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Abstract. Development of fast and efficient finite element model for rolling industrial grades of two
DP steels is the subject of the present paper. Basis of the finite element framework, as well as
material model development stages, are presented first. Model validation with experimental
measurements is shown next. Finally, selected examples of multi scale modelling including
microstructure scale are presented to complement presented investigation and show possibilities of
future developments.

Introduction

The DP steel is a composite of ductile ferrite and hard martensite and can also contain some
bainite and retained austenite [1,2]. Typical industrial manufacturing chain for a car part made of
these steels is shown in Figure 1. Problem of modeling of that chain was discussed in earlier
publication [3]. Important parameters, which are transferred between subsequent devices in the
simulation are shown in Figure 1. These include: D, - austenite grain size, o, — flow stress, Fy; F,, —
volume fractions of ferrite and martensite, respectively, ¢ - strain.
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Figure 1. Typical manufacturing chain for automotive part made of DP steel strip.

For thin strips the DP microstructure is mainly affected during continuous annealing [2,4]. In this
context, having in mind that keeping the loads in cold rolling as low as possible is crucial, a typical
soft ferritic-pearlitic microstructure is obtained after laminar cooling following the hot rolling. It can
make an impression that modeling of cold rolling is of less importance. On the other hand,
microstructure after cold rolling is an input for simulations of recrystallization of deformed ferrite
and austenitizing during the continuous heating. In this context simulations of cold rolling appears
as an important step in the manufacturing cycle. Therefore, physical and numerical simulation of
cold rolling and heating before continuous annealing is the main objective of the present work.

Laboratory Cold Rolling Mill

Experiments were performed on the laboratory cold rolling mill in Salzgitter (Figure 2). The
rolling mill is equipped with hydraulic cylinders to enable rolling with strip tension.
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Figure 2. View of the laboratory cold rolling mill from Salzgitter Mannesmann Forschung GmbH

The parameters of the rolling mill used in the experiment were: work roll diameter
D,,=147.9 mm and back up roll diameter D, = 360.18 mm, rolling velocity v = 0.1 m/s.
Dimensions of the stock material were: initial thickness /4y = 4.0 mm, width » = 135 mm and length
/=471 mm. The following rolling schedule was investigated: 4.0 = 2.88 = 2.2 = 1.81 = 1.6 mm.
Back and front tensions were applied to decrease the load and to improve the shape of the strip.

Model

Finite Element Framework. The Finite Element (FE) solution that was adopted for the present
project was used in the two aspects of research: as a direct problem model in the inverse analysis
and as a model of the rolling process of the laboratory cold rolling mill in Salzgitter.

The FE solution is based on the rigid-plastic thermo-mechanical finite element concept proposed
in [5]. Detailed description of the algorithm and the program, which were used in this work, is given
in [6]. The solution assumes that material obeys Huber-Mises yield criterion and associated Levy-
Mises flow rule. The velocity field is calculated by searching for a minimum of the power
functional:

J=(0&+2,)d—[1"v.dT
o T (1)

where: o; - effective stress, which is equal to the flow stress o,, ¢, - effective strain rate, V -

1

volume, S - contact surface, &, - volumetric strain rate, A - Lagrange multiplier, f - vector of

boundary tractions, v - vector of velocities.

In the flow theory of plasticity, strain rates are related to stresses by the Levy-Mises flow rule [5].
Friction plays an important role in the inverse analysis of plastometric tests and in modeling of
rolling. The friction model suggested by Chen and Kobayashi [5], was used in the present work.

During experiments it was observed that deformation heating causes significant increase of the
sample temperature in the plastometric tests and in the rolling process. Proper prediction of the
temperature increase is an inevitable condition for obtaining realistic results. Therefore, the flow
formulation, which is the basis of the mechanical model in the present work, was coupled with the
finite element solution of the Fourier heat transfer equation:

oT
V-kVT+Q=cp—
@) pat
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where: k£ — conductivity, Q — rate of the heat generation rate due to deformation work, ¢ — specific
heat, p— density, 7 — temperature, ¢ — time.

Discretization of the problem was performed in a typical finite element manner and simulations
of plastometric compression tests and cold rolling process were performed.
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Material Model. The investigated material was DP steel, hot rolled with the end of rolling
temperature of 910 °C. The chemical composition of the steel is given in Table 1. Two sets of
experiments were performed for the coiling temperatures of 620 °C (Trial A) and 710 °C (Trial B).

Table 1. Chemical composition of the investigated steel, wt%.

C Si Mn P N Al Cr+tMo | V+Ti+Nb B
0.10 0.3 2.1 0.011 | 0.004 0.04 0.42 0.085 0.0035

Uniaxial compression tests were then performed to determine flow stress of the steel. Samples
measuring @ 3.22 x 9 mm were compressed at the Gleeble 3800 simulator in temperatures 20, 100
and 150 °C with strain rates 0.1, 1 and 10 s™ up to the total strain of 0.5. To determine the reliable
flow stress data of the investigated material, independent of the inhomogeneities occurring in the
tests, an inverse analysis was applied [7]. Load vs. displacement data were monitored and surface
temperature of the sample was measured during each test. Selected examples of the registered loads
for the trial A are shown in Figure 3, while temperatures measured in these tests are shown in Figure
4. It is seen that temperature increases during the test. In slow tests there is enough time for heat to
be transferred to the tool and for the control system to correct the temperature. In consequence
reasonably stable temperature was obtained for the strain rate of 0.1 s™'. The temperature increase is
more pronounced in faster tests, therefore, inverse analysis was applied to account for this increase.

Selected examples of the registered loads for the material from the trial B are shown in Figure 5.
Comparison of measured loads for two materials is shown in Figure 6. It is seen that difference in
loads between these materials is negligible. Therefore, all other investigations were performed only
for the trial A. Based on these experimental data an inverse analysis was used to determine the flow
stress corrected against the effect of friction and deformation heating in plastometric tests. Results
of this analysis for the investigated DP steel from the trial A are shown in Figure 7.
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Figure 3. Selected examples of loads recorded in the tests for the material from the trial A.
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Figure 4. Selected examples of temperature measurements in tests for the material from the trial A.
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Figure 5. Selected examples of loads recorded in the tests for the material from the trial B.
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Figure 6. Comparison of loads measured for the materials from the trials A and B.

As mentioned, curves represent flow stress as a function of strain and were obtained in a tabular
form from the inverse analysis. This relation can be considered a property of the material for

isothermal, constant strain rate conditions. However, the

flow stress in FE simulations has to be

described in a wide range of temperatures and strain rates. Thus, the next step of the inverse analysis
included determination of the coefficients of the function describing the flow stress. These
coefficients were considered as variables in the optimization.

1600 7 s¢rain rate 0.1 s 1600
« 1200 < 1200
A A
= . =
7] 7]
g 800 — g 800
v 175}
g ] 3
= 4ooI o8 20C = 400
9 B8 [00°C
40— 150°C
O T I T I T I T I T I O
0 0.2 0.4 0.6 0.8 1
a) strain b)

strain rate 10 s™!

*—e—920C

=81 100°C

06— 150°C

T T T T T T T T 1

0 0.2 0.4 0.6 0.8 1
strain

Figure 7. Flow stress of the investigated DP steel from the trial A determined using inverse analysis,

for the strain rates of 0.1 s™* (a), 10 s™ (b).
The simplest form of the Hansel-Spittel [8] equation was

o, = As"s exp(-DT )exp(-Es)

considered in the present work:

€)

The coefficients determined using the inverse analysis are 4 = 1483.2, B =0.0948, C =0.010184,
D =0.8858 and £ = 0.000012. Since a very low value of the coefficient £ responsible for softening

was obtained, this term was omitted in further investigation.
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Simulations of the Experimental Rolling

Simulation of the investigated rolling process was performed with the developed material model.
Coulomb friction coefficient of 0.07 and heat exchange coefficient of 25 kW/m?K [9] were assumed
in the simulations. Front and back tension recorded during rolling is shown in Figure 8a and these
values were used in boundary conditions for equation (1). Comparison of the measured and
calculated rolling forces is shown in Figure 8b. Beyond some overestimation of the force in passes 2
and 3, reasonably good agreement between measurements and predictions is observed.

All rolling parameters for all passes were calculated by the FE code and selected results are
presented below. Due to symmetry only upper half of the roll gap is presented in Figure 9, which
shows distribution of strain, strain rate, average stress and temperature in the roll gap in the 1* pass.
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Figure 8. Tensions recorded during experimental rolling (a) and comparison of measured and
calculated forces (b) in this process.
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Figure 9. Distributions of effective strain, strain rate, average stress and temperature in the roll gap
in the first pass.

It is seen that due to deformation heating the temperature increases approx. 100 °C. Calculated
distribution of strains after the 4™ pass was then used in simulations of the recrystallization of ferrite
during the first stage of continuous annealing. A micro scale analysis was realized to investigate
strain inhomogeneities occurring along the microstructure during and after cold rolling, as well as
during heating when static recrystallization (SRX) of ferrite occurs. Ferritic-pearlitic microstructure
after SRX obtained using the developed CA model [10] is shown in Figure 10.

Figure 10. Microstructure after recrystallization with physical dimension 690 x 60 pum.
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As seen in Figure 10 approximately 75 % of microstructure is recrystallized and final grain size
is slightly below 2 um. The nucleation and grain growth in that case was strictly related to the
inhomogeneous strain distribution obtained from the finite element simulation of cold rolling on the
basis of the developed material model.

Summary

The finite element model with the developed material model provided an accurate prediction of
macro scale material response in the case of loads. Thus, it can be used to design rolling schedules
at the industrial scale. Differences between two investigated trials A and B were negligible, what
suggests that coiling temperature in these cases did not have significant effect on microstructure
behavior. Developed material model can also be used in the multi scale solution providing
additional information on influence of inhomogeneous deformation on static recrystallization
kinetics, what is important from further modeling point of view of complete continuous annealing
cycle. Analysis of results of micro scale simulations pointed out strong inhomogeneities of strains
after rolling. The local strains were reaching value of 2 for the nominal total strain of 0.6. This has
direct influence on nucleation of SRX occurring primarily in the areas between pearlite islands.
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