density ρ0. If the ratio of the local element
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density ρe and the density of the material ρ0 is formed, the
relative density xe is obtained as a design variable:

xe =
�e

�0

If xe takes the value 1, solid material is present in the
component at this point. If the value is less than 1, the local
material stiffness in the form of the Young’s modulus is
reduced accordingly:

Ee = xp
e E0

Here, p is the so-called penalty exponent and Ee is the lo-
cal material stiffness. It usually covers an interval between 2
and 4 [25].

3.5 Strength assessment

The strength assessment of the cast iron components to
be optimized in presented approach is based on the inter-
national standard IEC 61400 (IEC 61400-4 for wind tur-
bine gearboxes) [26]. This specifies the essential design
requirements for ensuring the structural integrity of wind
turbines and their components. One requirement is that the
strength assessment must be based on validated and recog-
nized methods which consider, for example, the size effect
on material strength.

The strength assessment in this optimization approach is
performed according to the FKM guideline. The process of
strength assessment according to FKM follows a defined
procedure for determining material parameters and compo-
nent design parameters up to the degree of utilization [27].
In this work, the process was automated and extended to
include local material parameters.

4 Results and discussion

The concept of the presented optimization approach is
demonstrated using a planet carrier made of ADI-GJS-
1050-6. Therefore, first an initial topology optimization
was performed and subsequently its effect on the local
microstructure was analyzed. Finally, the effects of local
fatigue strength on the utilization were analyzed.

4.1 Topology optimization of planet carrier

In order to show the maximum possible optimization po-
tential, the initial geometry was reworked prior to topol-
ogy optimization. This geometry extension is to ensure that
the maximum possible weight reduction is achieved during
topology optimization. Figure 4a shows a sectional view of
the planet carrier. Here, the yellow part indicates the ini-

Fig. 4 Extension of the planet carrier’s volume (a) and definition of
design- and non-design space (b)

tial geometry and the magenta part the volume extension
for topology optimization. The outer diameter of the planet
carrier was slightly enlarged compared to the initial geom-
etry. Furthermore, the inside diameter was reduced to the
diameter of the tip of the sun gear.

The design space available for topology optimization is
visualized as blue regions in Fig. 4b. It is limited by the
optimization restriction of constant local stiffness at the
mounting for the planetary gears. The red area shows the
non-design space, i.e. the part that remains unchanged af-
ter the topology optimization. Due to the increased design
space, the mass of the planet carrier increases by 22%.

Boundary conditions and loadings considered during the
topology optimization as well as for the determination of
stresses for the strength assessment are visualized in Fig. 5.
Here, all degrees of freedom of the coupling surface were
fixed. The maximum torsional load from the power produc-
tion on normal turbulence design load case (DLC) 1.2 [28]
was applied via circumferential forces acting on the plan-
etary gear pins. The bearing surfaces of the planet carrier
were only fixed in the radial direction. The topology opti-
mization was carried out using constant material properties

Fig. 5 Boundary conditions of the FE model of the planet carrier
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Fig. 6 Results of the topology optimization for different target vol-
umes (elements with a resulting density xe below 50% are removed
for visualization)

for the entire planet carrier, such as Young’s modulus of
168GPa and a Poisson’s ratio of 0.27.

Concerning system stability, weight reduction was fa-
cilitated under the boundary condition of constant stiffness
during power production load case DLC 1.2 and castability.
The system stability requirement is intended to ensure that
the system behavior remains unchanged after optimization
for the power production load case. In this context, system
stability was determined by evaluating allowable deforma-
tion and component stiffness. Therefore, seven different op-
timizations with different target volumes were carried out
to determine the resulting change in torsional stiffness of
the planet carrier for a given change in weight compared to

Fig. 7 Change in torsional stiffness vs. change in weight of the planet
carrier compared to the initial geometry for torsional loading

Fig. 8 Result of the topology optimization of the planet carrier

the initial geometry. Target volume vi specifies how much of
the extended geometry volume remains after optimization.
Figure 6 illustrates some results of topology optimization
for different target volumes.

Figure 7 depicts the relation between the change in tor-
sional stiffness and weight of the planet carrier compared
to the initial geometry for different target volumes. Positive
values imply an improvement in torsional stiffness and an
increase in the weight of the planet carrier. It can be seen
that the torsional stiffness of the planet carrier can be main-
tained despite a reduction in mass. Moreover, compared to
the initial geometry, an increase in torsional stiffness of
about 16% can be achieved with the same mass. If the tor-
sional stiffness is kept constant, a weight reduction of about
17% is achieved.

According to Fig. 7, a target volume of slightly less
than 70% provides a torsional stiffness similar to the initial
planet carrier design. For this reason, this geometry result-
ing from the topology optimization is chosen as the basis
for the new design. In order to exploit the highest weight-
saving potential, the planet carrier is reconstructed as close
as possible to the optimized geometry. The first design of
the planet carrier can be seen in Fig. 8. Compared to the
initial geometry, a weight reduction of 17.6% is achieved.

As shown in Fig. 8, pockets were formed at the front and
rear of the planet carrier, which protruded into the body. In
top view, an x-shape structure results, caused by the fact
that the planet carrier is predominantly subjected to tor-
sion, so that mainly shear stresses have to be transmitted.
Since the main stress direction is rotated by about 45° to
the center axis, diagonal structures are formed. The struc-
ture described is smaller on the gearbox side, since a large
proportion of the load is already distributed over the plane-
tary gear pins. Noticeably, the pocket extends to the bearing
seat and even forms a small opening. Comparing the influ-
ence of the target volume, only the intensity of the described
characteristics varies.

Figure 9 shows the deformation within the planet car-
rier and the planetary gear pins under the same loading for
the initial planet carrier geometry and the 17.6% weight-
reduced planet carrier with the same torsional stiffness. As
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Fig. 9 Comparison of the defor-
mations of initial planet carrier
design and optimized design
(weight reduction 17.6%)

Fig. 10 Feedmod distribution
in the initial design and the
optimized design

Fig. 11 Expected ausferrite
distribution in the initial and
optimized component design
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indicated by the constant stiffness, no significant difference
in local deformation can be observed. However, these val-
ues represent theoretical optimum values that may not be
achieved in practice due to manufacturing-related design
changes or cost considerations.

4.2 Analysis of topology optimized planet carrier
with respect to manufacturability

As the planet carrier is made out of ADI-GJS-1050-6, com-
ponent optimization must also consider the characteristics
of the manufacturing route, e.g. heat treatment, besides the
overall goal of weight reduction while maintaining system
stability. Concerning the manufacturing route, the local dis-
tribution of feedmods and efficiency of the heat treatment
were analyzed.

Since manufacturing of ADI depends on both initial raw
material and heat treatment, the melt is adjusted to reliably
set ADI microstructure in the critical component regions.
Thus, to evaluate the component optimization with respect
to the working material, the feedmod distribution and the
phase fraction of ausferrite after heat treatment were ana-
lyzed.

Figure 10 shows that the scatter of feedmods can be sig-
nificantly reduced by reducing the maximum feedmod from
8.4 to 6.9cm. A reduction of the feedmod range allows
a better adjustment of the melt, especially regarding hard-
ening agents and other alloying elements. The minimum
of non-transformed austenite (after quenching), as shown
in Fig. 11, increases from 2 to 98%. Thus, large non-aus-
ferrite regions could be eliminated and a more successful
ausferritization can be expected.

4.3 Strength assessment with local fatigue strength

Considering the complex adjustments required for success-
ful ADI manufacturing, the importance of local material

Fig. 13 Local ultimate ten-
sile strength (a) and estimated
FKM—fatigue strength (b)

Fig. 12 Functions of ultimate tensile strength and fatigue strength used
during strength assessment

properties increases as local effects in the planet carrier
must be considered. To account for local material prop-
erties, experimentally determined local ultimate tensile
strength and simulated local shakedown limits (used as
fatigue strength) were considered in strength assessment.
Here, the shakedown limits were computed using 15 RVE
of size 500× 500× 20µm3 per feedmod. Due to computa-
tional cost, the fatigue strength was computed for support
points of the feedmod within the critical regions of the
torque arm, resulting in feedmods within the range of
2.5–4.2cm.

The strength curves as a function of feedmod are shown
in Fig. 12. Here, the non-linearity of the fatigue strength
with respect to the feedmod can be observed. This non-
linearity may be associated with the interdependence of
graphite precipitates and ausferrite matrix. This may be re-
lated to the ADI manufacturing, which is governed by a heat
treatment process window and special requirements regard-
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Fig. 14 Local fatigue strength
obtained by shakedown anal-
ysis (a) compared to the
FKM—fatigue strength (b)

Fig. 15 Local fatigue strength
utilization using the results of
shakedown analysis (a) and
FKM—fatigue strength (b)
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ing alloying of wall-thickness dependent elements [19].
Thus, optimal material parameters for the given use case
may only be present at a specific feedmod, whereas lower
feedmods may have passed the ideal process window while
higher feedmods have not have reached the ideal process
window. Due to limited experimental validation, the maxi-
mum feedmod of 5cm was set as the bound of the validity
range.

The locally resolved ultimate tensile strength as a func-
tion of the feedmod and the fatigue strength estimated using
this ultimate tensile strength are shown in Fig. 13. The con-
version of ultimate tensile strength into a fatigue strength
(hereinafter referred to as FKM—fatigue strength) was car-
ried out following the FKM guideline [27]:

�a .Rm/ = .0.25 +
70MP a

1050MP a
/ � Rm.feedmod/

Highest ultimate tensile strength and fatigue strength can
be observed in regions with lowest feedmods, e.g. close to
the surface of the component and at the corners. However,
this relation does not account for the observed non-linearity
of fatigue strength with respect to the feedmod.

In Fig. 14, the locally resolved FKM—fatigue strength
and fatigue strength according to shakedown analysis are
compared within the critical notch. It can be seen that
the regions of the highest fatigue strength can be found
at a given offset from the surface of the component if fa-
tigue strengths based on shakedown analysis are consid-
ered. Especially close to the surface a difference of 15%
between FKM—fatigue strength and fatigue strength based
on shakedown analysis can be observed.

The local utilization is shown in Fig. 15. For both
cases, FKM—fatigue strength and fatigue strength based
on shakedown analysis, the local utilization rates remain
below 20%. This is related to the optimization require-
ments of the planet carrier, so local fatigue damage can be
neglected for the given combination of considered loads
and material. However, if the local utilization increases, the
local fatigue strength within a component of austempered
ductile cast iron becomes significantly more relevant.

5 Conclusion and outlook

This study demonstrates the consideration of local mate-
rial properties in component design of heavy-section cast-
ings used in wind turbines. An improved understanding of
the consideration of local material properties, especially for
complex material systems such as austempered ductile cast
iron, was achieved. Subsequent component optimization,
resulted in significant weight reduction under the overall
constraints of castability and system stability.

Heavy-section castings of austempered ductile iron grade
ADI-GJS-1050-6 were characterized. Results of material
characterization were used as calibration parameters for the
presented multi-domain optimization approach, which was
demonstrated using a planet carrier. Thereby, casting sim-
ulations have been used to compute local microstructure
characteristics in critical regions of the planet carrier. For
a set of supporting points of these microstructure character-
istics, the shakedown analysis was used to numerically de-
termine microstructure-dependent fatigue strengths. In par-
allel, a topology optimization of the planet carrier was per-
formed and a significant weight reduction potential of 17%
was identified while maintaining the required initial com-
ponent stiffness. The effect of topology optimization on
local material quality was determined by comparing feed-
mod scattering and expected local ausferrite phase fraction.
Here, the topology optimization resulted in an improvement
of both feedmod scattering and local ferrite phase fraction.
Thus, it was shown that topology optimization reduces com-
ponent weight and can increase the local material quality
within the component for austempered ductile iron.

The local utilization was computed using fatigue strength
estimates based on the ultimate tensile strength and fatigue
strength obtained by shakedown analysis. Here, good agree-
ment between both with a difference of 15% could be ob-
served. It was shown that analysis of local fatigue strengths
allows the derivation of required changes in manufactur-
ing, e.g. the adjustment of the heat treatment process to
achieve the highest fatigue strengths close to the surface.
Overall, the presented multi-domain optimization approach
resulted in an optimized planet carrier with a weight reduc-
tion of 17% while maintaining the required stiffness and
reduced microstructure variance along the component. Due
to the high strength of the used material ADI-GJS-1050-6,
the strength assessment was neglectable compared to the
required stiffness for the optimized planet carrier. Thus,
the strength assessment was irrelevant to the demonstrated
weight reduction. Nevertheless, this method can be applied
to other heavy-section castings where consideration of lo-
cal material properties during strength assessment may be
advantageous for the component design.

Future work will continue to integrate local material
properties into strength assessment concepts of heavy-sec-
tion castings used in wind turbines. The applicability of
the approach needs to be validated by investigating other
geometries and other austempered ductile cast iron grades.
The estimation of local fatigue strength using the shake-
down approach will be extended to include a criterion to
account for local permissible damage. To reduce safety fac-
tors in the future, the interaction of safety factors with local
material properties and local material quality will be deter-
mined.
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