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Abstract The properties of dual phase (DP) steels are governed by the underlying
microstructure, the evolution of which is determined by the processing route. In
order to design a dual phase steel with tailored properties, it is therefore important
to model and design each of the process involved at the microstructure level in an
integrated fashion. In this work, an integrated approach is used to predict the final
microstructure and mechanical properties of dual phase steels through
microstructure based modelling of cold rolling, intercritical annealing and
quenching processes. Starting with a representative volume element (RVE) of initial
ferrite-pearlite microstructure, cold-reduction during rolling is simulated in a FEM
based micromechanics approach under appropriate boundary conditions. The
deformed microstructure with plastic strain energy distribution after cold-reduction
serves as input for modelling static recrystallization and ferrite/pearlite to austenite
transformation during intercritical annealing using a phase-field approach. A mi-
cromechanics based quenching simulation is then used to model austenite to
martensite transformation, related volume expansion and evolution of transforma-
tional stress/strain fields. The resultant microstructure with its complete state is used
to evaluate the flow behavior under uniaxial loading conditions in a FEM based
micromechanics approach under periodic boundary conditions. Property variation
for different initial microstructure, composition and processing conditions are
studied and discussed.
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Introduction

Cold rolled dual phase steels are known for their high strength, high toughness and
high formability. This makes them a suitable candidate for producing
strength-relevant and crash-relevant body-in-white components having complex
geometries such as cross-beams, pillars and other reinforcements [1]. This has been
possible due to the multiphase nature of these steels wherein the different
microstructure constituents impart varied properties to the steels. The constant
pursuit of the auto-makers to cater to the increasing fuel-efficiency demands and
safety regulations have led to the necessity of continual improvement and opti-
mization of the properties and hence the microstructure of these steels.

Researchers have continuously tried to optimize the properties of the dual phase
steels with new processing routes and processing conditions [2, 3]. The final
properties of dual phase steels not only depend upon the individual properties of
these micro-constituents but also on their morphology and distribution. On the other
hand, the properties of the individual phases, their morphology and distribution
depend upon the processing history of the steel. Therefore, in order to optimize the
final properties of steels in a systematic ways, it is not only important to optimize the
individual processes involved but also the entire process-chain with explicit
tracking of the microstructure evolution. With the advent of microstructure based
process-structure [4, 5] and structure-property [6, 7] modelling techniques, it is now
possible to model the evolution of microstructure and properties with the processing
conditions. Apart from that, with more efforts being put towards solving problem
through ICME route, optimizing the entire process-chains of the products in a
closed-loop with systematic decision making at each decision point is the need of
the hour.

The final steps of a typical processing route for the production of cold-rolled
dual phase steels is shown in Fig. 1. There has been number of attempts in past for
sequential integration of microstructure based process models as well as integration
of process-property models. Madej et al. [8] carried out microstructure based
modelling of cold-rolling of ferritic-pearlitic steels using FEM and used its plastic
energy distribution output for modelling static recrystallization (SRX) during
inter-critical annealing (ICA) using cellular automata in a digital material
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representation framework. Rudinizki [9] on the other hand studied the through
process modelling of production of dual phase steels by modelling ICA using
phase-field approach followed by property prediction of the microstructure thus
obtained using FEM based micromechanics approach. Ramazani et al. [10] mod-
elled the process chain for dual-phase by integrating a similar phase-field approach
based ICA model with FEM based micromechanics model of property prediction
that took into account the effect of geometrically necessary dislocation formed
during quenching on the final properties. However, none of these efforts attempt the
integration of process-chain right from the cold-rolling till the final
property-predictions in an ICME framework.

The present work involves the integration of microstructure based models of
cold-deformation, inter-critical annealing and quenching processes to take into
account the effect of each of them on the final microstructure and properties pre-
diction of a cold-rolled dual phase steel. The focus is on the integration of models
on an ICME-enabling platform that allows running the process-chain simulations in
a loop with decision-making at each stage, thereby opening up the opportunity for
optimizing the process-chain in a closed-loop.

Integrated Numerical Models

Figure 2 shows the integration of various micro-scale process models used in this
study along with relevant phenomena modelled and related information exchange.
The process-chain simulation starts with a 2D RVE of ferritic-pearlitic
microstructure having certain statistics defined in terms of ferrite grain size, pear-
lite colony size etc. This RVE represents a typical ferritic-pearlitic microstructure
obtained at the end of runout table (ROT). A typical RVE used in this study is
shown in Fig. 3a. The microstructure RVE was subjected to different mechanical
and thermal boundary conditions of the subsequent processes and the essential
physics involved was modelled to keep track of the evolution of microstructure
along with its state of stress and strain. Following sections describe the details of the
various microstructure-scale process and property models used.

Cold-Rolling

Cold reduction was modelled as a plain-strain compression of the RVE under
homogenous boundary conditions using a FEM model in ABAQUS™. Chemical
composition based flow curves for ferrite and pearlite [11], were used as input for
the model. Based on the stress and strain partitioning between ferrite and pearlite
phases, plastic strain energy was calculated at each material point of the RVE.
A typical plastic strain energy distribution in a ferritic-pearlitic RVE having 14%
pearlite, deformed to 50% cold reduction is shown in Fig. 3b.
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Fig. 2 Integration of various micro-scale process models along with information exchange
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Fig. 3 Microstructures involved at different stages of micro-scale process-chain simulations.
a Initial ferritic-pearlitic RVE. b Plastic strain energy density (J/mm®) distribution in deformed
RVE at the end of cold-reduction. ¢ Microstructure obtained at the end of ferrite recrystallization
during ICA. d Final microstructure obtained at the end of ICA simulation. e Plastic strain
distribution in the microstructure at the end of quenching simulation. f Stress (MPa) distribution in
the final ferritic-martensitic microstructure at the end of uniaxial loading
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Inter-critical Annealing (ICA)

ICA involves two key microstructural phenomena viz., static recrystallization of
ferrite and phase transformation from ferrite/pearlite to austenite. Two different
phase-field approaches were used to model recrystallization [4] and phase trans-
formation [12]. Stored plastic strain energy within the deformed grains from the
cold-rolling model was used as the driving force for recrystallization and a grand
potential difference was used as the driving force for phase transformation. Binary
Fe—C was considered for the simulations assuming no recrystallization in pearlite
phase which was assumed to be homogenous and hard [4]. Periodic boundary
conditions were considered throughout the model. All grain boundaries were
assumed to be high angle boundaries and respective orientation effects were
neglected. Grain boundary properties were taken from Raabe and Hantcherli [13].
Typical microstructures obtained during ICA, isothermally held at 760 °C for 3 min
are shown in Fig. 3c, d.

Quenching

In order to model the effect of volume expansion and transformation strain asso-
ciated with austenite to martensite (y — @) transformation, and calculation of
resultant residual stresses, a microstructure based quenching simulation was set-up
as a FEM micromechanics model in ABAQUSTM. The microstructure obtained
from the phase field models of ICA serves as input for the model. Temperature
profile was imposed on the microstructure as thermal load under periodic boundary
conditions and the volume expansion associated with y — @’ transformation was
modelled using different temperature dependent thermal expansion coefficients [10]
for ferrite and austenite/martensite. High temperature flow curves for ferrite and
austenite/martensite were modelled as ratios of room-temperature flow curves, as
used by Ramazani et al. [10]. Calculated plastic strain distribution at a¢/a interface,
due to y — o transformation, at the end of quenching simulation is shown in
Fig. 3e.

Property Prediction

The microstructure obtained at the end of quenching simulation, with its complete
state of stress and strain, was subjected to uniaxial loading conditions in a FEM
micromechanics model under periodic boundary conditions. Chemical composition
dependent phenomenological work hardening models for individual phases, as
developed by Rodriguez and Gutierrez [14], were used as input for the model. First
order volumetric homogenisation of the calculated stress and plastic strain values
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Fig. 4 Integrated work-flow of all the micro-scale models on the ICME platform, TCS PREMAP

was carried out over the entire RVE, at each time-step of the analysis, in order to
calculate the uniaxial flow curve for the steel. Stress distribution in the deformed
microstructure at the end of uniaxial loading is shown in Fig. 3f.

Figure 4 shows the integrated workflow of the various models on the ICME
enabling platform, TCS PREMAP [15]. Such a workflow enables a systematic
optimisation of the dual phase steels properties by running the process-chain
simulations in a loop and enabling the user to make decisions at different stages of
the process-flow in order to arrive at the most-suitable process-conditions.

Figure 5 shows the comparison of final flow curves of dual phase steels obtained
after running the process-chain simulations for 50% cold-reduction followed by
3 min Inter-critical annealing at 760 and 780 °C.
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Fig. 5 Flow curves for two dual phase steels obtained after 50% cold-reduction followed by ICA
at 760 and 780 °C
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Summary

Cold-rolled dual phase steels are an important class of AHSS steels that are finding
increasing usage in the automotive bodies in order to achieve desired targets of
mass saving and safety regulations. Based on the increasing requirements of the
industries, optimising the properties and hence the microstructure of these steels, in
a systematic way, to find user-specific suitable combination of composition and
processing conditions, is very much needed. In order to achieve this, microstructure
based models for different processes and property prediction were implemented and
integrated in a work-flow that enables the user to explore various processing sce-
narios. The idea has been demonstrated by running the process-chain models for
different processing scenarios and the results have been reported.

References

1. Steel Market Development Institute, FutureSteelVehicle Final Engineering Report
(WordAutoSteel, 2011)

2. X.-L. Cai, AlJ. Garratt-Reed, W.S. Owen, The development of some dual phase steel
structures from different starting microstructures. Metallur. Trans. A 16A, 543-557 (1985)

3. K. Park et al., Effect of the martensite distribution on the strain hardening and ductile fracture
behaviors in dual-phase steel. Mater. Sci. Eng. A 604, 135-141 (2014)

4. B. Zhu, M. Militzer, Phase-field modeling for intercritical annealing of a dual-phase steel.
Metallur. Mater. Trans. A 46(3), 1073-1084 (2015)

5. C.Zheng, Dierk Raabe, Interaction between recrystallization and phase transformation during
intercritical annealing in a cold-rolled dual-phase steel: A cellular automaton model. Acta
Mater. 61(14), 5504-5517 (2013)

6. S. Sodjit, V. Uthaisangsuk, Microstructure based prediction of strain hardening behavior of
dual phase steels. Mater. Des. 41, 370-379 (2012)

7. A. Ramazani et al., Modelling the effect of microstructural banding on the flow curve
behaviour of dual-phase (DP) steels. Comput. Mater. Sci. 52, 46-54 (2012)

8. L. Madej et al., Multi scale cellular automata and finite element based model for cold
deformation and annealing of a ferritic—pearlitic microstructure. Comput. Mater. Sci. 77, 172—
181 (2013)

9. J. Rudnizki, Through-process model for the microstructure of dual-phase steel. Ph.D. thesis
(IEHK RWTH Aachen University 2011), pp. 81-132

10. A. Ramazani et al., Quantification of the effect of transformation-induced geometrically
necessary dislocations on the flow-curve modelling of dual-phase steels. Int. J. Plast. 43, 128—
152 (2013)

11. N. Ishikawa et al., Micromechanical modeling of ferrite-pearlite steels using finite element
unit cell models. ISIJ Int. 40(11), 1170-1179 (2000)

12. A. Choudhury, B. Nestler, Grand-potential formulation for multicomponent phase transfor-
mations combined with thin-interface asymptotics of the double-obstacle potential. Phys. Rev.
E 85, 021602 (2012)

13. D. Raabe, L. Hantcherli, 2D cellular automaton simulation of the recrystallization texture of
an IF sheet steel under consideration of Zener pinning. Comput. Mater. Sci. 34, 299-313
(2005)



22 D. Khan et al.

14. R.M. Rodriguez, I. Gutierrez, Unified formulation to predict the tensile curves of steels with
different microstructures. Mater. Sci. Forum 426—432, 4525-4530 (2003)

15. B.P. Gautham et al., PREMAP: a platform for the realization of engineered materials and
products, in ICoRD’13. Lecture Notes in Mechanical Engineering, ed. by A. Chakrabarti, R.
V. Prakash (Springer India, 2013), pp. 1301-1313



2 Springer
http://www.springer.com/978-3-319-57863-7

Proceedings of the 4th World Congress on Integrated
Computational Materials Engineering (ICME 2017)
Mason, P.; Fisher, C.R.; Glamm, R.; Manuel, M.; Schmitz,
G.; Singh, AK.; Strachan, A (Eds.)

2017, XV, 381 p. 200 illus., Hardcowver

ISBN: 978-3-319-57863-7



	2 Integrated Microstructure Based Modelling of Process-Chain for Cold Rolled Dual Phase Steels
	Abstract
	Introduction
	Integrated Numerical Models
	Cold-Rolling
	Inter-critical Annealing (ICA) 
	Quenching
	Property Prediction

	Summary
	References


