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Abstract This article outlines on-going activities at the
RWTH Aachen University aiming at a standardized,
modular, extendable and open simulation platform for
materials processing. This platform on the one hand
facilitates the information exchange between different
simulation tools and thus strongly reduces the effort to
design/re-design production processes. On the other hand,
tracking of simulation results along the entire production
chain provides new insights into mechanisms, which can-
not be explained on the basis of individual simulations.
Respective simulation chains provide e.g. the basis for the
determination of materials and component properties, like
e.g. distortions, for an improved product quality, for more
efficient and more reliable production processes and many
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further aspects. After a short introduction to the platform
concept, actual examples for different test case scenarios
will be presented and discussed.
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1 Introduction

Any production is based on materials which eventually
become components of a final product. Materials properties
thus are of great importance for productivity and robust-
ness of processing during production as well as for appli-
cation and reliability of the final product components.
Permanently increasing complexity of products and their
manufacturing processes combined with the demand on
high quality products with tight dimensional and material
quality tolerances require the use of integrative simulation
techniques in product and process design. This situation
leads to a dilemma, where more and more effort has to be
spent in planning in order to meet the challenges of pro-
ducing a high value product. Strategies to reduce the
polylemma of production are addressed within the Cluster
of Excellence “Integrative Production Technologies for
High Wage Countries” [1].

Nowadays simulations form an integral part of the
planning activities for production processes. To decrease
the dilemma between the efforts spent for planning and the
product value eventually being generated, a reduction of
planning efforts and an increased value of a product are
possible approaches, Fig. 1.
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Fig. 1 Planning efforts can be strongly reduced with respect to time
and costs (1) if the performance of individual simulation processes is
increased, (2) if only those models relevant to mimic the desired
effect in sufficient detail are used and especially (3) if the information

The major objective of this article is the description of a
virtual, integrative numerical approach for the simulation
of materials processing and of the microstructure evolution
along the entire production chain. This approach eventually
allows for prediction of effective materials properties from
calculated microstructures and provides tools for an
extraction of relevant data adapted to the requirements of
higher level simulation codes. Further it enables the inte-
gration of materials processing models into production and
machinery models and eventually the extension of the
simulations towards a life-cycle prediction of the compo-
nent. The long term objective is to provide companies with
a toolbox allowing to optimize and adjust their processes
and products dependent on the specifications of the mate-
rials and the actual process conditions and thus to enable
dynamic reactions to an evolving market. The platform
shall moreover be used as an educational tool for metal-
lurgists, mechanical engineers and production engineers
allowing for an integrative view on processes and products.

2 Integrative computational materials engineering
platform

ICME—Integrative Computational Materials Engineer-
ing—has been identified as a strategic approach for future
competitiveness [2]. ICME in the first place requires an
efficient exchange of information between a variety of
different available commercial and/or academic simulation
tools. Based on previous work on integrative materials
modeling [3], a modular, open and standardized simulation
platform concept has been defined [4]. This platform pro-
vides a toolbox being adaptable to specific production
scenarios and being extendable to future and more detailed
models allowing for an improved predictive quality. To
realize such a platform concept several software codes and
models for materials processing available at the RWTH
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exchange between individual models is improved by standardized
interfaces. Simulating the entire production chain also leads to an
increased value of the products e.g. by a future prediction of their life-
cycle

Aachen University have been adapted to a common stan-
dard based on the VTK format [5, 6] and using semantic
approaches [7] allowing for an efficient information
exchange between the process simulation tools along the
process chains and also across several length and time
scales, Fig. 2.

Workflow sheets for process chains can be edited and
the simulations then be performed on a computational
GRID in the internet using a middleware [8].

In the following sections, the process chains for the
production of a line pipe, a transmission component and a
bearing housing are introduced as test cases to demonstrate
the platform performance. Other applications such as a
polymer component (top-box) and a textile reinforced
piston rod will be described elsewhere [9, 10]. Different
heterogeneous process simulation tools have been daisy-
chained on the basis of the defined common standard to
allow for simulation of a variety of processes occurring in
these process scenarios. The simulation tools being applied
cover the description of the entire production chain starting
from casting of a homogeneous melt, heat treatments, hot
and cold forming, machining and joining processes up to
simulation of a load history arising during operation.

3 Line-pipe

Strength and toughness of line-pipe materials are mainly
influenced by their microstructure, which in turn is deter-
mined by processing and alloy composition. For the test-
case “Line-pipe” a through process simulation chain has
been established for a steel of the grade X65 both on the
macroscopic process scale and on the scale of the micro-
structure. The processes being considered are heat-treat-
ments, hot rolling, machining, U- and O-forming and
welding. Eventually, estimates for the strength and tough-
ness of the material are derived.
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Fig. 2 Modular concept of the AixViPMaP® simulation platform.
Individual simulation tools being considered as black-boxes can be
combined for different processes along the entire production chain on
different length scales. Higher level simulation codes provide
boundary conditions for simulations on a smaller scale. Properties

Heat treatment processes in general involve the steps of
heating a component, dwelling it at defined conditions
(temperature, time and atmosphere) and subsequent cool-
ing. These basic steps may be combined to describe more
general heat-treatment schemes. Heat treatment processes
on the macro scale have been simulated using the software
CASTS [11], which allows for the simulation of solidifi-
cation and thermo-mechanical processes. This software has
been further extended for the description of solid phase
transformations [12] and of grain growth phenomena,
which are described on the basis of the Leblond model
[13]. The temperature—time history of different integration
points, i.e. characteristic locations or critical areas of the
component, has been extracted from the macro simulations
and transferred as boundary conditions to simulations of
the microstructure evolution at these locations. This
microstructure evolution is then modelled using the multi-
phase field code MICRESS®, which is coupled to ther-
modynamic databases [14]. The simulated microstructure
domain eventually constitutes a Representative Volume
Element (RVE) for a subsequent determination of the
effective properties at the selected location, Fig. 3.

[ Ferrite

S

averaged
properties

being determined at a small length scale are homogenized/averaged
and fed back to the higher level codes. The dark modules represent
interface routines allowing bridging the scales like e.g. homogenisa-
tion models

The geometry/mesh of the slab and the local distribu-
tions of temperature, phase fractions, concentration etc.
resulting from the heating process are forwarded to the
following hot rolling simulation Fig. 4.

The hot rolling process is simulated using the finite
element code LARSTRAN/-shape coupled with the soft-
ware StrucSim [15]. LARSTRAN and StrucSim are capa-
ble of describing both the macroscopic forming process as
well as microstructural phenomena, such as dynamic and
static recrystallisation and grain growth using a mean field
approach. Hot rolling of a line-pipe steel is typically per-
formed in pass schedules which can involve 10-20 rolling
passes. For individual passes, the rolling stock may be
rotated by 90 degrees, rolled along the width direction, and
rotated back for subsequent passes. The finite element
model StrucSim as an integrated microstructure model
allows for the simulation of the complete pass schedule of
the rolling stock taking into account the evolution of
microstructure during hot rolling. This approach allows for
accurate roll force predictions as well as the prediction of
properties such as grain size distributions after rolling,
while at the same time being computationally efficient.

[ |Pearlite

[l Austenite

Fig. 3 Principle of the coupled macro and micro heat treatment
simulations. The supporting rails and the geometry dependant heat
radiation lead to an inhomogeneous temperature distribution in the
slab during the heating process. The slab may furthermore reveal

macrosegregation patterns originating from the continuous casting
process. Both types of inhomogeneities affect the subsequent
microstructure evolution at characteristic points
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Fig. 4 Real micrograph (left, dark: pearlite, grey: ferrite) and
digitalized microstructure entered into MICRESS® (right, dark:
ferrite, light: pearlite). A full simulation of the evolution of this

The subsequent cooling process is again simulated with
CASTS. Special features like e.g. quenching of the rolled
sheet may be modeled here as well.

The machining process for preparation of the welding
grooves is considered as a simple removal of mesh ele-
ments accompanied by a redistribution of stresses and
strains in the component and is also modeled using
CASTS.

The “U”- and “O”- forming process steps are modeled
using the finite element program ABAQUS [16], which
requires both the geometry of the rolled sheet and espe-
cially the local materials properties. While the geometry
and other information are taken from the previous cooling
simulation, the effective materials properties, especially the
flow curves, have to be determined from the local micro-
structure using a multi-scale simulation approach.

The multi-scale simulation allows for predicting mate-
rial properties e.g. the flow behavior of a multiphase steel
microstructure. These properties are derived from the
knowledge of the properties of the individual phases and
their topological arrangement. Three scales have been
distinguished in the case of the X65 line-pipe steel: the
micro-scale of a ferrite/cementite bilamella representing
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microstructure starting from the homogeneous melt can be replaced
by including experimental microstructures at a later stage of the
process chain as an initial condition into the simulation chain

the pearlite phase; the meso-scale with a Representative
Volume Element (RVE) of pearlite inclusions in a ferrite
matrix and the macro-scale with the entire sheet metal and
the tools, Fig. 5.

The mathematical homogenization tool HoMat [17] at
first evaluates the effective thermoelastic properties of the
pearlite bilamella formed by a ferrite and cementite layer.
As pearlite exhibits a large stiffness, this phase is assumed
to have a pure elastic material behaviour. The calculation
takes into account cubic elastic properties for the ferrite
phase. The elastic properties of the orthorhombic cementite
phase are deduced from ab initio calculations by Nikolussi
et al. [18]. A crystallographic orientation relationship
between ferrite and cementite within pearlite is also taken
into account. Zhang et al. [19] reported that hypoeutectic
steels, like the analysed X65, only show the Isaichev ori-
entation relationship, which accordingly was used in the
calculations.

The elasto-plastic law adopted for the ferrite matrix is
based on a flow curve model of Rodriguez and Gutierrez
[20]. Based on experimental micrograph observations, a
reference RVE containing 14% of pearlite phase
(Vi = 14%) is generated. This volume fraction is

Fig. 5 The three scales of the multi-scale simulation, lef: bilamella (width 2 = 330 nm) of pearlite consisting of cementite (bright) and ferrite
(dark), middle: RVE of pearlite in a ferrite matrix (not displayed) and right: macroscopic sheet of X65 steel during U- and O-forming
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composed of small prismatic pearlite (7.2%) and of elon-
gated pearlite sphero-cylinders (6.8%), Fig 6. In order to
investigate the influence of a different pearlite content at
different locations of the sheet, two additional RVE’s are
generated with Vi = 10% and V; = 7% respectively. For
these RVE’s uniaxial tensile tests have been performed in
order to deduce the effective non-linear stress—strain curves
of the ferrite-pearlite microstructure for different loading
directions [21, 22], Fig. 7.

First results show that a higher strength is obtained in
rolling direction (X) than in the transverse directions. Due
to random generation of small prismatic pearlite, similar
flow curves are obtained for the Y and Z directions, leading
to a transverse isotropic material behaviour. A significant
deviation from experimental data has however to be noted.
Similar discrepancies between experiment and simulation
are also observed by Guiterrez and Altuna [23] for different
low carbon steels. Indeed, the experimental curve exhibits
a yield point elongation, produced by Liiders band for-
mation due to dynamic strain ageing coupled to interstitials
in solid solution. Such ageing effects are not described by
the Rodriguez and Gutierrez model. Thus, there exists a

high degree of uncertainty of the flow curve for ferrite at
low strains, due to iron’s acute sensitivity to ageing.

For larger strains the predicted curves moreover present
larger work hardening as compared to the experimental
observations. This deviation may be related to (1) the
idealized shape and orientation of the pearlite (2) the
assumption of a fully elastic behaviour of the pearlite
phase, (3) to the absence of an initial stress/strain state
resulting from the preceding process steps and (4) to the
cementite Hooke matrix being extrapolated from ab initio
calculations at 7= 0 K to room temperature. In order to
improve the flow curve predictions, a stochastic analysis
with the random generation of more than 30 RVE’s con-
taining elasto-plastic pearlite of different shapes/orienta-
tions and revealing residual stresses is currently under
investigation.

A relative decrease of 10% in strength is observed for
RVE-2 (V;=10%) and 17.5% for RVE-3 (V; = 7%)
respectively. The three flow curves for these different
pearlite contents (corresponding to different sheet loca-
tions) are eventually introduced in the forming simulations
to take the effect of local variations of pearlite volume
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Fig. 6 Uniaxial virtual extension test of the reference RVE with a pearlite content of 14.1% (exx = 0.07). Von Mises stresses on the entire RVE

(left) and in the pearlite (right) are shown

Fig. 7 Flow curves of RVE 1 900 T T T 900 T T T T
(Ve = 14%) tested in X,Y and Z _ — ]
directions and compared to an E g
experimental flow curve in x % “ZE —
direction and including the flow E '«-E ™1
for ferrite as adapted from £ £ ]

] w600
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fractions on the macroscopic distribution of stresses and
strains into account [20, 21].

The welding process on the macro-scale is simulated
using SimWeld [24] and SYSWELD [25].While SYS-
WELD is applied for the calculation of residual stresses in
the line-pipe tube and respective distortions, SimWeld
calculates the heat input, the heat distribution, the weld
pool geometry, the size of the heat affected zone and the
weld seam geometry. The joint geometry is taken from the
preceding O-forming process simulation results. Thermo-
magnetic properties of the base material as well as those of
the flux and the wire are accounted for in this simulation.
Respective properties are taken from the SimWeld material
data base. The weld process is calculated as a stationary
process with the power input being calculated based on
voltage and current.

The results of the welding process simulation are used as
input for SYSWELD for further modeling distortion and
residual stress of the line pipe. The weld seam geometry is
transferred from SimWeld to SYSWELD using the tool
SW2SW [26], which allows to insert the weld seam
geometry into the line-pipe mesh. The residual stress state
of the material before welding is taken from the preceding
O-forming simulation. Deformations and residual stresses
after welding can thus be modeled taking into account the
residual stress state before welding and the work piece
geometry including the weld seam.

The weld seam commonly forms the weakest part of a
component and often leads to failure due to a reduced
toughness of the weld affected area. During welding, the
microstructure is significantly modified. Its evolution is
simulated on the micro-scale with the phase-field code
MICRESS® both in the weld pool and in the heat affected
zone [27] (Fig. 8). Characteristic integration points in the
weld pool and in the heat affected zone are considered and
their temperature—time histories are extracted and trans-
ferred into the simulations on the micro-scale.

— e e e
Sammn Selan  wees  Ee

Fig. 8 Weld seam geometry calculated using SimWeld (left). The
temperature evolution is used as boundary condition for modelling the
dendritic solidification of o-ferrite in the joint (middle, left),
subsequent formation of austenite (middle, right) as well as phase-
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This novel approach allows the description of several
phenomena: during O-forming the sheet edges are cold-
formed leading to a local increase of the dislocation
density. High dislocation densities promote local recrys-
tallisation and thus influence the resulting grain size. The
recrystallized grains serve as seeds and thus provide
boundary conditions for modeling the dendritic solidifica-
tion of the weld pool. Grain growth and solid state trans-
formation processes are modeled in the heat affected zone.
By now, the presented approach thus allows for estimates
of the grain size in the weld pool and the heat affected
zone. The resulting grain size, which has a major influence
on the material’s toughness, can be used to qualitatively
estimate the degradation caused by the welding process.

4 Transmission component

Increasing the efficiency for the production of gear wheels
as well as improving their quality in application is of major
importance for increased competitiveness. Rising the car-
burizing temperature would shorten the heat treatment
process. A temperature increase, however, to some extent
will be limited by furnace capabilities, but -more impor-
tant- by a suitable control of the grain size at high tem-
peratures. The final grain size has a major influence on the
life time of the hardened components [28, 29] and the grain
size stability during high temperature case hardening can
be improved by adding micro alloying elements. The
efficiency of such alloy modifications for grain boundary
pinning strongly depends on the entire manufacturing route
and the respective process parameters. Additional alloy
elements and the manufacturing process chain thus have to
be optimized in parallel [30, 31].

Moreover, distortions after hardening of the component
can lead to major costs due to additional finishing proce-
dures or high scrap rates. Such distortions are mostly

transformations, recrystallisation and grain growth in the heat affected
zone (right, depicted are carbon and o-phase distributions during the
-0 transition)
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caused by inhomogeneities due to segregation of alloying
elements, by inhomogeneous grain size distributions or by
an unfavorable heat distribution in the component either
due to its shape or to the heating conditions [32, 33, 34].

The process parameters for both simulation and exper-
imental verification in this test case were adjusted close to
industrial parameters. The investigated material 25MoCr4
belongs to a typical microalloyed case hardening steel for
high temperature case hardening.

During the hot rolling a cast slab is shaped into a round
bar. The initial microstructure by now is not calculated but
assumed to be homogeneous. The consideration of mac-
rosegregation originating from the continuous -casting
process and the formation of banded structures both
influencing distortions of the final gear wheel will be
investigated in the future. The preliminary shape of the
gear component is then obtained by a forging process and
its final shape is reached by machining, which requires a
pearlitic-ferritic microstructure to enhance machinability.
This microstructure can be realized by the special FP-
(“Ferrite-Pearlite”) annealing. The case hardening process
step increases the hardness and wear resistance of the
surface of the component while maintaining a ductile core.
During subsequent laser beam welding an additional part
can be joined to the gear component thus forming an
assembled product, Fig. 9.

hot rolling

forging

FP-annealing machining hardening

Scopes of the integrative simulation approach are (1)
minimization of the experimental effort to develop relevant
processes (2) identification of all process parameters
especially with respect to an improved grain size control
during high temperature case hardening and (3) optimiza-
tion of the process chain in terms of energy, cycle times
and costs.

After definition of the initial state and calculation of the
initial conditions, the simulation of the first hot forming
process steps is carried out. On the macro level, the hot
rolling as well as the hot forming simulation is split on
three steps, heating—deformation—cooling, as for the
calculation of these process steps two different simulation
tools are needed. The calculation of the heating and cooling
including phase transformation is done by CASTS [11],
[12] and the forming simulation at high temperature is
performed using LARSTRAN/shape [15]. The results of
the calculation can be transferred to the meso- and micro
levels and to subsequent process steps. The heat distribu-
tion and phase transformations during the heat treatment
like FP-annealing and high temperature case hardening can
be calculated on the component scale by means of CASTS
using empirical approaches [35]. The temperature history
at specific integration points is used as boundary condition
by MICRESS® for calculating the phase transformation
and microstructure development on the basis of physical

welding

I @

heating rolling cooling forging case hardening welding
o m
7]
Q
&=
ferrite-pearlite » austenite grain growth austenite — ferrite-pearlite

Fig. 9 Typical process chain for transmission components and examples of the simulation results for a treatment of a simplified shape of a
transmission component on the macro scale along the process chain as well as the simulation for the phase transformation on the meso scale
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Fig. 10 Comparison of the 12
simulations with experimental
(LOM light optical microscopy)
and dilatation results for 1,01 *
austenite formation from a
ferritic-pearlitic structure (top) g
and comparison of simulated 43 08 7
and experimental austenitic ©
microstructure at carburization e
@ 0,6
temperature (bottom) £
5
2 044
<
0,2
0,0 -

— Simulation
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e 1100 °C
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LOM

models, Fig. 10. The evolution of the precipitate distribu-
tion during the different heat treatments is calculated on the
microscale using MatCalc [36] and then used to calculate
an effective Zener force. This effective Zener force enters
into the MICRESS® simulations, where it reduces the grain
boundary mobilities and accordingly affects grain growth
[37]. Phenomena like abnormal grain growth can be tack-
led this way [38].

For the modeling of laser welding as the last process
step, two components have to be merged into one mesh.
The laser weld process then is simulated using the Laser-
Weld3D program [39]. The temperature distribution in the
welded components then may eventually be used to cal-
culate distortions evoked by the welding process.

5 Bearing housing

This testcase addresses the integrative simulation of the
manufacturing process chain and the life time behavior of a
bearing housing which is a high-precision cast part made
from austenitic stainless steel (GX5CrNiMoNb19-11-2).
Coupled simulations on two length scales have been

@ Springer
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performed, Fig. 11. The macroscopic simulation of the
manufacturing process uses sequential coupling of the
commercial FV solidification software Magma [40] and
the FE codes CASTS [11, 12] and Abaqus [16]. On the
microscale a multi-phase-field model [14] is used to cal-
culate the dendritic solidification morphology and evolu-
tion of the corresponding micro-segregation pattern during
solidification and heat treatment. The combination of
residual stresses and the local microsegregation pattern
originating from the initial solidification might evoke
highly localized martensitic transformations which even-
tually will lead to a deformation during service life and
accordingly to the failure of the component.

Bridging from the process simulation scale to the scale
of the microstructure simulation is again realized by the use
of the temperature history and effective compositions at
dedicated points of the component. The calculated micro-
structure provides the basis for the modeling of the
deformation induced martensitic transformation in the
chromium enriched and nickel depleted regions observed
on the microscale. By the use of virtual testing methods
[41], [42], the effective mechanical properties of the
microstructure after the martensitic transformation are
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Fig. 11 Segregation of chromium after casting on the macro- and micro levels (leff) and internal stresses after machining (middle) being
superimposed by a point-like service load acting on the bearing housing (right) eventually lead to a localized martensitic transformation

determined and coupled back to the macroscopic simula-
tion of the life time behavior of the machine part. The
simulation results are compared to experimental findings in
order to validate the integrative model.

Only a combined consideration of effects throughout the
process chain on two length-scales allows the description
of the observed distortions arising during operation of the
component. The microstructure and especially segregation
patterns are largely determined during solidification influ-
encing the local stability of martensite and thus influencing
mechanical properties like the local yield strength on the
macro scale. The influence of heat-treatment imposed
internal stresses and their rearrangement during machining
can, in this case, be described on a macroscopic scale.
Loads during service superimpose these internal stresses
leading to a plastic strain especially close to regions of
delta-ferrite (micro-scale) and thus to a local transforma-
tion of austenite to martensite going along with a change in
volume of about 3% and respective distortions.

6 Future perspectives

This paper has summarized the present status of a virtual
platform for the simulation of materials processing. The
nucleus of this platform is based on simulation tools
available at the RWTH Aachen University, but it is meant
to be extendable and open to any interested user and pro-
vider of simulation models in future. A standardization
approach has been identified as a key component for
establishing such a simulation platform. First results on
integrative simulations of dedicated testcase scenarios for

steel components have been depicted and reveal that spe-
cific properties resp. phenomena can only be understood in
the frame of a holistic approach covering several process
steps on both the process scale and the scale of the
microstructure.

Future activities will aim at improving the predictive
capabilities of both the individual models and of their
coupled use, at including further testcases comprising other
products and other materials. Further activities will relate
to including new tools into the platform to cover further
aspects of the product life-cycle like models for machining,
for operational conditions, for rework and repair and
eventually for recycling. Further extensions will relate to
an inclusion of product design models and even of logistic
aspects affecting the product properties.
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