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A simulation program for the calculation of forming processes in a bar and wire mill is introduced. The description of the process chain starts
with re-heating, runs through different forming steps, finishing with cooling down to room temperature. Besides temperature and forming con-
ditions the microstructure development of austenite is calculated with local resolution. The analysis of the phase transformation delivers the
phase fractions and their properties, which allows a prediction of the mechanical properties of the product. The program is based on mod-
ules, therefore it can reflect any mill configuration. The efficiency of the program is demonstrated on two steel grades, its variability is con-

firmed by the use of different cooling strategies.
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Introduction

In the area of conflict between engineering science and
industrial production, modelling and simulation techniques
have emerged as essential tools for understanding and de-
veloping the existing production processes. Contemporary
simulation systems, no matter whether they are based on
physically formulated or data based or rule-based models,

“are usually designed only for a certain forming process or
process step. They are not capable of a fast and complex
simulation of continuous process chains under aspects of
material, process, and plant layout. Therefore, the develop-
ment of material properties during production up to the
semi-finished product cannot be evaluated consistently.
Hence, a full utilisation of the material’s potential is not
possible.

This cooperative project of the industrial partners Georgs-
marienhiitte GmbH and Swiss Steel AG and the Institute of
Metal Forming aims at developing and integrating different
models into a fast simulation software which is capable of
describing the process chains in bar and wire mills with a
high flexibility.

The fundamental novelty of this simulation tool is the
continuous calculation of the local distribution of parame-
ters such as temperature, strain and grain size over the
cross-section along the entire production process. These
data form the basis for the prediction of the mechanical
properties of the manufactured product.

This simulation software provides a basis for:

— understanding of connections along the process chain

— acquisition of scientific knowledge about the interactions
of process parameters with the final product properties

— discovery of optimal production and manufacturing tech-
nologies

— development and design of new, complex products

— online control systems.

In order to obtain the acceptance of normal users, all ag-
gregates which influence the material properties have to be
described by physically correct equations. Therefore, all
plant parameters such as ambient temperature, rolling
speed, distances between different aggregates, et cetera
have to be fed into the software as input parameters. For the
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correct calculation of the heat flow through the rolling
stock, assumptions about the energy transport at the surface
whether it is a forced or free convection or radiation have to
be made. At the same time, it is essential to generate a con-
venient user interface. This starts with a hierarchical data
management and a well structured and flexible data input. It
ends with a well arranged presentation of calculated results.

Simulation software to analyse bar and wire
rolling

The production of bar and wire requires the following
process steps: reheating of a billet or bloom, transportation,
descaling, rolling by different calibres and cooling down.
The necessary models and the typical parameters for the de-
scription of the process chain are given in Figure 1.

Based on phenomenological models the calculation of
temperature and material flow across the section and along
the rolling stock a time-step calculation for a material sec-
tion through the rolling mill is performed. Neglecting the
heat flow in rolling direction, a two-dimensional, non-sta-
tionary heat flow equation [1] for the changing cross section
remains to be solved. That task is undertaken with the FEM-
module [2]. Figure 2a shows a typical temperature evolu-
tion across the changing cross-section in the roughing mill
train. With the aim of solving the material flow problem,
shape functions are applied in order to distribute the form-
ing parameters. Those functions are formulated with the
help of FEM-example solutions.

Figure 3 for example illustrates the development of the
elongation in the oval calibre depending on the position in
the rolling gap. A cubic shape appears to be useful for the
approximation of this dependency. Even though the integral
compressive strain at each position is known, FEM calcula-
tions show that a distribution function along the cross-sec-
tion coordinates is necessary. Semi-empiric models are ap-
plied with the intention of quantifying the microstructural
change of the austenite [3] (cf. Figure 4). When the tem-
perature and strain distribution across the section are calcu-
lated, the microstructural development in each point can be
examined in detail. As a result, various data are available,
such as the local distribution of the austenite grain size
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tions, a local distribution of phase
fractions across the section can be
received. The combination of
these results with microstructure -
properties models [5] provides in-
formation about essential me-
chanical parameters such as yield
strength, tensile strength, ultimate
strain, and reduction of area.

Simulation program
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The task is divided into specific
steps. Reheating consists of 1 ton
steps depending on the number of
furnace zones (zones with differ-
ent thermodynamic boundary

Figure 1. Models and pafameters describing the process chain, Mat.: material characteristics,

BC: boundary conditions.

across the section, as shown in Figure 2b. The material
properties of hot rolled products depend on the austenite
condition after the last rolling pass and the subsequent cool-
ing rate. The latter is responsible for the formation of the
different phases such as ferrite, pearlite, bainite, and
martensite.

By means of CCT-diagrams (continuous cooling trans-
formation) for the undeformed and D-CCT-diagrams (de-
formation CCT) for deformed condition the transformation
behaviour of the particular steel grades can be described
[4]. From previous analyses significant deformation condi-
tions as well as the temperature development are known, so
that by means of D-CCT-curves, which are implemented in
the program, for each point of the section a specific chart of
D-CCT-curves can be interpolated. Figure 5 shows interpo-
lated D-CCT-curves and cooling curves of three selected
points of the cross-section. As a result of these computa-

(a)
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Figure 2. Evolution of outer shape and (a) temperature (min.
1000 °C, max. 1130 °C) or (b) austenite grain size (min 6 um, max.
50 um) in the roughing train (initial shape on the right side; shape
after last roll pass"on the left side). )
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conditions). In order to calculate

the reheating process realistically,

temperatures measurements of

the heating process are required.

Typical steps in a rolling mill are:

— pauses with continuous transport (e.g. between finish mill
stands)

— reversing pauses (with or without tilting, especially in
roughing train)

— calibre (flat, box, oval, round, rhombic, square, three-roll,
horizontal or vertical orientated rolling axes)

— cooling section

— descaler.
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Figure 3. Elongation development in the oval groove over the roll
bite, at different positions in the rolling gap; FEM calculation.
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For the special requirements of
the different cooling aggregates

Dynamic model

Microstructure Models during Hot Rolling

_ Static model

(rake-type cooling bed, stelmor
conveyer or garrett-line) separate
calculation models can be applied.
Figure 6 shows the program
structure of the calculation tool in
principle.
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rolling mill at the Institute
of Metal Forming

The rolling line for wire pro-
duction consists of a two-high re-
versing rolling stand which allows
up to 10 passes starting from a
maximum leading pass section of
40 mm x 40 mm square reaching a
12 mm diameter in its final pass.
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This is followed by a four-stand
finishing line which is able to re-
duce the wire diameter in a round-
oval-round roll pass design down
to 8 mm. The rolling line is very suitable to verify the
calculation results of the simulation program. In a first step
the correct operation of the calculation module is tested.
Figure 7 exhibits a comparison between computed and
measured cross sections. Even though the trend described in
Figure 7 suggests that elongation in the particular calibres
seems to be dominating (AA > 0), there is no error propa-
gation recognisable.

The second step concerns the temperature model. Com-
pared to the classical elementary theory, heat conduction in
the cross section is considered. Hence, differentiated state-
ments in terms of temperature development in the core and
on the surface can be formulated. Figure 8 shows a typical
time-temperature-function for three chosen points of the
rolling stock (two points at the surface called 12°° and 3°°
and one in the core). As expected, the core possesses the
highest temperatures. The rising temperature due to heat
dissipation in the rolling stands is characteristic for the de-
formation. Curve 12°° displays for the temperature evolu-
tion of the specimen point which makes first contact with
the calibre rolls during the first pass. This contact leads to a
sudden cooling. After leaving the rolling gap, this area starts
to reheat. Due to the horizontal-vertical-arrangement and
tilting during reversing, respectively, this point (12°°) is lo-
cated in the roll gap plane during the second rolling pass,
where it does not experience this type of cooling again. In
even-numbered rolling passes, a point tilted by 90 degrees
(see curve 3°° in Figure 8) gets in touch with the rolls first.
With decreasing diameter, differences in temperature de-
cline. As a result of short pause times in the finishing line,
the wire reheats by 75K. These computed temperatures cor-
respond with the observations in the rolling mill.

The microstructure such as austenite grain size and sec-
ondary phase fractions shows gradients in function of tem-
perature, strain, and strain rate. Distributions of phenome-
nological and microstructural parameters can be generated
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Figure 4. Semi-empiric models quantifying the microstructure development of austenite.

800 4
£ 700
o 4 i3 ol
e p =
£ 500 - S !
Q S/
§ 4004 v il
T ——
300 A B
200 T T T
1 10 100 1000 10000
time in sec.
------- core — -~ 12%° —3

Figure 5. Interpolated D-CCT- and cooling curves across the sec-
tion for three selected points.
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Figure 6. Program structure of the calculation tool.
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company focuses on special steels, quality steels, and free
machining steels mainly for applications in the automotive
and machine building industry. The wide range of products
and the high quality requirements call for a flexible produc-
tion with an optimal choice of technology and a definition
of a compliance with a corresponding process window. Es-
pecially for the introduction of new products and technolo-
gies the introduced simulation tool is supposed to be help-
ful.

The rolling mill of Swiss Steel AG is a continuous mill,
whereas the leading pass section of continuous casting bil-
lets is limited to 150 mm x 150 mm at the moment. A clas-
sical horizontal-vertical roll pass design with box passes in
the roughing mills and an oval-round calibre in the middle
section of the line permit flexible changes in the product
dimensions.

All bigger dimensions are rolled in a Reducing & Sizing
Block (RSB) made by Kocks. For smaller dimensions a
wire block is available. In order to achieve special matetial
properties, different cooling aggregates can be used in the
rolling mill. All semi-finished product properties are deter-
mined by the steel grade, the final dimension and the cool-
ing on a rake-type cooling bed, in a stelmor conveyer or in
a garrett-line. Auxiliary aggregates such as fans or covers
allow a modification of the cooling regimes.

The variety of aggregates and its interaction with the ma-
terial are a great challenge for simulation software, espe-
cially for the models used and the numerical stability, as
many components interact.

The introduced example deals with the production of
6.5 mm wire made of 16MnCrS5. This product runs
through the following steps determining the material prop-
erties:

* reheating in a walking-beam furnace

¢ descaling and rolling in the roughing mill and in the mid-
dle part of the rolling mill down to 24 mm in diameter

¢ five-stand RSB (by Kocks)

¢ ten-stand wire block

* intensive cooling line with three cooling pipes

* rod ring laying head and stelmor conveyer.

In that case temperature development acts as core of the
model as well. The computation of 29 passes in the rolling
train requires almost 200 sections. These sections possess
similar thermal boundary conditions, whereas already 60
are used for the detailed illustration of the stelmor convey-
er. For the rolling mill a model based on the soaking tem-
perature was developed which predicts the final rolling tem-
perature with a deviation of 20 K. The maximum deviation
of the model is 50 K. In terms of cooling beds, databases are
established which shall allow unerring modelling. Main in-
put parameters for these databases are plant and operating
parameters, material dimensions, as well as measured and
computed values. Figure 11 shows the temperature devel-
opment in the rolling mill, the wire block and the rod ring
laying head for the above mentioned example.

The development of microstructure can be controlled
selectively by means of samples drawn at the shears.
Figure 12 shows the evolution of the austenite grain size in
the rolling train. It is obvious that it is difficult to compare
the computed austenite grain size to the measured one due
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Figure 10. Calculated distribution of the yield strength across the
section, in MPa.
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Figure 11. Simulated evolution of the temperature in the rolling
train, the wire block and the loop layer at Swiss Steel.
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Figure 12. Computed evolution of the austenite grain size in the
rolling train at Swiss Steel.

to the recrystallisation and rapid grain growth after each
pass. Since the austenite grain size can only be determined
in quenched samples, the time which elapsed until the
martensitic transformation of even small samples resolves
in a deviation of the real austenite grain size from the meas-
ured one in the quenched sample because of the fast grain
growth. Therefore, a quantitative comparison of the com-
puted and the experimental austenite grain size has to be
handled with care. Nevertheless, tendencies regarding the
distribution of the austenite grain size across the computed
cross-section correspond to the specimen taken from the
rolling mill.
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Figure 13. Temperatures at the core and at the surface simulated
for two variants of final rolling temperatures (conventional rolling
without intermediate cooling or reduced final rolling temperature) in
the rolling mill at Georgsmarienhitte GmbH.
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Figure 14. Austenite grain size at the core and at the surface in a
steel grade Cf53 calculated for two variants of final rolling tempera-

tures (conventional rolling without cooling or reduced final rolling
temperature) at Georgsmarienhiitte GmbH.

Application of simulation software at
Georgsmarienhiitte GmbH

Georgsmarienhiitte GmbH is an important producer of
round steel bars with diameters ranging from 23 mm to 126
mm, billets and other steel products. The input material for
the rolling mill consists of continuously cast square blooms
with a thickness of 230 mm. The company focuses on high-
grade and quality steel, mainly for automotive applications.

The rolling plant of Georgsmarienhiitte GmbH is
equipped with a state-of-the-art walking-beam furnace and
partially continuous rolling train with a rake-type cooling
bed. The roughing train consists of two reversing rolling
stands. The rolls used are provided with square, thombic
and flat shaped calibres. In the middle section, following a
square or thombic shaped rolling, via a 3-radii-oval the ma-
terial is rolled into a round shape. The product receives its
final shape in a RSB made by Kocks. The variety of pro-
cessing options and calibres requires a very flexible model-
ling tool.

In this paper results of a rolling simulation for a plain car-
bon steel grade Cf53 with a final diameter of 32 mm are
presented. The subject of this work is to analyse how the
temperature in the final rolling pass affects the properties of
the product. In order to reduce the temperature before the fi-
nal rolling passes, two additional cooling lines have been
installed after the middle section of the rolling train. Tem-
peratures for the core and for one point at the surface for
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two variants with (red.) or without (conv.) intermediate
cooling are shown in Figure 13. To emphasize the differ-
ences between the conventionally rolled bar (conv.) and the
cooled bar with a reduced final rolling temperature (red.),
Figure 13 only refers to the cooling section and the Kocks-
block section (RSB).

The development of the austenite grain size for the sec-
tion stated above is shown in Figure 14. The specimen di-
ameter is larger than the one regarded in the example from
Swiss Steel AG, therefore the experimental austenite grain
size for the plain carbon steel Cf53 with its fast transforma-
tion kinetics can hardly be determined except of a small sur-
face area. Therefore, the temperature measurements in the
rolling mill are taken as control items for the correctness of
the computations. The reduction of the input temperature at
the Kocks-block RSB by 150 K combined with cooling rate
from 800°C to 500°C of approx. 1 K/s results in an increase
of the ferrite fraction. For the conventional rolling regime
the ferrite fraction reaches about 10 to 15 vol.-% whereas it
steps up to 20 to 25 vol.-% in the case of the reduced final
rolling temperature. However, it has to be stated that the
gradient of ferrite fraction across the whole intersection is
increased, i.e. the material is less homogeneous. These pre-
dictions of the model have been confirmed by examination
of rolled material.

Summary and outlook

The presented simulation software for the modelling of
the material flow, microstructure and properties evolution
in bar and wire rolling mills covers the entire process chain
of bar and wire rolling. The comparison of computed and
measured results in industrial production regarding the tem-
perature, austenite grain size, secondary phase fractions,
and mechanical properties showed a very encouraging
agreement. The simulation is a valuable tool for an im-
proved understanding of the metallurgical processes in the
rolling mill, which forms the basis for the development of
new products utilising the full potential of the steel. Fur-
thermore, the actual rolling process can be optimised with
respect to the design of the rolling passes or the mechanical
properties of the rolled stock. With the stage of simulation
reached, the modelling of even more complex rolling
process chains seems to be feasible and will be the subject

of future work.
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