
DOCTORAL THESIS 1996:1S7D 
ISSN 0348 -8373 

ISRN HLU-TH-T--187-D--SE 

Computational Modeling 
of Hot Rolling 

b y 

JONAS E D B E R G 

T E K N I S K A 
HÖGSKOLAN I LULEÅ 

LULEÅ UNIVERSITY OF TECHNOLOGY 



Computational Modeling 
of Hot Rolling 

by 

JONAS EDBERG 

Akademisk avhandling 

som med vederbörligt tillstånd av Tekniska Fakultetsnämnden vid 
Högskolan i Luleå för avläggande av teknisk doktorsexamen kommer 
att offentligt försvaras i LKAB-salen, a-huset, torsdagen den 21 mars 
1996, kl 9:00. 

Fakultetsopponent är Doc. Arne Johnsson, Finspong Aluminium AB. 

Handledare är Doc. Lars-Erik Lindgren, Tekniska Högskolan, Luleå. 

Doctoral Thesis 1996:187D 
ISSN 0348-8373 



Computational Modeling 
of Hot Rolling 

Doctoral thesis written in English by: 

Jonas Edberg 

MEFOS Metal Working Research Plant 
Box 812 
971 25 Luleå, Sweden 

Abstract 

This thesis consists of six papers on finite element simulations of the 
hot rolling of plates. Different friction and material models have been 
evaluated. The work includes both numerical simulation and 
experimental verification. 

It is shown that the constitutive model for the plate material is more 
important than the model for the friction between the rolled material 
and the rolls. 

It was also found that an explicit finite element method is more 
effective and easier to use than an implicit code. 

The models presented are one step towards a general and more 
complete computational model of flat rolling. They are not complete as 
they depend on a separate estimation of the roll bending. Otherwise, 
all three-dimensional aspects of the rolling process are included. 

The material models used work quite well for the simulation of the 
hot rolling operation. High accuracy is obtained for global quantities 
like rolling force and torque. A better material model would improve 
the prediction of the stress distribution in the rolled material. It should 
be able to describe the effect of rapidly changing strain rates and 
temperatures during deformation as well as recrystallization and 
thermal strains. 
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Abstract 

i n 

This thesis consists of six papers on finite element simulations 
of the hot rolling of plates. Different friction and material models 
have been evaluated. The work includes both numerical 
simulation and experimental verification. 

I t is shown that the constitutive model for the plate material 
is more important than the model for the friction between the 
rolled material and the rolls. 

I t was also found that an explicit finite element method is 
more effective and easier to use than an implicit code. 

The models presented are one step towards a general and 
more complete computational model of flat rolling. They are not 
complete as they depend on a separate estimation of the roll 
bending. Otherwise, all three-dimensional aspects of the rolling 
process are included. 

The material models used work quite wel l for the simulation 
of the hot rolling operation. High accuracy is obtained for global 
quantities like rolling force and torque. A better material model 
would improve the prediction of the stress distribution in the 
rolled material. It should be able to describe the effect of rapidly 
changing strain rates and temperatures during deformation as 
wel l as recrystallization and thermal strains. 

Key words: Hot rolling, Finite element method, Friction, Steel, 
Simulation. 
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1. Introduction 

Metal working problems are often studied by simple, analytical 
methods. These methods often require empirical constants, which are 
relevant for the experiment they are based on. These methods are 
based on assumptions, which are not fulfilled in the real metal 
working process. These drawbacks limit the relevance of the results. 

A more fundamental approach to solving metal working problems 
in general and the hot rolling process in particular is the Finite Element 
Method (FEM). The main drawbacks of this general approach have 
been the long computing time and the problem of knowing the 
boundary conditions, i.e. the rolling contact in the hot rolling process. 
The continuous improvements in computer technology and in finite 
element techniques are reducing the computing time required. 

It is still necessary to do accurate experiments for obtaining 
material properties. The contact conditions can be understood better 
by a combined numerical and experimental approach. Of special 
interest are boundary conditions like the friction model and heat 
transfer, which both are influenced by a number of different factors 
e.g. the temperature of the rolls and the rolled material, surface 
roughness, steel composition, oxide scale formation, roll material and 
cooling of the rolls. 

It is shown in this thesis that the Finite Element Method can be used 
to simulate the hot rolling processes with much greater accuracy than 
can be obtained with previous methods used. The development 
presented here has been applied to the ECSC-Sweden cooperative 
research project on FEM, [Mirabile 1992] where the good accuracy was 
recognized. 

The first finite element models for simulation of rolling were based 
on the so-called "flow formulation" [Zienkiewicz 1984]. Velocities are 
the primary unknowns in this approach. Another formulation for 
simulating metal forming problems is a large deformation analysis 
where displacements are the fundamental unknowns. This latter 
approach is used in this thesis. 

The most common material models used in this type of simulations 
are rigid-plastic or visco-plastic. It is not possible to calculate residual 
stresses using these models, therefore an elasto-plastic material model 
is used in this thesis. 

In paper A two-dimensional simulations of plate rolling using the 
finite element program NIKE2D are presented. The effect of including 
more or less of the work roll into the finite element model is 
investigated. Two different elasto-plastic material models are also 
compared. The simulations are compared with an experiment in a ful l 
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scale production rolling mill. Including more of the roll wi l l decrease 
the reduction rate for the plate as the roll wi l l exhibit elastic 
springback. The influence on the calculated roll force wi l l be small if 
the change of reduction is compensated for in the model. The 
deformation of the work roll wi l l only affect the distribution of the 
pressure along the contact length. The agreement between the 
calculated and the measured rolling forces is very good. 

In paper B the computational efficiency of the explicit finite element 
code DYNA2D and the implicit code NTKE2D are compared in the 
case of rolling. These simulations are based on the same experiment as 
in paper A. The agreement between the simulations using the explicit 
method and the simulations using the implicit method are very good. 
The variations in the recorded data from the experiments are much 
larger. It is found that the explicit code is more effective and easier to 
use. The advantage of the explicit formulation wil l be even more 
pronounced in three-dimensional simulations. 

The previous conclusion is confirmed in paper C where rolling is 
simulated using three-dimensional finite element models with 
elasto-plastic constitutive equations. The models presented are one 
step towards a general and more complete computational model of flat 
rolling. They are not complete as they depend on a separate estimation 
of the roll bending. Otherwise, all three-dimensional aspects of the 
rolling process are included. Currently, these large FE-models can 
only be solved with explicit codes and are practically impossible to 
solve with implicit codes due to long computation time. 

In paper D three-dimensional simulations using different friction 
models are performed. Four different friction models are compared. 
The objective of this paper is to investigate three different extensions 
of the Coulomb friction model that take account of the maximum shear 
stress that the oxide layer can transmit. The total roll force is then 
reduced about 5%. Therefore the coupling between the maximum 
shear stress in the contact and the rolling forces is not so strong in the 
case investigated. The differences between the different friction 
models are very small. The differences in spread and 
forward/backward slip are almost negligible. The lateral spread 
increases only slightly when the friction is reduced. 

At this time it became obvious that a better test for evaluation of the 
friction parameters was needed. Such a test is described in paper E 
where the wedge rolling test is proposed. The two most important 
groups of parameters that affect the rolling forces are those for the 
friction models and the material properties. The relative importance of 
these parameters depend on the thickness reduction. By rolling a 
wedge formed specimen to uniform thickness it is possible to 
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investigate a range of reductions in one experiment. The measured 
rolling force and torque are then compared with finite element results. 
One important result from this work is that the material parameters 
and the friction parameters affect the simulations in quite different 
ways. It is therefore practically possible to separate the effect of both 
material properties and friction parameters in one experiment. It can 
be noticed that the material properties used in the simulation of the 
plate material are more important than the friction parameters. 

Therefore different material models are compared in paper F. It is 
shown that many material models common in finite element codes are 
not accurate enough, because they do not take into account all the 
important phenomena that occur when a solid metal is subjected to 
large strains, high strain rates and high temperatures. It is still possible 
to obtain accurate results for the contact forces and plastic deformation 
using these models, but the stress distribution during and after rolling 
vary between the models. It is easy to find unrealistic behavior and 
unrealistic results may be obtained. 

This summary reviews the friction and the material modeling. The 
wedge rolling test is a severe test of the computational model and it is 
discussed. Ongoing research is focused on the material modeling. This 
is not included in the thesis but discussed in this summary. 

2. Friction Models 

Several friction models have been investigated. The friction can 
depend on a number of parameters, such as the normal stress, the 
temperature and the sliding velocity. The models are summarized 
below. 

The Coulomb friction model was used in the first paper. This was 
the only available friction model in the NIKE and DYNA codes at the 
time. The Coulomb friction stress changes sign abruptly when the 
sliding direction changes. This is not numerically convenient. 
Therefore the relation between friction and the sliding is regularized, 
see Figure 1. Other studies of friction [Oden 1983] state that this 
regularization is physical reasonable. The regularization parameter 
has in our case no physical meaning. 

The Norton friction model is velocity dependent. The frictional 
shear stress, T is related to the relative velocity between the sliding 
surfaces, V r as 

x = _ a V p x " 
r u 

In this model the shear stresses are high at high relative velocity. This 
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caused convergence problems in NIKE2D at the start and the end of 
the contact length when the shear stress on the surface ends abruptly. 
The model was therefore discarded. 

The Coulomb-Norton friction model is a combination of the 
Coulomb and Norton friction models. The frictional shear stress is 
related to the normal pressure, c n and the relative sliding velocity as 

If q is chosen to be a small value and ß is chosen so that the resulting 
shear stress is the same as in the Coulomb friction model for the 
highest relative velocity in the simulation, then the Coulomb-Norton 
model without regularization and Coulomb friction model with 
regularization give practically the same result. The only significant 
difference is that the Coulomb-Norton friction model causes more 
iterations in each time step than the Coulomb friction model. The 
regularized Coulomb friction model is therefore preferred. 

The regularized Coulomb friction model is extended by adding an 
upper limit to the frictional shear stress. This is shown in Figure 2. This 
upper limit, t m a x , depends on the properties of the oxide layers 
between the roll and the plate. It can be deformation and temperature 
dependent. The extensions of the Coulomb friction model shown in 
Figure 2 are called the Orovan [Orovan 1943] and the Wanheim-Bay 
models in this paper [Bay 1976,1987, Wanheim 1978]. In the latter 
model there is a smooth transition between the straight lines in 
Figure 2. 

A special version of these models was developed at Mefos 
[Jarl 1990]. The idea is that the oxide layer on the rolled material cools 
down in the contact with the roll and that it is deformed during 

1 
S ' 

Coulomb friction 

x = u a n 

Regularized friction 

u 

Figure 1. Regularization of friction stress in the Coulomb 
friction model, where u is the relative displacement. 
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Figure 2. The upper limit of the frictional shear stress?11 

The friction coefficient is denoted \L. 

contact. This means that the yield stress of the oxide layer changes 
along the contact between the plate and the roll. A program that 
estimates the maximum shear stress the oxide layer can transmit along 
the contact was developed by Jarl. This program makes it possible to 
predict the variation of i m a x along the contact between the roll and the 
plate. This contact dependent x m a x can be used with the Orovan or 
Bay-Wanheim friction model. 

A temperature dependent version of the Coulomb friction model is 
also investigated. In this model the coefficient of friction is a function 
of the temperature of the rolled surface. 

The friction stress is constant in the Tresca friction model, and it is 
not dependent on the normal stress, see Figure 2. The model simplifies 
calculation in some methods, but is not convenient in finite element 
simulations as it has a strong discontinuity. The model was discarded 
as it caused convergence problems in NIKE2D. 

3. Material Models of Mechanical Behavior 

The experience from this work shows that the modeling of the 
material behavior is the most important factor in hot rolling 
simulations, since it effects the result more than the friction models. 
Many different material models are possible to use. Eularian finite 
element codes typically use material models where the flow stress 
depends on the rate of deformation only. In this work only material 
models that include both elastic and plastic deformation have been 
used. With such models it is possible to calculate residual stresses and 
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strains that may be important for the behavior of the material between 
rolling passes and for all operations until the product is finished. The 
most simple model used is an elasto-plastic model using the von Mises 
yield criterion and the associated flow rule in combination with linear 
or variable isotropic hardening. This model has no temperature or 
strain rate dependency. The strain-stress relationships are then taken 
at a constant temperature and strain rate that is appropriate for the 
application. This is a great simplification since it is shown in paper F 
that both the temperature and the deformation rate change rapidly in 
the hot rolling process. Some materials are not so sensitive to strain 
rate variations. Simulations of such materials can be improved by 
using a temperature dependent elasto-plastic model. The hardening is 
usually assumed to be linear, but the thermal expansion of the material 
is included. This model can be used with great accuracy in processes 
where thermal stresses are important and the plastic strains are 
relatively small. The latter restriction does not apply if the hardening 
is variable. Simulations using these two models give quite accurate 
rolling force and torque. The residual stresses after rolling are less 
accurate, since the thermal strains are not included in the model. 
However, phenomena related to microstructure and recrystallization 
are not included. 

A model that includes strain rate and temperature dependency is 
the constitutive relationship proposed by Johnson and Cook 
[Johnson 1983], where the model for the von Mises flow stress, c, is 
expressed as 

G = [A + 5 £ « ] [l+C\n(£d) ] [ l - r j » ] 

where e is the effective plastic strain, £ . = £ / £ 0 is the 
dimensionless plastic strain rate for £ Q =1.0 s"1 and Tn = is the 
homologous temperature expressed as 

T = (T-T ) / (T -T \ 
h y room' v melt room' 

The expression in the second set of brackets is never less than 1.0. If 
£ / £ 0 is less than 1.0 then £ is set to £ Q . The five material constants A, 
B, n, C, and m and sometimes also £ Q are optimized to fi t experimental 
data. This model is designed to simulate high speed metal forming 
where thermal softening occurs. It can be used for hot rolling 
simulations if the temperature field is known, but softening due to 
recrystallization is not taken into account. Experience shows that the 
material flow in the roll gap is simulated accurately using this model. 
Still thermal expansion is missing in this approach as these 
simulations only include the mechanical fields. 
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No material model used in papers A-E accurately describes the 
effect of changing strain rate and temperature during deformation. 
This is not surprising since most laboratory tests for studying flow 
stress under hot working conditions are performed at constant strain 
rate and temperature. Material parameters and models are then 
optimized to describe these laboratory tests accurately. The strain rate 
and temperature change continuously in industrial hot working 
operations such as hot rolling. The material model used should take 
strain, strain rate effects and temperature effects into account in order 
to be reasonably accurate. In addition, recovery, recrystallization, 
grain growth, the microstructure and phase transformations should be 
taken into account to get a complete understanding of the problem. 

4. The Wedge rolling test 

Many different methods for the evaluation of frictional parameters 
are used today (Jarl 1989). The most common are probably the ring 
compression test and plane compression test with a flat or wedge 
formed tool. The metal flow is sensitive to variations in the frictional 
parameters in both of these tests. The problem with these tests is that 
they do not resemble the conditions for real rolling operations very 
well. Another method is to roll a wedge formed specimen until 
slipping occurs. The wedge rolling test has also been used for 
evaluation of material behavior (Rekar 1984). However, it has never 
been used in combination with finite element simulations to verify 
both material and frictional parameters. 

In paper E the wedge rolling test in combination with finite element 
simulations is proposed for evaluation of frictional parameters. A 
wedge formed specimen is rolled to a uniform thickness, see figure 3. 

50.0 mm 30.0 mm 

100.0 mm 400.0 mm 60.0 mm 

Figure 3. Shape of the specimen discussed in paper E. 

This test is very similar to ordinary rolling operations. The main idea 
is that a range of reductions are investigated in one experiment and 
that it is possible to separate the influence of the material parameters 
and the frictional parameters since they influence the rolling force and 
torque in different ways. It is therefore difficult to have errors in the 
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material properties that cancel errors in the frictional parameters. This 
is shown in Figure 4 from ongoing research. Two different material 
models and two different friction models are used to simulate the 
wedge rolling test in Palm2d. This is a thermo-mechanical code that is 
based on Topaz2d [Shapiro 1986] for thermal analysis and Nike2d 
[Hallquist 1986] for mechanical analysis. The material models are 
elasto-plastic and thermo-elasto-plastic models with the same 
parameters as in paper F. The friction model is the Coulomb friction 
model including the temperature dependent version of it that is 
described above. In the first case, the coefficient of friction is set to 0.3 
and in the second case it varies linearly with the surface temperature 
of the plate such that the coefficient of friction is set to 0.2 at 977 °C and 
to 0.35 at 577 °C. These temperatures roughly correspond to the plate 
surface temperatures on the entry and exit side of the roll gap 
respectively. In paper E it was assumed that the specimen would pass 
through the roll gap slower with a temperature dependent friction 
model. Current work has shown that this is not the case. The velocity 
variation is only 0.5% between the two friction models. It is also seen 
in the Figure 4 that the total rolling force is only affected slightly. The 
same variation can be achieved by simply changing the constant 
coefficient of friction slightly. It is also seen that changing the material 
model affects the results in the entire interval of thickness reductions. 
This is not the case with the friction models. The conclusion is that the 

? 20 

Time (sec) 
Figure 4. Total roll force using thermal friction and material models. 
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material properties used for the plate are more important than the 
friction parameters. The best way to improve the hot rolling 
simulations further is to improve the material modeling. This point is 
elaborated further in the section about future work. 

5. Discussion and Conclusions 

Many different aspects of the simulation of the hot rolling process 
using the finite element method were investigated in papers A to F. 
The explicit time integration of the equations of motion in time is a 
better alternative than implicit methods in finite element simulations 
of the quasi static hot rolling process, especially for three dimensional 
simulations where the computational time can be reduced 
tremendously. 

Modeling of the rolled material is found to be more important than 
modeling of the friction between the rolled material and the rolls. The 
present material models work quite well for the simulation of the hot 
rolling operation. A better material model would improve the 
prediction of the stress distribution in the rolled material. The model 
should be able to describe the effect of rapidly changing strain rates 
and temperatures during deformation as well as recrystallization and 
thermal strains. 

6. Future Work 

In paper F it is shown that the strain rate varies rapidly from the 
entry to the exit side and that very steep temperature gradients are 
created during rolling. An accurate material model therefore has to 
describe the effect of changing the strain rate and temperature during 
deformation. A model that is used in current research but not included 
in the thesis is as follows. The material model was proposed by 
Bergström [1982]. In this model, the true flow stress is related to the 
total dislocation density. The evolution of the dislocation density 
during deformation is described by a differential equation. Bergström 
shows how to calculate the dislocation density as a function of strain, 
strain rate and temperature and the model is capable of describing the 
effect of changing the strain rate and temperature during deformation. 
Recovery effects are included in the model and the effect of 
recrystallization, phase transformations and microstructure can be 
included since these phenomena affect the dislocation density. 

Ongoing work shows that the model can reproduce Gleeble tests 
over a wide range of strain rates and temperatures better than any 
model in this thesis. It also gives reasonable behavior when the strain 
rate and temperature rapidly change during deformation. 
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Contact forces and deformations in plate rolling 

Lars-Erik Lindgren 

Luleå University of Technology, Luleå, Sweden 

Jonas Edberg 
MEFOS, Metal Working Research Plant, Luleå, Sweden 

ABSTRACT: Simulations of plate rolling by using the finite element program NIKE2D are per
formed. The effect of including more or less of the work roll into the finite element model is inves
tigated. Two different elastic-plastic material models are also compared. The calculated contact force 
agrees well with the experimental values. 

1. INTRODUCTION 

Models for simulation of rolling are improved as 
the demand for tighter tolerances increases 
(Nardini 1987). Simple models, often including 
e mpirical factors, are frequently used. The Finite 
Element Method (FEM) has also been used. The 
first finite element models for simulation of roll
ing were based on the so-called 'flow 
formulation' (Zienkiewicz 1984,1986). 
Velocities are the primary unknowns in this ap
proach. Another formulation for simulating 
metal forming problems is a large deformation 
analysis where displacements are the fundamen
tal unknowns. This 'solid formulation' has been 
developed so that large deformations and strains 
can be accounted for. Some papers dealing with 
this approach are McMeeking (1975), Winget 
(1980) and Lee (1983). A special versatile fea
ture in the finite element program NIKE2D 
(Hallquist 1986), developed by Hallquist and 
coworkers, is rezoning of the finite element 
mesh. This feature makes it possible to analyse 
for example multipass rolling where extremely 
large deformations may occur. 
The objective of the investigation presented in 
this paper is to compare results from finite ele
ment simulations of hot rolling of a plate with ex
perimental results. The program CROWN in the 
off-line version (Wiklund 1987, Jonsson 1986) at 
MEFOS, Sweden, is used to process the ex
perimental data so that the measured roll force 
can be related to the mid-section of the roll. The 
"best" simulation gives 8.6 kN/mm which should 
be related to the corresponding experimental 

value. That value is also 8.6 kN/mm. The effect 
of including more or less of the work roll into 
the finite element model on the result is inves
tigated. Two different elasto-plastic material 
models are also compared. The roll is assumed 
to be elastic. 
The effect of the cooling phase after rolling is 
estimated by using an analytical solution for the 
temperatures taken from Carslaw & Jaeger 
(1959). The plate is so thin that the temperature 
is nearly the same everywhere in the plate. Thus 
the stresses, if stress relaxation is ignored, will 
increase in proportion to the increasing Young's 
modulus during the cooling. 

2. THEORETICAL ANALYSES 

The mechanical analysis is performed by the 
finite element method. An analytic solution is 
used in the thermal analysis. 

2.1 Finite element program 

The finite element program NIKE2D (Hallquist 
1986) obtained from Lawrence Livermore Na
tional Laboratory, USA is used in the simula
tions. It is an implicit, static and dynamic, finite 
deformation program applicable to axisym
metric, plane strain and plane stress problems. 
A four node element with a 2x2 Gauss quadra
ture rule is used. Reduced integration (i.e. one 
integration point) is applied to the shear ener
gy. The implemented Green-Naghdi stress rate 
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is stable for finite strains and and large rotations. 
The capability of handling very large deforma
tions is further enhanced by the rezoning option 
in NIKE2D. This option is not used in the 
analyses presented in this paper. The contact al
gorithm is implemented in a way that permits un
limited sliding between the two contact surfaces. 
A special boundary condition was implemented 
into the code. It makes it possible to prescribe 
that a node should rotate with a given angular 
velocity around a specified centre. This bound
ary condition is applied to the inner radius of the 
work roll. 

2.2 Finite element models 

Three different finite element meshes of the 
cross-section of the work rolls and the plate are 
used. Due to symmetry only the upper half of the 
plate and the upper roll is analysed. Two of the 
models can be seen in Figure 1. Plane strain con
ditions are assumed in the direction transverse 
to the rolling direction. Thus the simulations are 
representative of the mid-section along the roll
ing direction. The roll is rotating with a 
peripheral velocity of 800 mm/s at the outer 
radius. No inertia forces are accounted for. 
The plate is 140 mm long and 12.8 mm thick 
before rolling. The outer diameter of the work 
rolls is 1014 mm and the gap between the work 
rolls is 10 mm before rolling. The distances be
tween the inner and outer radii of the work rolls 
in the three finite element models are 3 mm 
(mesh in Figure la), 50 mm (mesh in Figure lb) 
and 75mm (mesh not shown). 
The right part of the plate is curved so that it fits 
exactly to the rolls at the start of the simulations. 
In the simulations the plate is pulled into the 
roll ing section during the first 0.06 seconds. Thus 
the deformations and the stresses in the right 
part of the plate are not representative for 
simulation of rolling. The simulations stop at 
about 0.2 seconds. It is found that there is a 
steady-state condition relative to the rolling sec
tion prevailing from about 0.07 to 0.15 seconds. 
The friction along the slideline between the roll 
and the plate is modelled as Coulumb friction. 
The friction coefficient is assumed to be 0.3 
The Young's modulus for the plate material is 
assumed to be 100 GPa at 1000 °C. Poisson's 
ratio is set to 0.35. The yield condition accord
ing to von Mises and the associated flow rule are 
used. Isotropic hardening is assumed. Two 

(b) 

Figure 1. Two of the finite element meshes used 
in the simulations. 

material models are used. Linear hardening is 
assumed in one model. The yield stress is taken 
as 60 MPa and the hardening modulus as 270 
MPa in that model. This model is used for all 
three finite element meshes. Variable hardening 
is accounted for in the other material model. The 
effective stress-effective plastic strain relations 
for the variable hardening model are given from 
linear interpolation between the values in Table 
1. The data for plastic yielding in both models 
are based on a strain rate of 2 s"1 in Suzuki 
(1969:201). The simulations show that the strain 
rate is approximately constant around 4 s . 

Table 1. Variable hardening model 
effective stress (MPa) effective plastic strain 

60 0.000 

74 0.025 

84 0.059 

98 0.110 

113 0.177 

122 0.240 

127 0.295 

128 0.371 

332 



Thus a more correct material model will have 
higher stress levels. Another improvement 
would be to use a visco-plastic material model. 
However, knowing that the strain rate is quite 
constant it is simpler to use a time-independent 
plasticity model with an appropriate stress-
strain relation based on the correct strain rate. 
The work roll is assumed to be elastic. The 
material of the outer layer of the roll, which is 
included into the finite element models, is given 
a Young's modulus of 215 GPa and a Poisson's 
ratio of 0.3. 
No phase changes are accounted for as the 
temperature is assumed to be constant during 
rolling. Neither is dynamic recrystallisation in
cluded into the material model. 

2.3 Cooling of the plate 

The temperatures during cooling of the plate 
after roll ing are calculated using an analytic solu
tion in Carslaw and Jaeger (1959:121). It is as
sumed that there is heat flow only in the 
thickness direction of the plate. Furthermore, it 
is assumed that the thermal material properties 
are constant. Radiation is not included when 
modelling the heat losses. The used thermal 
properties are estimated from different sources 
and are not specific for the material in the rolled 
plate. They should also represent some kind of 
averages for the actual temperature range. The 
data used in the analysis are; half thickness of the 
plate (h) 5 mm, initial temperature (Tinit) 1000 
°C, room temperature (Tref) 20 °C, heat loss 
coefficient (a) 20 W/m^C, heat conductivity (x) 
40 W/m°C, heat capacity (c) 560 J/kg°Cand den
sity (p) 7800 kg/nT. 
In Carslaw and Jaeger (1959:121) the tempera
ture fields are presented in non-dimensional 
form which can be easily applied to other cases 
than the one presented in this paper. They intro
duce a non-dimensional thickness, L, which is 
defined as: 

L = ha/X, 

which in our case gives L = 0.0025. This dimen
sionless thickness is the Biot number for this 
problem. The temperature in the plate is 

(T(x,t)-T rcf)/(Tinit -T r e f ) = 

l2L/(L(L + 1) + ßn

2)e (cons(ßi1x/h)/cos(ßn) (1) 
n = 0 

where 

x e [-h,h] is the thickness coordinate, 
T = x/(pch2)t where t is the time and 
ßn are the solutions of 
ßntanßn = L (2) 
As L < < 1 the solutions of (2) are 
ßO=VL 
ß n = m7 + U(n^), n=l,2.... 

The serie in (1) converges slowly for T<0.01. 
Then alternative representations should be 
used. The serie converges fast for T>0.2. Ac
cording to White (1984.T76), the error is less 
than 1% using a single term of the serie for 
T>0.2. This gives 

(T(x,t)-T ref)/(Tccnlrc-Trcf) = cos(ßox/h) (3) 

where the centre temperature, TCcmrc, is ob
tained from Equation (1) taking the first term 
only and using x = 0. 
The deviation from uniform temperature is con
tained in Equation (3) for T > 0.2. A small value 
of the argument for cosine gives the same 
temperatures across the thickness. Thus (note 
that xe[-h,h] ) a "thin" plate requires that 
ßO < < 1. Already a value of ßo = 0.2 gives a 
deviation between centre and surface tempera
tures which is less than 2%. In our case it cor
responds to L = 0.04. This value equals a plate 
thickness of 16 cm. This is only a first estimate of 
when a plate may be considered as thin. Larger 
temperature gradients will occur for T< 0.2. A 
more accurate analysis is required for finding the 
gradients at shorter times for different plate 
thicknesses. 

3. EXPERIMENTS 

The experiments were performed at the 
Rautaruukki plate mill in Brahestad, Finland. 
They were carried out in a Davy single-stand 4-
high plate mill. The width is 3600 mm and the 
maximum work roll diameter is 1045 mm and the 
maximum backup roll diameter is 1825 mm. The 
diameters in the experiments were 1014 mm and 
1800 mm, respectively. Two plates with lengths 
of about 13 m were rolled to finishing dimen
sions of 2687x10.00 mm in the first experiment 
and 2687x10.10 mm in the second experiment. 
In the last pass the gauge adjustment was 
changed when 3 quarters of the plates had been 
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rolled so that the last quarter was not reduced in 
thickness at all. Therefore it is possible to 
measure thickness before the last pass. It is 12.70 
mm for both cases. Total rolling force, tempera
ture, screw position and rolling velocity was 
logged on a pen-recorder. 
The total rolling force was measured to be 25665 
kN in the first and 22680 kN in the second ex
periment. The temperatures were about 950 °C 
and 1000 °C, respectively. In order to calculate 
the roll force distribution across the width of the 
plate, the CROWN software package for off-line 
calculations of plate profile and flatness in 4-
high rolling mills was used (Wiklund 1987, 
Jonsson 1986). The calculated rolling forces per 
unit length (i.e. per unit length transverse to the 
roll ing direction) in the mid-section of the plates 
are 9.5 kN/mm in the first and 8.6 kN/mm in the 
second experiment. 

4. CALCULATED RESULTS 

4.1 Contact forces 

The calculated contact force is about 10.2 
kN/mm for the all three finite element meshes 
when the linear hardening material model is 
used. The time history for the vertical contact 
force for the mesh in Figure la can be seen in 
Figure 2. It is only a negligible decrease in the 
contact force when a larger part of the roll is in
cluded into the model. 

0 0.1 0.2 

T I M E (seconds) 

Figure 2. Calculated rolling force for the mesh 
in Figure la. 

The finite element mesh in Figure la using the 
material model with variable hardening gives a 
contact force of 8.6 kN/mm. 

4.2 Stresses and deformations 

The thicknesses after rolling are 10.10 mm using 
the mesh in Figure la and 10.16 mm for the other 
two finite element meshes. The increase in 
thickness for the latter cases is due to the flatten
ing of the work roll. The thicknesses will 
decrease about 0.1 mm during cooling of the 
plate. The longitudinal stresses at different in
stances during rolling can be seen in Figure 3. 
They are from the mesh in Figur la using the 
linear hardening model. A steady-state condi
tion relative to the rolling section can be ob
served in the figure. This observation has been 

Figure 3. Longitudinal stress at different times. 

Contour levels 

A = -20.0 MPa 

Longitudinal stress B = -3.33 MPa 

C = 13.3 MPa 

D = lOßJAPC 

Figure 4. Residual longitudinal stress in plate 
after rolling and before cooling. Part of the plate 
is magnified. 
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confirmed by other results not presented here. 
The longitudinal stress state after rolling is 
shown in Figure 4 where part of the plate is 
shown magnified. The stress is 40 MPa at the sur
face and -20 MPa in the middle of the plate. 
The pressure distribution for the plate is shown 
in Figure 5. The pressure dip at the distance of 
40 mm from the left end of the contact line be
tween the plate and the work roll is the same as 
for ball bearings and interesting parallels can be 
found in foreg. Hamrock (1981). It is caused by 
the deformation of the work rolls. The contact 

500 [ 

(MPa)j- pressure distribution 

along the contact line 

0 20 40 

Distance along the contact line (mm) 

Figure 5. Pressure distribution along the plate. 

100 

(MPa) 

-100 

shear stresses 
along the contact line 

0 20 40 

Distance along the contact line (mm) 

Figure 6. Shear stresses along the plate. 

line will not be a circle segment. The shear stress 
distribution, shown in Figure 6, corresponds to 
the friction force per unit area. Figures 5 and 6 
are obtained from simulations using the model 
in Figure la combined with a linear hardening 
material model. 
The maximum effective plastic strain is 0.35. 
This value is found at the surface of the plate. 
The maximum hydrostatic pressure during roll
ing is 325 MPa. 

4.3 Cooling 

The analytic solution shows that the plate is so 
thin that the temperature is approximately the 
same in the whole plate during cooling. The 
temperature as a function of time can be seen in 
Figure .7. The figure gives an estimate of the 
cooling time. 

1000 2000 3000 

T I M E (seconds) 

Figure 7. Temperature in the plate during cool
ing. 

5. COMPARISONS AND CONCLUSIONS 

The agreement between measured and calcu
lated contact forces is good. It can be noticed 
that the used material properties for the plate 
are important. No trial and error procedure was 
used for finding material properties that give a 
calculated contact force close to the measured 
one. 
The influence of the friction is not investigated 
in this study. However, it is known to be impor
tant for thin plates, see for e.g. Kapaj (1988). 
Including more or less of the roll into the finite 
element model does not influence the result 
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much. Including more of the roll will decrease 
the reduction rate for the plate as the roll will ex
hibit elastic springback. The influence on the 
calculated roll force will be small as the change 
in reduction rate, because of elastic springback, 
is small. The deformation of the work roll will 
only affect the distribution of the pressure along 
the contact line. 
Due to the uniform temperature field in the 
plate during cooling the stresses after rolling will 
increase in proportion to the increasing Young's 
modulus. That means that the residual lon
gitudinal stresses will approximately double 
during cooling as the Young's modulus rises 
from 100 GPa at 1000 °C to 210 GPa at room 
temperature. They will be about 80 MPa at the 
surface of the plate and -40 MPa in the middle 
of the plate. However, this is an upper limit of 
the stresses as stress relaxation will probably 
occur during the first part of cooling. 
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OF ROLLING 
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SUMMARY 
The computational efficiency of the explicit finite element code DYNA2D and the 

implicit code NHCE2D are compared in the case of simulation of rolling. It is found 
that the explicit code is preferable. The advantages of the explicit formulation wi l l be 
even more pronounced in three-dimensional simulations. 

INTRODUCTION 

The finite element method (FEM) is the most pre-eminent numerical method 

which is used in research about metal forming. There were about 75 out of 89 papers 

in NUMIFORM 89 (ref. 1) dealing with FE-techniques or using the finite element 

method in their analyses. The research aims at improving the modelling of the 

different metal forming processes and at developing more efficient computational 

algorithms. The computational algorithms are improved by more efficient finite 

elements (refs. 2-3), procedures for dealing with plasticity (ref. 4) and better solvers 

(ref. 5). The two most used finite element formulations in metal forming are the so-

called 'flow formulation' (refs. 6-7), where the metal is treated as a non-Newtonian 

fluid, and the 'solid formulation', where the usual constitutive equations for a solid 

are used. The finite element mesh used in the 'flow formulation' is spatially fixed in 

an Eularian system. A Lagrangian system is used in the 'solid formulation'. This 

paper focuses on the latter formulation. 

The main objective of this study is to compare two different procedures for time-

stepping. These procedures are implemented in NIKE2D (ref. 8), which is an implicit, 

and DYNA2D (ref. 9), which is an explicit finite element program. The codes are used 

for simulating plate rolling. The calculated rolling forces are compared to 

experimental obtained results. 

The calculated rolling forces (by NIKE2D and DYNA2D) agree well with measured 

values. DYNA2D requires less computer storage and CPU-time. Furthermore, it is 

easier to get the analyses running in this code. Al l these advantages wil l be even 

more pronounced in three-dimensional analyses. 

0924-0136/90/$03.50 © 1990—Elsevier Science Publishers B.V. 
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THEORETICAL ANALYSES 

Two different finite element codes, NDCE2D (ref. 8) and DYNA2D (ref. 9), are used 

in the simulations. The codes are obtained from Lawrence Livermore National 

Laboratory, USA. 

NIKE2D is an implicit, static and dynamic, finite deformation program applicable 

to axisymmetric, plane strain and plane stress problems. A four node element with a 

2x2 Gauss quadrature rule is used. Reduced integration (i.e. one integration point) is 

applied to the shear energy. The implemented Green-Naghdi stress rate is stable for 

finite strains and large rotations. The capability of handling very large deformations 

is further enhanced by the rezoning option in NIKE2D. This option is not used in the 

analyses presented in this paper. The contact algorithm is implemented in a way that 

permits unlimited sliding between the two contact surfaces. 

DYNA2D is an explicit finite element code for analysing the large deformation 

dynamic and hydrodynamic response of inelastic solids. The code can analyse plane 

strain, plane stress and axisymmetric problems. The contact-impact algorithm and 

the rezoning option are similar to those in NIKE2D. A four node element with one 

integration point is used. Hourglass viscosity is added in order to prevent zero energy 

deformation. The central difference method, together with a lumped mass matrix, is 

used for time integration. 

Implicit and explicit finite element codes 

Implicit finite element codes must solve a large and sparse system of equations. 

This task requires a lot of storage and CPU-time. The codes are unconditionally stable 

and have no restriction on the time step other than as required for accuracy. If too 

large time steps are taken, then convergence problem wil l occur. 

Explicit finite element codes, when combined with a lumped mass matrix, do not 

need to solve a system of equations. A l l equations are uncoupled. This saves both 

CPU-time and requires less storage than the solver in implicit codes. However, the 

codes are conditionally stable. Stable time integration by the central difference 

method requires 
L 

A t < -

where At is the time step, 

This is usually called the Courant condition. Thus a smaller time step must be taken 

for a model with a finer mesh or where the acoustic wave speed is higher. 

L is an effective element diameter of the smallest element, 

c = is the acoustic wave speed, 

E is Young's modulus and 

p is the density. 
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The finite element model 

The same finite element mesh are used for NIKE2D and DYNA2D. The mesh can 

be seen in Fig. 1. It consists of 255 elements and 396 nodes. Due to symmetry only the 

upper half of the plate and the upper work roll is analysed. Plane strain conditions 

are assumed in the direction transverse to the rolling direction. Thus the simulations 

are representative of the midsection along the rolling direction. 

Finite element model 

rotating b.c. 

/ roll (11 

plate — • — 

ow of 75 elements) 

rolling direction 
• 

^ . 1 

symmetry b.c 

Fig. 1. The finite element mesh used in the simulations. 

The roll with a radius of 507 mm is rotating with a peripheral velocity of 800 

mm/s. The material of the roll is assumed to be elastic. The Young's modulus is set 

to 215 GPa and Poisson's ratio is set to 0.3. The density is set to 7750 k g / m 3 . 

The plate is about 120 mm long and 12.8 mm thick before rolling. The gap 

between the rolls is 10 mm. The final thickness becomes 10.1 mm in all (NIKE2D and 

DYNA2D) simulations. The final thickness wi l l be 10 mm if the cooling to room 

temperature is taken into account. The plate has an initial velocity of 800 mm/s in 

the rolling direction. It is pulled into the gap by a force which starts at 200 N and 

decreases to zero at 0.01 seconds. The Young's modulus for the plate material is 

assumed to be 100 GPa as the temperature of the plate is 1000°C. Poisson's ratio is set 

to 0.35. The yield condition according to von Mises and the associated flow rule are 

used. Isotropic hardening is assumed. The hardening follows the values in Table 1. 

The data for plastic yielding are based on a strain rate of 2 s"1 (ref. 10). The 

simulations show that the strain rate is approximately constant around 4 s"1. The 

plate density is set to 7860 k g / m 3 . 



88 

A rotating boundary condition was implemented in NIKE2D where the 

displacements are prescribed in such a way that the inner radius of the work roll is 

rotating in a circular path. The same boundary conditions was also implemented in 

DYNA2D. 

TABLE 1 
Variable hardening model 

effective stress effective plastic 
(MPa) strain 

60 0.000 
74 0.025 
84 0.059 
98 0.110 
113 0.177 
122 0.240 
127 0.295 
128 0.371 

Simulations performed using NIKE2D 

The simulations performed using NIKE2D is very similar to those in ref. 11. The 

finite element mesh is only somewhat different. The differences between the 

calculated rolling forces in this paper and the corresponding simulation in ref. 11 are 

small. 

Four different analyses are presented. They are performed using different lengths 

for the time steps. The number of time steps are 2250,1125, 750 and 450 time steps. 

The calculated rolling force is about 8.6 kN per mm in the direction transverse to the 

rolling direction. This rolling force as a function of time is given in Fig. 2. Note the 

steady-state condition that prevails from about 0.05 to 0.15 seconds. 

The pressure distribution is given in Fig. 3 and the shear stresses are given in Fig. 

4. These results are representative for the contact forces during the steady-state 

interval. The pressure distribution had two notable peaks in ref. 11. The minor peak 

became smaller when the timestep was shortened. That peak is more like a plateau 

in the best simulation. Thus the minor peak in ref. 11 was due to somewhat too large 

time steps. 

The timesteps were 100 microseconds in the analysis using 2250 time steps. This is 

a very short time step. The total CPU-time used on a SUN 4/330 (ie a Sparestation) 

capable of 2.6 MFlops is near 118 CPU minutes for the simulation using 2250 time 

steps. The simulation using 1125 time steps required 58 CPU minutes, using 750 time 

steps required 38 CPU minutes and using 450 time steps required 28 CPU minutes. 
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Fig. 2. Rolling force as a function of time. NEKE2D simulations. 
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Fig. 3. Pressure distribution along the plate. NIKE2D simulations. 
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Fig. 4. Shear stresses along the plate. NIKE2D simulations. 

Simulations performed using DYNA2D 

DYNA2D uses a time step which is about two-thirds of the maximum allowable 

time step according to the Courant condition. Two different simulations are 

presented. The time steps are about 7 microseconds in the first analysis and about 38 

microseconds in the second one. The real densities are increased by 25 times in the 

second analysis. The setting of the length of the time steps takes into account the 

stiffnesses introduced by the contact algorithm and the deformation of the elements. 

The given time steps are typical for the analyses. They are shortened during the 

analyses when the elements become deformed. The calculated rolling forces can be 

seen in Fig. 5. The pressure distributions are shown in Fig. 6 and the shear stresses are 

shown in Fig. 7. The first analysis (using the real densities) required about 66 CPU 

minutes on the Sparestation . The analysis using 25 times higher densities than the 

real densities required 14 CPU minutes. Using 100 times higher densities gives an 

oscillating rolling force which goes towards the same steady-state value as these 

analyses. This requires a larger plate in the FE-model in order to obtain this steady-

state condition. Therefore the results of that simulation are not included in the 

comparisons. 



91 

(N/mm) 
10000 

Rolling force 

DYNA2D 
using real densities 
using 25 times higher densities 

0,05 0,1 0,15 

Time (seconds) 

0,2 

Fig. 5. Rolling force as a function of time. DYNA2D simulations. 
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Fig. 6. Pressure distribution along the plate. DYNA2D simulations. 
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Fig. 7. Shear stresses along the plate. DYNA2D simulations. 

EXPERIMENTS 

The experiments were performed at Rautaruukki's plate mill in Rahestad, 

Finland. They were carried out in a single-stand 4-high plate mill. The width is 3600 

mm and the maximum work roll diameter is 1045 mm and the maximum backup 

roll diameter is 1825 mm. The diameters used in the experiments were 1014 mm and 

1800 mm, respectively. Two plates with lengths of about 13 m were rolled to finishing 

dimensions of 2687x10.00 mm in the first experiment and 2687x10.10 mm in the 

second experiment. In the last pass the gauge adjustment was changed when three 

quarters of the plate had been rolled so that it was possible to measure the thickness 

before the last pass. It is 12.70 mm for both plates. Total rolling force, temperature, 

screw position and rolling velocity were logged on a pen-recorder. 

The total rolling force was measured to be 25665 kN in the first and 22680 kN in 

the second experiment. The temperatures were about 950°C and 1000°C, respectively. 

In order to calculate the roll force distribution across the width of the plate, the 

CROWN software package for off-line calculations of plate profile and flatness in 4-

high rolling mills was used (refs. 12-13). The calculated rolling forces per unit length 

(i.e. per unit length transverse to the rolling direction) in the mid-section of the 

plates are 9.5 k N / m m in the first and 8.6 k N / m m in the second experiment. 
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COMPARISONS 

Calculated and measured rolling forces 

The calculated rolling forces, both by NKE2D and DYNA2D, agree well with 

measured values. The calculations give the value of about 8.6 kN/mm for the rolling 

force. This value should be compared to the second experiment described above 

where the temperature of the plate also is 1000°C. That experiment gives the same 

value as the simulations. 

Comparing computational efficiencies 

It is possible to obtain the same accuracy using NIKE2D and DYNA2D. However, 

there are some advantages for DYNA2D. It is easier to get analyses through that 

program as it never fails during the calculations. This makes it easier to find out 

what goes wrong if the result is nonsense. The other advantage is that the code 

requires less CPU-time and computer storage. This is even more pronounced if the 

densities are increased and thus makes it possible for DYNA2D to take larger time 

steps. 

CONCLUSIONS AND COMMENTS 

The agreement between simulations, using either DYNA2D or NIKE2D, and the 

measured rolling force is good. 

Using correct material properties are important when calculating the rolling force. 

No trial and error procedure was used for finding material properties that give a 

calculated value close to the measured one. The friction model is also important in 

an accurate finite element model . This has not been investigated in this study. 

The objective of this study is to compare DYNA2D and NEKE2D with respect to 

their computational efficiency for rolling simulations. The outcome of this 

comparison is that DYNA2D is the better choice. The advantage of DYNA2D wi l l be 

even more important when three-dimensional analyses wil l be performed. 

REFERENCES 
1 E.G. Thompson, R. D. Wood, O.C. Zienkiewicz and A. Samuelsson (eds.), 

NUMIFORM 89 Proc. of the 3rd International Conference on Numerical Methods 
in Industrial Forming Processes, Fort Collins, USA, June 26-30, 1989, A.A. 
Balkema, Rotterdam, 1989. 

2 D.P. Flanagan and T. Belytschko, A uniform strain hexahedron and quadrilateral 
with orthogonal hourglass control, International Journal for Numerical Methods 
in Engineering, vol 17,1981, pp 679-706 

3 W.K. Liu, J.S-J. Ong and R.A. Uras, Finite element stabilization matrices - a 
unification approach, Computer Methods in Applied Mechanics and 
Engineering, vol 53,1985, pp 13-46. 

4 R.G. Whiriey, J.O. Hallquist and G.L. Goudreau, An assessment of numerical 
algorithms for plane stress and shell elastoplasticity on supercomputers, 
Engineering Computations, vol 6, June, 1989, pp 116-126. 



94 

5 T.J.R. Hughes, R.M. Ferencz and J.O. Hallquist, Large-scale vectorized implicit 
calculations in solid mechanics on a CRAY X-MP/48 utilizing EBE 
preconditioned conjugate gradients, Computer Methods in Applied Mechanics 
and Engineering, vol 61, 1987, pp. 215-248. 

6 O.C. Zienkiewicz, Flow formulation for numerical solution of forming 
processes,in: J.F.T. Pittman, O.C. Zienkiewicz, R.D. Wood and J.M. Alexander 
(eds.), Numerical Analysis of Forming Processes, Wiley, Chichester, 1984. 

7 O.C. Zienkiewicz, Flow formulation for numerical solution of forming processes 
I I , in: K. Mattiason, A. Samuelsson, R.D. Wood and O.C. Zienkiewicz (eds.), 
NUMIFORM 86 Proc. of the 2nd International Conference on Numerical 
Methods in Industrial Forming Processes, Gothenburg, Sweden, August 25-29, 
1986, A.A. Balkema, Rotterdam, 1986. 

8 J.O. Hallquist,NIKE2D- A vectorized implicit, finite deformation finite element 
code for analyzing the static and dynamic response of 2-D solids with interactive 
rezoning and graphics, report UCID-19677, rev. 1, Lawrence Livermore National 
Laboratory, USA, 1986. 

9 J.O. Hallquist, User's manual for DYNA2D ~ An explicit two-dimensional 
hydrodynamic finite element code with interactive rezoning and graphical 
display, report UCID-18756, rev. 3, Lawrence Livermore National Laboratory, 
USA, 1988. 

10 H. Suzuki, S. Hashizume, Y. Yabuki, Y. Ichihara, S. Nakajima and K. Kenmochi, 
Studies of flow stress of metals and alloys, report of Institute of Science, 
University of Tokyo, Japan, vol 18,1969, pp 3-101. 

11 L-E. Lindgren and J. Edberg, Contact forces and deformations in plate rolling, in: 
E.G. Thompson, R. D. Wood, O.C. Zienkiewicz and A. Samuelsson (eds.), 
NUMIFORM 89 Proc. of the 3rd International Conference on Numerical Methods 
in Industrial Forming Processes, Fort Collins, USA, June 26-30, 1989, A.A. 
Balkema, Rotterdam, 1989, pp.331-336. 

12 O. Wiklund, N.-G. Jonsson and J. Levén, Simulation of crown, profile and 
flatness of cold rolled strip by merging severally physically based computer 
models, 4th International Steel rolling conference, 1987. 

13 N.-G. Jonsson, CROWN software package for on-line computation of plate (hot 
rolled strip) profile, flatness and temperature in 4-high rolling mills, Fachberichte 
Hüttenpraxis Metallweiterverarbeitung, vol 24, 1986, pp. 70-74. 



Paper C 



C O M M U N I C A T I O N S IN N U M E R I C A L M E T H O D S IN E N G I N E E R I N G , Vol. 9, 613-627 (1993) 

EFFICIENT THREE-DIMENSIONAL MODEL OF ROLLING 
USING AN EXPLICIT FINITE-ELEMENT FORMULATION 

JONAS E D B E R G 

MEFOS, Metal Working Research Plant, Box 812, S-95128 Luleå, Sweden 

L A R S - E R I K L I N D G R E N 
Division of Computer Aided Design, Department of Mechanical Engineering, Luleå University of Technology, 

S-95187 Luleå, Sweden 

SUMMARY 
Rolling is simulated by a three-dimensional finite-element model with elastoplastic constitutive equations. 
The use of an explicit finite-element formulation, instead of the more commonly used implicit 
formulation, has reduced the required computing time. The larger of the models used is one step towards 
a general and complete computational model of rolling. Results from experiments and from two- and 
three-dimensional calculations are compared. 

I N T R O D U C T I O N 

The computational models of rolling are improving. Simple and efficient methods will always 
have their place, but more general tools are on their way. Different finite-element formulations 
have been used in research for many years. In order to have general models, which only require 
material properties, geometry and process parameters as input, it is necessary to have three-
dimensional models. This paper is a step along this way. The model is not complete as it is 
dependent on a separate estimate of roll bending. 

It is shown in this paper that the explicit code DYNA3D is more efficient than the implicit 
code NIKE3D for simulation of rolling. Most three-dimensional models for simulation of 
rolling are using a rigid-plastic material model. A more general elastoplastic material model 
is used in the paper. 

We present comparisons between two- and three-dimensional models and experimental 
results, focusing on total rolling force and its distribution in the transverse direction. The 
agreement is good. We also show the calculated lateral flow (spread) of the rolled plate. 

B A C K G R O U N D 

The finite-element method (FEM) is the pre-eminent numerical method used in research on 
metal forming. There were about 75 out of 89 papers in NUMIFORM 89 1 dealing with finite-
element techniques or using the finite-element method in their analyses. The research aims to 
improve the modelling of the different metal-forming processes and to develop more efficient 
computational algorithms. The computational algorithms are improved by more efficient finite 
elements,2 , 3 procedures for dealing with plasticity4 and better solvers.5 The two finite-element 
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formulations used in metal forming are the so-called 'flow formulation', 6 - 7 where the metal 
is treated as a non-Newtonian fluid, and the 'solid formulation', where the usual constitutive 
equations for a solid are used. The finite-element mesh used in 'flow formulation' is usually 
spatially fixed in an Eularian system. A Lagrangian system is the common one used in 'solid 
formulation'. 

Most finite-element models are two-dimensional. Plane strain conditions are assumed in the 
direction transverse to the rolling direction. Thus it is not possible to study the variation of 
the deformation in the transverse direction. It is obviously not possible to observe local lateral 
flow of the material at the edges of the rolled plates (lateral spread) using these models. Even 
if this deformation is localised it is important as it causes a particular type of flatness 
problem. However, three-dimensional finite-element simulations require substantially more 
computer time compared to two-dimensional simulations. 

Many three-dimensional models are based on the 'flow formulation' in a fixed mesh. These 
models are effective for studying the steady-state part of the rolling process even if a special 
technique is required for free surface determination. Usually the material is assumed to be 
rigid-viscoplastic in these simulations. 8 - 1 0 Mori and Osakada 1 1 used a rigid-plastic material 
model and simplified the finite-element model by assuming that the horizontal velocities were 
constant along the thickness direction of the rolled plate. They also assumed that the velocity 
in the vertical direction could be linearly interpolated between the velocity of the roll and zero 
at the plane of symmetry between the rolls. Kobayashi and Li use a similar simplification in 
References 12 and 13. 

Three-dimensional models based on the 'solid formulation' are also often limited to rigid-
plastic or rigid-viscoplastic14 material behaviour. Sometimes elastoplastic or elasto-viscoplastic 
constitutive equations are used in these models . 1 5 - 1 7 The computational effort behind more 
general finite-element simulations is still considerable. This is especially true for a three-
dimensional 'solid formulation', even if the elastic part of the deformation is excluded. This 
problem and the numerical difficulties encountered can be seen in the remark by Amici et al.18  

giving the indication that the Update Lagrangian approach and the elastic-plastic 
constitutive law have to be selected only if necessary, being very difficult ...' Explicit time 
integration combined with lumped mass does overcome some disadvantages of the more 
common implicit finite-element codes. However, Lau et al,,11 who used this formulation, do 
not advocate the method for other problems than those where inertia forces must be included, 
as in high-speed rolling. Nardini et al. in Reference 19 give the same remark when reviewing 
different finite-element models for rolling. The reason why they do not consider the method 
as a candidate for problems where the inertia forces can be neglected is probably the severe 
constraint on the time step in the analysis. 

In Reference 20, we used the implicit finite-element code NIKE2D (Lawrence Livermore 
National Laboratory, USA) in two-dimensional analysis. Comparisons between the implicit 
NIKE2D code and the explicit DYNA2D code (also from Lawrence Livermore National 
Laboratory) are presented in Reference 21. The same mesh was used for both codes in these 
comparisons. The time step was decreased in NIKE2D until the stress distribution in the 
contact did not change anymore. Thereafter the density was increased in the model to 
DYNA2D inasmuch as the stress distribution still agreed with the distribution computed by 
NIKE2D. We found that DYNA2D was more efficient for our case as it was as accurate as 
NIKE2D but required less computer time. There is an error in the results presented in 
Reference 21. The given densities for the DYNA2D simulations were 1000 times larger than 
stated in the paper. The fastest, still accurate, DYNA2D simulation had a density that was 
25,000 times larger than the real density and took only about half of the C P U time required 
by NIKE2D. It is shown in this paper that the explicit formulation is even more efficient for 
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three-dimensional models when comparing DYNA3D and NIKE3D. Unfortunately, the 
conclusion cannot be generalised as it depends on how important the inertia forces are. The 
smaller the inertia forces are, the more it is possible to speed up the explicit analysis by 
artificially increasing the density of the material. 

E X P L I C I T AND I M P L I C I T F I N I T E - E L E M E N T F O R M U L A T I O N 

The difference between the explicit and implicit finite-element formulation arises from different 
approximations of the time derivative. Different algorithms for transient analysis and their 
accuracy and stability are described in Reference 22. Both formulations start with the 
semidiscretised equations of motion (assuming no damping) which are given below for time 
t". This is denoted by the right superscript n on all quantities, which means time step number 
n. Bold face quantities are matrices or vectors. 

M"D n + Tlnt = F f c (1) 

where D contains the nodal displacements, D and D are the corresponding velocities and 
accelerations, M is a mass matrix, Fi„t is the deformation forces and F e x t is the vector with 
loads. 

The explicit finite-element formulation uses a central-difference approximation of the time 
derivative. This formulation is used in DYNA2D and DYNA3D. The method is conditionally 
stable, and therefore very small time steps must be taken. The largest allowed time step is 
computed as At = C„ Arstab = C„2/a)SL, where is the highest element frequency and C„ is 
the Courant number. The default Courant number is 0-66 in DYNA2D and DYNA3D for 
contact problems. The element frequency is an upper bound of the highest frequency of the 
finite-element mesh. Stiffer elements increase the frequency but increased density lowers it. In 
general, when the time steps are below the stability limit then the solutions are also accurate. 
No iterations for obtaining equilibrium within each time step are required. The following 
equations are used for computing velocities and accelerations: 

P" = " (2) 
2 At 

n B + 1 - 2D" + D"" 1 

D" = - "z (3) 

where 

b t = t n + l - t n 

Equation (3) applied to equation (1) gives 

^ A D = F ? x t - F r „ t - ^ I ( D " - 1 - D " ) (4) 

where 

AD = D n + 1 - D" 

This formulation is always combined with a lumped mass matrix. All terms on the right-
hand side can be performed at element level. The formulation requires little computer time per 
time step and is memory-efficient. Note that there is no need to solve a system of coupled 
equations due to the lumping of the mass matrix. An operation count for the shell element in 
DYNA3D as against its implicit implementation in NIKE3D is given in Reference 23. 
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The non-linear equation (4) can be solved according to the algorithms in Appendices I and 
II . The procedure needs a starting algorithm which is given in Appendix II . 

The Newmark method is one commonly used for implicit formulation of time discretization. 
It is used in NIKE2D and NIKE3D. It gives an unconditionally stable method, i.e. the step 
length in the solution procedure is governed only by accuracy considerations. It must be 
combined with iterative corrections within each time step for non-linear problems. An iteration 
counter is included as a left subscript in the following equations. It starts with /'= 1. The 
following basic assumptions are used: 

At1 

, D n + 1 = D n + D n At+((1 -2ß)D" + 2ßiDn + 1 ) (5) 

/ D n + 1 = Ö " + ( ( l - T ) D n + Y , D ' ' + 1 ) At (6) 

The equations above mean that the velocity is computed from the acceleration at time 
t" + 7 A/(0 < 7 < 1) but the displacements are updated from the accelerations at time 
r" + 2 / 3 A r ( 0 < 2 j 3 < l ) . The properties of the algorithm depend on the choice of the 
parameters ß and y. Well known combinations of them are shown in Table I . The method is 
unconditionally stable if 2/3 ^ 7 ^ 1/2. 

The iterative corrections of the displacements are written as 

iDn+1 = i-iBn+1 + iAD (7) 

Rewriting equation (5) to give , D " + 1 - j - i D ^ 1 and comparing with equation (7) gives 

Furthermore, the internal forces in equation (1) must be linearised with respect to the 
displacements: 

/Fin!"1 = i - iFin? 1 + AFint (9a) 

A F i n t = / * ™ / A D = , - _ , K ? / A D (9b) 
Oi-lU 

The tangent stiffness matrix K t , defined above, corresponds to the usual stiffness matrix in the 
elastic case. It is related to last known approximation of the configuration at time t n + 1 . 
Therefore the subscript is / - 1. Equations (7)-(9) are put into the equation of motion at time 
t n + 1 below: 

M n + 1 f \ f l + l i r B + I _ 171 + 1 i l l + i * int = i*ext 

Reordering the terms after the above-mentioned substitution and approximating the mass 
matrix and the external forces to those corresponding to the last known configuration 

Table I . Members of the Newmark family 

Method ß 7 Remark 

Trapezoidal rule 1/4 1/2 Unconditionally stable 
Linear acceleration 1/6 1/2 Conditionally stable 
Fox—Goodwin 1/12 1/2 Conditionally stable 
Central difference 0 1/2 Conditionally stable 
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G - i M n+l and i - i F e " ! 1 ) gives 

i - i K ? + iA D = i-lFext 1 - i - l F j ' int i - U " i - l « - » (10) 

There is also a contribution from possible non-conservative loads to the left-hand side of (10) 
that is usually ignored. The updating of the effective stiffness matrix of the left-hand side was 
performed at the beginning of each time step and kept constant during the iterations in our 
simulations. 

The non-linear equation (10) can be solved according to the algorithms in Appendices I and 
II I . The starting procedure for the initial time step, and the predictor used when starting the 
iterations, are also given in Appendix I I I . 

The rolling was performed at Rautaruukki's plate mill in Raahe, Finland. It was carried out 
in a single-stand 4-high plate mill. The width is 3600 mm, the maximum work roll diameter 
is 1045 mm and the maximum back-up roll diameter is 1825 mm. The diameters used in the 
experiments were 1014 mm and 1800 mm, respectively. A plate, about 13 m long, was rolled 
to finishing dimensions 2687 x 10-1 mm. The gauge adjustment was changed in the last pass 
when three-quarters of the plate had been rolled in order to measure the thickness before the 
last pass, which is 12-7 mm. Total rolling force, temperature, screw position and rolling 
velocity were logged on a pen-recorder. 

The total rolling force was measured to be 22,680 kN in the experiment. The temperature 
was about 1000° C . To calculate the roll force distribution across the width of the plate, the 
C R O W N software package for off-line calculations of plate profile and flatness in 4-high 
rolling mills was used. 2 4 , 2 5 The calculated rolling force distribution in the direction transverse 
to the rolling direction of the plate is shown in Figure 4. 

Two-dimensional finite-element simulations 

The finite-element codes NIKE2D and DYNA2D were used in the simulations. They were 
obtained from Lawrence Livermore National Laboratory, U S A . 2 6 , 2 7 A 4-node element is used. 
The normal stresses/strains are integrated with a 2 x 2 Gauss quadrature rule and the shear 
stress is underintegrated (i.e. one integration point) in NIKE2D. All stresses/strains are under-
integrated in DYNA2D. Therefore an hourglass viscosity is used in DYNA2D to control zero 
energy modes. Both finite-element programs account for large deformations and the 
implemented contact algorithms permit unlimited sliding between the contact surfaces. The 
contact algorithm is described in Reference 28 and the friction model in Reference 29. The 
radial return method 3 0 is applied to the elastoplastic constitutive equations. The same finite-
element mesh is used for both finite-element programs. Figure 1 shows the mesh. It consists 
of 255 elements and 396 nodes. Owing to symmetry only the upper half of the plate and the 
upper work roll are analysed. Plane strain conditions are assumed in the direction transverse 
to the rolling direction. Thus the simulations represent the midsection along the rolling 
direction. 

The roll with a radius of 507 mm is rotating with a peripheral velocity of 800 mm/s. The 

E X P E R I M E N T 

SIMULATIONS 
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• 
symmetry b c rolling direction 

Figure 1. The finite-element mesh used in the two-dimensional simulations 

Table I I . Variable hardening model 

Effective stress, Effective plastic 
MPa strain 

60 0-000 
74 0-025 
84 0-059 
98 0-110 

113 0-177 
122 0-240 
127 0-295 
128 0-371 

material of the roll is assumed to be elastic. Young's modulus is set to 215 GPa and Poisson's 
ratio is set to 0-3. The density is set to 7750 kg/m 3. 

The plate is about 120 mm long and 12-7 mm thick before rolling. The gap between the rolls 
is 10 mm. The final thickness becomes 10-1 mm in all simulations. The final thickness will be 
10-0 mm if the cooling to room temperature is considered. The plate has an initial velocity of 
800 mm/s in the rolling direction. It is pulled into the gap by a force that starts at 200 N and 
decreases to zero at 0-01 s. Young's modulus for the plate material is assumed to be 100 GPa 
as the temperature of the plate is 1000° C . Poisson's ratio is set to 0-35. The yield condition 
according to von Mises and the associated flow rule are used. Isotropic hardening is assumed. 
The hardening follows the values in Table I I . The data for plastic yielding are based on a strain 
rate of 2 s - 1 . 3 1 The simulations show that the strain rate is approximately constant around 
4 s"1. The plate density is set to 7860 kg/m 3. Further details about the simulations can be 
found in References 20 and 21. 

The NIKE2D and DYNA2D codes were compared in Reference 21. The NIKE2D 
simulations required 750 time steps to obtain accurate results. This simulation took 
24 C P U min on a SUN SPARCstation 2 capable of 4-2 MFlops in double precision. The same 
accuracy was obtained with DYNA2D using 25,000 times higher density than the real density. 
That simulation required 9 C P U min. 

The computed rolling forces are shown in Figure 3 for these simulations. 

Three-dimensional finite-element simulations 

The finite-element codes NIKE3D and DYNA3D were used in the simulations. They were 
also obtained from Lawrence Livermore National Laboratory, U S A . 3 2 ' 3 3 An 8-node solid 



E F F I C I E N T T H R E E - D I M E N S I O N A L M O D E L O F R O L L I N G 619 

element is used. The NIKE3D and DYNA3D implementations of this element correspond to 
the implementations of the 4-node element in NIKE2D and DYNA2D, respectively. 

Two different finite-element models are used. The material properties and the way the 
simulations were performed are the same as in the two-dimensional simulations. The aim of 
the smaller of the two models is to repeat the two-dimensional simulations and to compare the 
implicit and explicit formulations. The mesh corresponds to the mesh shown in Figure 1 but 
is somewhat coarser. It has 97 elements and 240 nodes. There is one layer of elements in the 
transverse direction. The nodal displacements in this direction are constrained to obtain plane 
strain conditions. The simulation using NIKE3D required 820 C P U min, compared to 
90 C P U min for DYNA3D. The real density was increased by 1000 times in the latter 
simulation. The density cannot be magnified the same amount as in the two-dimensional 
simulations without affecting the results. The results, not shown in this paper, from these small 
models correspond to those of the earlier two-dimensional simulations. 

The larger of the two models is a full three-dimensional model. It is used to study the 
variation of the rolling force in the direction transverse to the rolling direction and the lateral 
spread of the rolled plate. The finite-element mesh can be seen in Figure 2. It consists of 34,720 

c) 

Figure 2. Finite-element mesh used in the full three-dimensional finite-element model: (a) at 0, (b) at 0-119 s; and 
(c) at 0-224 s 
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Table I I I . Gap profile between the rolls and the ingoing plate profile used in 
the model 

Deviation from nominal 
Distance from centre Deviation from thickness of plate, 12-7 
of plate nominal gap 10-0 mm mm, before rolling 
(mm) (/mi) (/im) 

0-0 0-0 0-0 
87-8 -0-3 -0-6 

175-6 -1-7 -3-0 
263-4 -4 -1 -6-8 
351-2 -7-2 -12-1 
439-0 -11-2 -18-7 
526-8 -15-8 -26-5 
614-6 -21-0 -35-3 
702-4 -26-8 -45-0 
790-2 -32-9 -55-3 
878-0 -38-9 -66-1 
965-9 -44-8 -77-1 

1053-7 -50-4 -88-5 
1141-5 -55-9 -100-5 
1207-3 -60-5 -110-9 
1251-2 -64-4 -119-2 
1295-1 -69-5 -130-2 
1339-0 -79-0 -147-8 
1361-0 -102-0 -176-0 
1365-0 -102-0 — 

25000 

0 0.05 0.1 0.15 0.2 0.25 

time (sees) 

Figure 3. Calculated rolling forces as a function of time compared with the measured rolling force 
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Figure 4. Rolling force distribution in the transverse direction. The force is per unit length in the transverse direction 

Figure 5. Lateral spread for nodes at the outer edge of the plate 
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elements and 54,146 nodes. This model will require several C P U months using NIKE3D. 
Therefore only DYNA3D is used for this model. The simulation took about 325 C P U hours 
when the density was increased by 1000 times. The shape of the roll is taken from values 
computed by the CROWN^'^package. These values include the effect of roll bending. Thus 
the gap between the rolls varies along the transverse direction. The gaps used are given in 
Table ILL The profile of the plate before the rolling pass is also taken from CROWN. Table III 
shows these values. 

Figure 3 shows the computed rolling force. The rolling force distribution is shown in 
Figure 4. The lateral spread is given in Figure 5. 

R E S U L T S 

Rolling force 

The total rolling force is shown in Figure 3. The results are from the two-dimensional and 
the larger of the three-dimensional finite-element models. The total rolling force computed by 
DYNA3D is 21532 kN at 0-125 s. The measured total rolling force, 22,680 kN, is also shown 
in Figure 3. 

Rolling force distribution 

The distribution of the rolling force is given in Figure 4. The solid line denotes values from 
the larger of the three-dimensional models. The solid line with squares is obtained from the 
CROWN package. This program computes the bending of the rolls from measured total rolling 
force and roll bending force. 2 4 , 2 5 

L A T E R A L S P R E A D 

The displacements transverse to the rolling direction of the nodes at the outer edge of the plate 
are shown in Figure 5. Two cross-sections of the plate are shown. The left one is its location 
and shape before rolling and the other is its location and shape after rolling. 

DISCUSSIONS AND CONCLUSIONS 

The conclusion in Reference 21 is reinforced in three-dimensional finite-element simulations of 
rolling. It is easier and more efficient to use an explicit finite-element code than an implicit one. 
We have not checked in detail how much further the density can be increased until inertia 
forces in the model affect the results too much. However, it is not possible to increase the 
density as much as was done in the two-dimensional calculations in Reference 21. 

The larger three-dimensional model gives information about the transverse distribution of 
the deformation. It is not possible to state anything quantitatively about the results shown in 
Figures 4 and 5. This is due to the lack of experimental data and that the finite-element model 
requires an estimate of the size of the roll bending. Here the roll bending was calculated by 
the CROWN package. 

F U T U R E I M P R O V E M E N T 

The simulation should be performed on cases where more experimental results are available 
to verify in detail the computational used model. It is also desirable to have a finite-element 
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model that is independent of other estimates of the roll bending. Therefore it is important to 
be able to model the working rolls and back-up rolls so that the roll bending is obtained within 
the finite-element simulations. 

A P P E N D I X I 

Incremental solution with iterative correction of a system of non-linear equations 

Step 1. Initialise analysis 

Set increment (time step) counter n = 0. 
Initialise displacements D° 
Initialise velocities D ° 
Calculate initial accelerations D° 
Starting procedure (for e.g. computing D " 1 ) might be required by the chosen algorithm for 
temporal integration. 

Step 2. Next increment, predictor phase 

Initialise estimate of displacements for time r " + 1 corresponding to i = 0. 
Set iteration counter i = 1. 

Step 3. Solve equations and update displacements, corrector phase 

K*,AD = R* 

i D " + 1 = , _ i D " + 1 + ,-AD 

Step 4. Check convergence 

If no convergence then 
i + i + 1 and go to step 3 

Else if convergence then 
D " + 1 = / D " + 1 , D " + I = , D " + 1 , D n + 1 = ( D n + 1 and set n = n + l. 

If more increments (time steps) go to step 2 
Endif 

A P P E N D I X II 

Non-linear dynamic mechanical analysis without damping using the central difference method 

Algorithm for time integration 

p n D ^ ' - P " 1  

2 At 

p n D " + ' - 2 D " + D"" 1 

At2 

The algorithm requires starting values D " 1 (initial velocities and displacements are given). 
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They are calculated from 

Where initial acceleration is solved from 

MD° = Fext - F°nt 

The assumption above introduced into the semidiscretised fe-equations for time / gives the 
residual loads 

nelem n 

R * = Fext - Ffnt - A ( d " - 1 - d " ) 
e=i A r 

where 
fext is loads 

nelem » 

F"m = A ß T ^ " dV (notations in footnote) 

and 

r« 1 

2 
K = M 

Ar 

N.B. No left subscripts (i) are used as this algorithm is not combined with iterations towards 
equilibrium. Steps 2-4 in Appendix I are simplified accordingly. 

A P P E N D I X III 

Non-linear dynamic mechanical analysis without damping using the Newmark method for 
temporal integration 

Algorithm for time integration 

i D" + 1 = D" + D n A? + ((l - 2,3)0"+ 2 f r D " + 1 ) ^ -

. D " + 1 = D" + ((1 - 7 ) D " - f 7 , D " + 1 ) Ar 

The predictors used for i = 0 may be computed by assuming 

0 D " + 1 = D" 

and then the corresponding accelerations must be 

k « + i D" / l 

and velocities 

0 D " + I = ^ - - 1 D" 
ß At \2ß 

0 D - = D"(I-J) + D"(I-^)A. 

B is the strain-displacement matrix for an element (e = Bd) and B T is the transpose of B. a is the vector with the 
stresses in an element. 
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The algorithm requires initial accelerations (initial velocities and displacements are given). 
They are calculated from 

M D ° = Fext - F°nt 

The assumption above introduced into the semidiscretised fe-equations for time t + At gives 
the residual loads 

nelem 

— i-irext — i-it int — A. i-lltl , - i d 
e = \ 

where 

i-iF^xt 1 is loads 

nelkm f „ t «+i j . « . /notations in footnote\ . i P » + i _ T f B T . _ i a « + i d v e /notations in footnote\ 
,=i J ' \ on previous page / 

and 

K * = , - 1 K " + 1

 + I _ 1 M " + 1 ^ ? 
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Three-dimensional simulation of plate rolling using different friction models 

Jonas Edberg 
MEFOS Metal Working Research Plant, Luleå, Sweden 

ABSTRACT: Three-dimensional simulations of plate rolling using the finite element program 
DYNA3D are performed. Four different friction models are compared. The calculated contact force 
agrees well with experimental results. 

1 INTRODUCTION 

Simulation of flat rolling is a process that has 
been simulated using many different methods. 
Most of them are empirical or semi empirical. 
Nowadays the Finite Element Method (FEM) is 
frequently used for simulation of rolling. Using 
this method it is possible to include effects that 
had to be neglected in the empirical and semi 
empirical methods. In most simulations of 
rolling Coulomb friction is assumed. The 
Norton friction law, which states that the 
friction force is a function of the relative velocity 
between the surfaces, has also been used 
(Montmitonnet 1989). There is also a combined 
Norton-Coulomb friction law. 

There is always an oxide layer on the surface 
of the rolled material in hot rolling of steel. The 
yield stress at high temperatures for the most 
common oxide type is lower than the yield 
stress for the steel being rolled. If the Coulomb 
friction model is used then the calculated shear 
stress in the contact may exceed the maximum 
shear stress the oxide layer can transmit. 

The objective of this work is to investigate 
three different extensions of the Coulomb 
friction model that take account of the 
maximum shear stress the oxide layer can 
transmit. Furthermore, the friction models in 
this paper named Tresca, Norton and 
Coulomb-Norton are evaluated. A l l these 
friction models were first evaluated in a two-
dimensional finite element model using the 
program NTJCE2D. Then the Coulomb friction 

model with different limitations on the 
maximum shear stress was chosen for the three-
dimensional finite element model. The explicit 
code DYNA3D was used in the latter analyses. 

2 THEORETICAL ANALYSES 

Finite element simulations are performed using 
several different friction models. 

2.1 Finite element program 

The finite element programs DYNA3D 
(Hallquist 1989) and NIKE2D (Hallquist 1986) 
obtained from Lawrence Livermore National 
Laboratory, USA, are used in the simulations. 
DYNA3D is an explicit code for the nonlinear 
transient dynamic response of three-
dimensional solids and structures. It does not 
form and solve a large system of coupled 
equations typical of implicit codes and does not 
require iterations within each timestep. The 
explicit central difference method is used to 
integrate the equations of motion in time. This 
method is only conditionally stable and stability 
is governed by a limit on the time step size. For 
solid elements this limit is essentially the time 
required for an elastic stress wave to propagate 
across the shortest dimension of the smallest 
element in the mesh. The acoustic wave speed 
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Figure 1. Regularisation of friction stress in Figure 2. Upper limit of friction stress. 
Coulomb friction model, u is the relative dis- The friction coefficient is denoted u. 
placement. 

where E is the Young's modulus and p is the 
density. The rolling velocity is fairly low in the 
present simulations. Inertia forces are small 
compared with the deformation forces. 
Therefore it is possible to reduce the 
computation time by using a density that is 
higher than real density of the simulated 
material. This technique is described in 
(Lindgren 1990, Edberg 1992). NIKE2D is an 
implicit code for static and dynamic problems. It 
lacks limits on the time step size other than 
accuracy requirements. The contact algorithms 
in NIKE2D and DYNA3D are implemented in a 
way that permits unlimited sliding between the 
contact surfaces. 

2.2 Friction models 

Previous work (Montmitonnet 1989, Oden 1984) 
has shown the importance of the choice of 
friction law. The friction laws described below 
are tried in NIKE2D. 

The Coulomb friction stress changes sign 
abruptly when the sliding direction changes. 
This is not numerically convenient. Therefore 
the relation between friction and the sliding is 
regularised, see Figure 1. The regularisation 
parameter calculated by NTKE2D is related to 
the penalty number used in the contact 
algorithm and can be changed. It is found that 
there is no reason to change it in the 
simulations of plate rolling. Other studies of 
friction (Oden 1983) states that this 
regularisation is physical reasonable. However, 
the regularisation parameter has in our case no 

relation to any physical parameters. The 
regularised Coulomb friction model is 
extended by adding an upper limit to the 
friction shear stress. This is shown in Figure 2. 
This upper limit, x m a x , depends on the 
properties of the oxide layers between the roll 
and the plate. It can be deformation and 
temperature dependent. The extensions of the 
Coulomb friction model shown in Figure 2 are 
called the Orovan (Orovan 1943) and the Bay-
Wanheim models in this paper (Bay 1976,1987, 
Wanheim 1978). In the latter model there is a 
smooth transition between the straight lines in 
Figure 2. 

A special version of these models is 
developed at Mefos (Jarl 1990). The idea is that 
the oxide layer on the rolled material cools 
down in the contact with the roll and it is 
deformed during the contact. This means that 
the yield stress of the oxide layer changes 
during the contact. A program that estimates 
the maximum shear stress the oxide layer can 
transmit along the contact is developed by Jarl. 
This program makes it possible to predict the 
variation of x m a x along the contact between the 
roll and the plate. This contact dependent x m a x 

can be used with the Orovan or Bay-Wanheim 
friction model. 

The friction stress is constant in the Tresca 
friction model, not dependent on the normal 
stress, see Figure 2. The model simplifies 
manual calculations but is not convenient in 
numerical analysis as it has a strong 
discontinuity. The model was disregarded as it 
caused convergence problems in NIKE2D. 

The Norton friction model is velocity 
dependent. The friction shear stress is related to 
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Figure 3. Three-dimensional finite element model shown at 0.11 sec. 

the relative velocity between the sliding 
surfaces, V r as 

X = - aVr ? x-ü 
lul 

In this model the shear stresses are high at 
high relative velocity. This caused convergence 
problems in NTKE2D at the start and the end of 
the contact length when the shear stress on the 
surface ends abruptly. The model was therefore 
disregarded. 

The Coulomb-Norton friction model is a 
combination of the Coulomb and Norton 
friction models. The friction shear stress is 
related to the normal pressure, c n and the 
relative sliding velocity as 

1 = -8Vr qO"nx — 
|u| 

If q is chosen to a small value and ß is chosen 
so that the resulting shear stress is the same as 
in the Coulomb friction model for the highest 
relative velocity in the simulation, then the 
Coulomb-Norton without regularisation and 
Coulomb friction model with regularisation 
gives practically the same result. The only 
significant difference is that the Coulomb-
Norton friction model causes more iterations in 
each time step than the Coulomb friction 
model. 

The Coulomb friction model was therefore 
chosen for implementation of the shear stress 
limitations in DYNA3D. 

The influence of the different choices of 
maximizing the friction shear stress in the 
Coulomb model are discussed under 4. 

2.3 Finite element model 

Due to symmetry only half the upper roll and a 
quarter of the plate is analysed. The three-
dimensional model can be seen in Figure 3. The 
roll is rotating with a peripheral velocity of 
800 mm/s at the outer radius. The plate in the 
model is 102.5 mm long, 12.8 mm thick and 
300 mm wide before the rolling. This width is 

probably large enough to reach the steady-state 
condition prevailing in the central part of the 
reai plate. A ful l three-dimensional simulation is 
presented in Edberg (1992). The outer diameter 
of the work rolls is 1014 mm and the gap 
between the work rolls is 10 mm before rolling. 
The distance between the inner and the outer 
radii of the work rolls is 3 mm. The two-
dimensional model has a corresponding mesh 
and plane strain deformation is assumed 
transverse to the rolling direction. The density 
of the materials is 1000 times larger than the real 
density for steel to speed up the calculation. 

The rolling takes about 0.22 seconds. It is 
found that there is a steady state condition 
relative to the rolling section prevailing from 
about 0.06 to 0.15 seconds. The friction along 
the slideline between the rolls and the plate is 
modelled as Coulomb friction in the first 
model. The friction coefficient is assumed to be 
0.3. In the second model friction according to 
Orovan is used, the friction coefficient is 
assumed to be 0.3 and the maximum shear 
stress 50 MPa. The third model uses the Bay-
Wanheim friction model, the factor of 
proportional friction, t^p/x^-,, is assumed to 
be 0.7, see Figure 2. The other parameters are 
the same as in the second model. In the fourth 
model the contact dependent maximum shear 
stress is used with the Orovan friction model. 
The value of the maximum shear stress as a 
function of contact time is given by 
interpolation between the values in Table 1. 
The Young's modulus for the plate material is 
assumed to be 100 GPa at 1000 °C. Poisson's 
ratio is set to 0.35. The yield condition according 
to von Mises and the associated flow rule is 
used. Isotropic hardening is assumed. Variable 
hardening is assumed in all models. The 
effective stress-effective plastic strain relation is 
given from linear interpolation between the 
values in Table 2. The data for plastic yielding 
are based on a strain rate of 2/s in Suzuki 
(1969:201). The simulations show that the strain 
rate approximately around 4/s. The material is 
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Table 1. Upper limit of shear stress. 

Contact time 
[sec] 

Maximum shear 
stress [MPa] 

0.0000 38.55 

0.0035 43.59 

0.0069 46.47 

0.0104 49.39 

0.0139 52.24 

0.0174 53.68 

0.0209 52.24 

0.0244 49.71 

0.0278 47.91 

0.0313 51.16 

0.0348 52.24 

0.0383 53.96 

0.0418 54.82 

0.0487 54.82 

not very strain rate sensitive. A more 
correct material model wi l l give slightly higher 
stress levels. The work rolls are assumed to be 
elastic. The material of the outer layer of the roll, 
which is included in the finite element model, is 
given a Young's modulus of 215 MPa and a 
Poisson's ratio of 0.3. No phase changes are 
accounted for as the temperature is assumed to 
be constant during the rolling. Neither is 
dynamic recrystallisation included in the 
material model. 

3 EXPERIMENTS 

The experiment was performed at the 
Rautaruukki plate mill in Raahe, Finland. It was 
carried out in a Davy single-stand four-high 
plate mill . The width is 3600 mm and the 
maximum work roll diameter 1045 mm and the 
maximum backup roll diameter is 1825 mm. The 
diameters in the experiment were 1014 mm and 
1800 mm, respectively. A plate with a length of 
about 13 m was rolled to finishing dimensions of 
2687*10.1 mm in the experiment. In the last pass 
the gauge adjustment was changed when 3 
quarters of the plate had been rolled so that the 
last quarter was not reduced in thickness s at all. 
Therefore it was possible to measure the 
thickness before the last pass. It is 12.7 mm. The 
total rolling force, temperature, screw position 
and rolling velocity was recorded on a pen-
recorder. The total rolling force was measured 

Table 2. Variable hardening model. 

Effective Effective stress 
plastic strain [MPa] 
0.000 60.0 

0.025 74.0 

0.059 84.0 

0.110 98.0 

0.177 113.0 

0.240 122.0 

0.295 127.0 

0.371 128.8 

300 

Figure 4. Contact pressure and shear stress. 

to be 22680 kN. The temperature was about 
1000 °C. In order to calculate the roll force 
distribution across the width of the plate, the 
CROWN software package for off-line 
calculation of plate profile and flatness in 4-high 
rolling mills was used (Wiklund 1987). The 
calculated rolling forces per unit length (i.e. per 
unit length transverse to the rolling direction) in 
the mid section of the plate is 8.6 kN/mm. 

4 CALCULATED RESULTS 

4.1 Contact forces 

The contact forces are reduced when the shear 
stress is limited. The maximum shear stress in 
the first model is about 62 MPa. Figure 4 shows 
the normal pressure and the shear stress as a 
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Table 3. Slip for different friction models 

friction forward backward 
model slip [%] slip [%] 

Coulomb 4.50 18.38 

Orovan 4.50 17.69 

Bay-Wanheim 4.63 18.03 

Contact dep. 4.38 18.13 

9 

Figure 5- Calculated rolling force during rolling. 

function of contact length at the centre of the 
plate for the Coulomb friction model. The total 
rolling force for this case is 1.179 M N on the 
150 mm nearest to the free edge. This means that 
the calculated total rolling force wil l be 
21468 kN assuming that the rolling force is 
constant over the remaining central part 
(8.5 kN/mm). In the second model the rolling 
force is 1.112 M N on the 150 mm nearest to the 
free edge. This is 5.7% lower than in the first 
model. In the third model the rolling force is 
1.099 M N that is 6.8% lower than in the first 
model. In the fourth model the rolling force is 
1.117 MN. This is 5.3% lower than in the first 
model. The rolling force as a function of time at 
the centre of the plate for the Coulomb friction 
model is shown in Figure 5. 

4.2 Roll torque 

The roll torque is also reduced when the shear 
stress is limited. In the first model it is about 
19.17 kNm on the 150 mm closest to the free 

edge. In the second model it is about 18.52 kNm, 
that is 3.4% less than in the first model. In the 
third model it is about 18.40 kNm, that is 4.0% 
less than in the first model. In the fourth model 
it is 18.78 kNm, that is 2.0% less than in the first 
model. This shows that the roll torque is not 
reduced as much as the rolling force. It is 
interesting that the fourth model does not 
reduce the rolling torque as much as the second 
model though the mean value of shear stress 
limitation is the same. Therefore it is possible to 
separate the friction influence on the rolling 
forces and on the rolling torque with the contact 
dependent friction model. 

4.3 Lateral spread 

The lateral spread is not affected significantly by 
the different friction models. In the first model 
the maximum spread is 1.14 mm. In the second, 
third and the fourth model the spread is 
1.16 mm, 1.16 mm and 1.17 mm, respectively. 

4.4 Forward and backward slip 

The forward and backward slip is not affected 
significantly by the different friction models. 
The values are shown in Table 3. The forward 
and backward slip probably wil l be affected 
most by the contact dependent friction model if 
there is a strong relationship between the 
contact time and the maximum shear stress. 

5 COMPARISONS AND CONCLUSIONS 

The maximum shear stress in the contact is 
reduced about 19% between the first and the 
other three models. The total roll separating 
force is reduced between 5.3 and 6.8% and the 
roll torque only 2.0 to 4.0%. Therefore the 
coupling between the maximum shear stress in 
the contact and the rolling forces is not so 
strong. The differences between the second, 
third and the fourth model are very small. The 
only significant differences are that the fourth 
models roll torque is different from the second 
and the third model and that the third model 
uses slightly less computer time. The differences 
in spread and forward and backward slip is 
almost negligible. The lateral spread increases 
slightly when the friction is reduced. 

It is important to notice that the different 
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friction parameters have been varied within 
realistic limits. The coefficient of Coulomb 
friction has not been studied. It is possible that 
a higher Coulomb coefficient of friction is more 
realistic when used together with some type of 
limit on the shear stresses in the contact. The 
only way to prove this it to perform 
experiments where the shear stress along the 
length of contact is measured. However, such 
experiments are very hard to accomplish 
accurately. If the Coulomb coefficient of friction 
is increased much together with a strict limit on 
the shear stresses then the friction model wil l be 
more like the Tresca friction model. This 
approach is therefore quite flexible. It can be 
noticed that the material properties used in the 
plate are more important than the friction 
parameters. It is known that the roll separating 
force and the roll torque change significantly 
when the material parameters change. No trial 
and error procedure was used to f ind material 
properties that give a calculated rolling force 
close to the measured one. 

DYNA3D is a very useful tool for 
investigating rolling parameters that are 
difficult or impossible to study with other 
methods. Results not shown in this paper show 
that there is an edge effect that reach a distance 
of about ten to twelve times the plate thickness 
from the free edge into the plate. This is more 
than has been assumed earlier. 
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Industrial Summary 

A method for the evaluation of friction models is described. A wedge is rolled to uniform 
thickness, a range of reductions being investigated thereby in one experiment. Finite-element 
simulations are performed in order to estimate the friction parameters that can be used in the 
simulation of hot rolling. The influence of the material parameters and the friction parameters 
on the calculated results are investigated and the latter are compared with experimental results. 
It is shown that it is possible to separate the influence of the material parameters and the friction 
parameters, thus enabling the friction parameters to be evaluated from a minimum number of 
nexperiments. 

1. Introduction 

Flat rolling is a process that has been simulated using many different methods, most 
of which are empirical or semi empirical. Presently, the Finite-Element Method 
(FEM) is used frequently for the simulation of rolling. Using this method it is possible 
to include effects that have to be neglected in the empirical and semi-empirical 
methods. The two most important groups of parameters for estimating rolling forces 
are those for the friction models and those for the material properties. The relative 
importance of these parameters depends on the thickness reduction. By rolling 
a wedge-shaped specimen to uniform thickness it is possible to investigate a range of 
reductions in one experiment, the measured rolling force and torque being compared 
with finite-element results. 

Coulomb friction is assumed in most simulations of rolling, although the Norton 
friction law, which states that the friction force is a function of the relative velocity 
between the surfaces, has been used [1], and there is also a combined Norton-
Coulomb friction law. There is always an oxide layer on the surface of the rolled 

* Corresponding author. 

0924-0136/94/S07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0924-0136(93)E0108-S 



228 J. Edberg et al./Journal of Materials Processing Technology 42 (1994) 227-238 

material in the hot rolling of steel. At high temperatures, the yield stress of the most 
common oxide type is lower than the yield stress of the steel being rolled. I f the 
Coulomb friction model is used, then the calculated shear stress in the contact zone 
may exceed the maximum shear stress that the oxide layer can transmit: this factor has 
been included also in some of the friction models used in this paper. 

The objective of the present work is to investigate the influence of the friction 
coefficient and the maximum allowable friction shear stress on the rolling force and 
rolling torque, the effect of the yield stress of the material on these quantities being 
studied also. This has been done using the finite-element code NIKE2D. In order to 
investigate the influence on the lateral spread and on the transverse distribution of the 
roll force, three-dimensional simulations have been performed, the explicit code 
D Y N A 3 D being used in the latter analyses. The friction model and the yield stress of 
the material affect the rolling force in quite different ways when the reduction varies. 
Therefore, the method can be used for estimating the friction parameters and at the 
same time assure that any error in the determination of the material properties is 
corrected. 

2. Theoretical analyses 

2.1. Finite-element program 

The finite-element programs D Y N A 3 D [2] and N I K E 2 D [3] obtained from 
Lawrence Livermore National Laboratory, USA, are used in the simulations. 
D Y N A 3 D is an explicit code for the non-linear transient dynamic response of 
three-dimensional solids and structures. I t does not form and solve a large system of 
coupled equations typical of implicit codes and does not require iterations within each 
time-step. The explicit central difference method is used to integrate the equations of 
motion in time. This method is only conditionally stable and the stability is governed 
by a limit on the time-step size. For solid elements this limit is essentially the time 
required for an elastic stress wave to propagate across the shortest dimension of the 
smallest element in the mesh. The acoustic wave speed is 

where E is Young's modulus and p is the density. The rolling velocity is fairly low in 
the present simulations, so that inertia forces are small compared with the deforma
tion forces. It is possible therefore to reduce the computation time by using a density 
that is higher than the real density of the simulated material: this technique is 
described in earlier papers [4,5]. N I K E 2 D is an implicit code for static and dynamic 
problems. I t does not have limits on the time-step size other than those for accuracy 
requirements. The contact algorithms in N I K E 2 D and D Y N A 3 D are implemented in 
a way that permits unlimited sliding between the contact surfaces. 
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Coulomb friction 

T=UCn 

Regularized friction 

A 
u 

Fig. 1. Regularization of the friction stress in the Coulomb friction model, (u is the relative displacement.) 

2.2. Friction models 

Previous work [1,6] has shown the importance of the choice of friction law. The 
friction laws described below are tried in NIKE2D. 

The Coulomb friction stress changes sign abruptly when the sliding direction 
changes, which is not convenient numerically. Therefore the relationship between 
friction and sliding is regularized, see Fig. 1. The regularization parameter calculated 
by N I K E 2 D is related to the penalty number used in the contact algorithm and can be 
changed. It is found that there is no reason to change it in the simulations of plate 
rolling. Other studies of friction [7] state that this regularization is reasonable 
physical. However, the regularization parameter has in the present case no relation
ship to any physical parameters. The regularized Coulomb friction model is extended 
by adding an upper limit to the friction shear stress: this is shown in Fig. 2. This upper 
limit, x m a x , depends on the properties of the oxide layers between the roll and the plate 
and it can be deformation- and temperature-dependent. The extensions of the 
Coulomb friction model shown in Fig. 2 are called the Orowan [8] and the 
Wanheim-Bay models [9-11], in the latter model there being a smooth transition 
between the straight lines in Fig. 2. 

T Orowan 

/ 

Fig. 2. Upper limit of the friction stress. The friction coefficient is denoted ji. 
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Fig. 3. Three-dimensional model at time 0.3 s. 

The influence of the different choices of maximizing the friction shear stress in the 
Coulomb model are discussed in an earlier paper [12]. 

2.3. Finite-element model 

Due to symmetry, only one half of the upper roll and one quarter of the plate are 
analyzed. The three-dimensional model can be seen in Fig. 3. The three-dimensional 
model consists of 19390 nodes and 12888 elements and the two-dimensional model of 
981 nodes and 697 elements. The plate in the model is 560.0 mm long, 30.0 mm thick 
at the front and 50.0 mm thick at the tail end, having a width of 300 mm before rolling. 
The shape of the specimen is shown in Fig. 4. The outer diameter of the work rolls is 
600.0 mm and the gap between the work rolls is 30.0 mm before rolling. The roll 
rotates with an angular velocity of 20 rpm. The distance between the inner and the 
outer radii of the work rolls is 4.0 mm. The two-dimensional model has a correspond
ing mesh and plane-strain deformation is assumed transverse to the rolling direction. 
The density of the materials is made 1000 times greater than the real density for steel 
in order to increase the speed of the calculation. 



J. Edberg et all Journal of Materials Processing Technology 42 (1994) 227-238 231 

50.0 mm 30.0 mm 

100.0 mm 400.0 mm 60.0 mm 

Fig. 4. The shape of the specimen. 

The rolling takes about 1.1 s. The friction along the slide-line between the rolls 
and the plate is modelled as Coulomb friction in the three cases, the friction 
coefficient being assumed to be 0.25, 0.3 and 0.35, respectively. In the fourth case 
the friction model according to Orowan is used, the friction coefficient being 
assumed to be 0.3 and the maximum shear stress 45 MPa. The fifth case uses the 
Wanheim-Bay friction model, the factor of proportional friction, T p r o p / r m a x , 
being assumed to be 0.8, see Fig. 2. The other parameters are the same as in the 
fourth case. In the sixth case the stress-strain curve of the material model used 
in the specimen is increased by 10%, Young's modulus and Poisson's ratio 
remaining unchanged. This is done in order to study the effect of the material 
properties, Coulomb friction with a friction coefficient set to 0.3 being used in 
this case. 

Young's modulus for the plate material is assumed to be 100 GPa at 974 °C, whilst 
Poisson's ratio is set to 0.35. The yield condition according to von Mises and the 
associated flow rule is used. Isotropic hardening is assumed. Variable hardening is 
assumed in all cases. The effective stress-effective plastic strain relationship is given 
from linear interpolation between the values in Table 1, the data in this table 
pertaining to a torsion test of material taken from the same charge. The simulations 
show that the mean strain rate is approximately 5.9 s - 1 . The material was chosen for 
its low strain-rate sensitivity. 

Table 1 
Variable hardening model 

Effective Effective stress 
plastic strain (MPa) 

0.000 57.9 
0.090 118.0 
0.1814 149.0 
0.2721 166.7 

0.3628 176.3 
0.4534 181.7 
0.5441 185.1 

0.9069 188.6 



232 J. Edberg et al./Journal of Materials Processing Technology 42 (1994) 227-238 

Table 2 
Chemical composition of the rolled steel (wt%) 

C Mn Si Al 

0.15 0.8 0.18 0.03 

Table 3 
Chemical composition of the roll material (wt%) 

C Mn Si Cr Ni Mo 

3.1-3.5 0.5-0.8 1.3-1.9 < 0.1 1.4-2.4 0.5-1.0 

The material of the outer layer of the roll, which is included in the finite-
element model, is given a Young's modulus of 215 MPa and a Poisson's ratio 
of 0.3. No phase changes are accounted for, as the temperature is assumed to be 
constant during the rolling, nor is dynamic recrystallisation included in the material 
model. 

3. Experiment 

3.1. Material and equipment 

The rolled steel was continuously-cast material, pre-rolled to 55 mm thickness. The 
chemical composition is given in Table 2. Heating for rolling was done in an electrical 
bell-type furnace. 

The rolling mill is a housing-less mill made by Morgårdshammar. The roll diameter 
is 600 mm, its face length is 800 mm, the maximum rolling force is 5 M N and the 
maximum torque per roll 250 k N m. The mil l is equipped with a hydraulic fine-
adjustment of the roll gap. At maximum load the fine adjustment opens the roll-gap 
by 3 mm and the motors stop. The rolls were supplied by Åkers International and the 
roll grade is H-SG-P-Mo-48: this is a heat-treated nodular iron with small amounts 
of carbides, the matrix being complex, largely perlitic. The chemical composition of 
the roll material is given in Table 3. The roll surface roughness was Ra 1.57 to 2.31 
microns. 

3.2. Procedure 

Six specimens were machined to a wedge form according to Fig. 4. The wedge 
specimens were heated to 1000 °C. As the specimens were protected from oxidation by 
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Table 4 
Surface temperatures measured immediately before the rolling of the wedge specimens (°C) 

Specimen C60091 C60101 C60U1 C60121 C60131 C60141 

Temperature 951 949 936 
(delayed) 

951 950 953 

Table 5 
Measurements of lateral spread (mm) 

Specimen C60091 C60101 C60111 C60121 C60131 C60141 

Middle (mm) 3.9 5.4 
End (mm) 5.4 6.4 

5.1 
6.1 

4.5 
6.2 

5.1 
6.5 

4.4 
5.3 

nitrogen gas, no descaling was done. The mill setting was 27.8 mm and the roll speeds 
were 15 rpm and 20 rpm. Rolling was done both with and without cooling water on 
the rolls. Measurements were sampled at a rate of 100 Hz. 

3.2. Results of rolling 

The maximum rolling load was reached in all experiments, the mill stopping 
automatically. Specimens C60111 and C60141, which were rolled at 15 rpm, stopped 
in the roll gap, the other specimens, rolled at 20 rpm, running out of the roll gap under 
the inertia of the mill . The data collected showed that the fine-adjustment opened the 
mill only on one side at overloading. The surface temperatures measured immediately 
before rolling are given in Table 4. The variations between specimens are very small. 
Only specimen C60111, that was delayed before being rolled, had a slightly lower 
temperature, whilst the other specimens had a surface temperature of just above 
950 °C. The thickness and width of the wedge specimens were measured after rolling, 
the variations between the specimens being small. The measurements of lateral spread 
are shown in Table 5. The rolling force and torques are discussed below. The curves of 
forces and torques are almost identical for all specimens rolled at the same roll speed. 
No difference between rolling with and without cooling-water can be observed when 
cooling with tap-water. There is also only a very small difference between the 
specimens rolled at 15 rpm and 20 rpm i f the time scale is changed accordingly, this 
being due to the low strain-rate sensitivity of the rolled material. 

The roll material used was a nodular graphite cast iron. In production of flat 
products at the present time two types of roll material are used: IC-rolls and 
high-chromium rolls. The IC-rolls have free graphite, the friction of the roll material 
used in this study being expected to correspond to that of IC-rolls: high-chromium 
rolls have probably a higher level of friction. 
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4. Results 

4.1. Contact forces 

The coefficient of friction affects the rolling force mainly at high reductions, when 
the contact length is large, see Fig. 5. In this latter figure the lines are simulations and 
the dots are experimental values. The contact force increases as expected when the 
Coulomb coefficient of friction is increased, this effect not being noticeable at very low 
reductions but being very dominant at high reductions. Note that the specimen passes 
through the roll-gap faster in the simulations than they do in the experiment. 

The Orowan and the Wanheim-Bay friction models give practically the same 
results. Therefore only the Wanheim-Bay friction model is shown in the figures. The 
difference between the Wanheim-Bay friction model and the Coulomb friction model 
is shown in Fig. 6. The Wanheim-Bay and the Orowan friction models also predict 
reduced roll force at high reductions: this is expected because the contact pressure is 
higher at high reductions. When the yield stress is increased, the rolling force, at all 
reductions, is affected. 

4.2. Roll torque 

Much of the discussion of the results for roll force applies also to roll torque. The 
coefficient of friction affects the rolling force mainly at high reductions, see Fig. 7. 
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Fig. 8. Total roll torque for the Coulomb, Wanheim-Bay friction model and increased yield stress oy 

Again this effect is not noticeable at very low reductions but is very dominant at high 
reductions. Note that there is a time delay of approximately 0.05 s between the start of 
the measured roll force (Figs. 5 and 6) and the measured roll torque (Figs. 7 and 8). 
This delay has no explanation for the moment but must be due to the way the 
experimental values were obtained as the roll force and torque starts simultaneously 
when the rolling starts. 

The difference between the Wanheim-Bay friction model and the Coulomb friction 
model is shown in Fig. 8. The Wanheim-Bay and the Orowan friction models also 
predict reduced roll torque at high reductions. The roll torque is affected at all 
reductions when the yield stress is increased. 

4.3. Lateral spread 

The lateral spread is calculated only for the three-dimensional simulation with the 
Coulomb friction model. The calculated spread agrees quite well with the measured 
spread. The calculated spread at the middle of the wedge-formed part is 5.1 mm and 
6.8 mm at the end of the wedge-formed part, whilst the measured spread is shown in 
Table 5. I t is noted that the calculated lateral spread at the middle is within the 
measured values, whilst it is slightly overestimated at the end of the wedge-formed 
part. 
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5. Comparisons and conclusions 

The basic objective when the simulations were started was to determine friction 
parameters that were valid for the wide range of reductions when rolling the wedge-
formed specimen. It was found in the present case that it was necessary to change the 
material parameters, otherwise it would have been impossible to determine the 
friction parameters. The important point is that the material parameters and the 
friction parameters affect the simulations in quite different ways. I t is therefore 
practically possible to separate the effect of both material properties and friction 
parameters in one experiment. 

I t can be noted that the material properties used in the plate are more important 
than are the friction parameters. I f there is an error in the material yield stress level, 
then it can be seen in the results and the error can be corrected, provided that the 
curvature of the stress-strain relationship is known from compression tests or torsion 

tests. 
None of the friction models used gave exactly the same rolling force and torque as 

the experiments. One explanation may be as follows. The friction is dependent also on 
the temperature along the contact length. In such a case the friction would be higher 
on the exit side than on the entry side at the same contact pressure. The specimen will 
then pass through the roll gap a little slower, just as in the experiment. Therefore 
friction models used for simulations of hot rolling can probably be improved by 
including a temperature dependency of the friction parameters. 

The method of rolling wedge-formed specimens for the evaluation of friction 
models is promising. The procedure is very much like the real rolling process and it is 
possible to separate the effect of the friction parameters and of the material para
meters in the Finite-Element simulations. Thus, the method is better than the ring-
compression test. However, the test is more complicated to perform. 
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ABSTRACT: Different material models used in finite element simulations of the hot rolling process 
are compared. The results from the simulations are compared with experiments. The advantages, 
hmitations and the relevance of the different material models are discussed. Improvements needed 
in the material modeling are outlined. 

1 INTRODUCTION 

Simulation of flat rolling is a process that has 
been simulated using many different methods. 
Most of them are empirical or semi empirical. 
Nowadays, the Finite Element Method (FEM) is 
frequently used for simulation of rolling. Using 
this method it is possible to include effects that 
had to be neglected in the empirical and semi 
empirical methods. 

Accurate friction models and material models 
are very important when simulating the hot 
rolling process and other processes where 
metals are deformed at high temperatures. The 
relative importance of these parameters depend 
on the rolling conditions. Many friction models 
and material models common in finite element 
codes are not accurate enough, because they do 
not take into account all the important 
phenomena that occur when a solid metal is 
subjected to large strains, high strains rates and 
high temperatures. 

The effect of different friction models and the 
associated parameters have been closely studied 
in order to improve the accuracy of the hot 
rolling simulations (Edberg 1992). One 
conclusion from this work is that for many 
rolhng operations, the friction models are less 
important in comparison with the material 
models. This leads to the fact that the best way 
to improve the accuracy of the simulations is to 
improve the material models. The material 
model used should take strain, strain rate effects 
and temperature effects into account in order to 

be reasonable accurate. In addition, recovery, 
recrystallization, grain growth, microstructure 
and phase transformations should be taken into 
account to get a complete understanding of the 
problem. The later phenomena are missing in 
many material models. 

Finite element simulations of hot plate rolling 
is taken as an example. During rolling there may 
be large temperature gradients in the rolled 
plate that are unevenly distributed, leading to 
asymmetrical rolling conditions. These 
temperature gradients develop in the reheating 
furnace, remain in the rolled material during the 
rolling process and lead to asymmetrical 
material flow in the roll gap. Besides evolution 
of residual stresses and flatness defects such as 
cross waves, ski-end formation, the 
asymmetrical metal flow also causes the 
nonuniform microstructure and mechanical 
properties in the final product. These types of 
defects result in relatively large and expensive 
rejections and in reduced productivity. It is 
evidently of great economic interest to minimize 
these type of defects, since they lead to problems 
and rejections during the manufacturing 
process and in pcorly-functioning products. 

Simulations are made using a few material 
models and the results are compared with 
experiments made in the Rautaruukki hot strip 
mill. Limitations and differences between these 
material models are pointed out. A material 
model that overcomes some of the limitations of 
the models used is outlined. It wül be able to 
handle metallurgical effects such as 
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recrystallization, recovery, grain growth, 
evolution of micro structure and phase 
transformations. 

The two-dimensional finite element programs 
PALM and DYNA2D was used to evaluate the 
different material models. 

2 THEORETICAL ANALYSES 

2.1 Finite element program 

The finite element programs PALM and 
DYNA2D (Hallquist 1988) obtained from 
Lawrence Livermore National Laboratory, USA, 
are used in the simulations. DYNA2D is an 
explicit code for the nonlinear transient 
dynamic response of two-dimensional solids 
and structures. It does not form and solve a 
large system of coupled equations typical of 
implicit codes and does not require iterations 
within each time step. The explicit central 
difference method is used to integrate the 
equations of motion in time. This method is only 
conditionally stable and stability is governed by 
a limit on the time step size. For solid elements 
this limit is essentially the time required for an 
elastic stress wave to propagate across the 
shortest dimension of the smallest element in 
the mesh. The acoustic wave speed 
is fc 

where E is Young's modulus and p is the 
density. The rolling velocity is fairly low in the 
present simulations. Inertial forces are small 
compared with the deformational forces. 
Therefore it is possible to reduce the 
computation time by using a density that is 
higher than the real density of the simulated 
material. This technique is described by 
Lindgren (1990) and Edberg (1992). PALM is an 
implicit thermal-mechanical coupled code for 
static and dynamic problems. It lacks limits on 
the time step size other than accuracy 
requirements as the code is based on an 
unconditionally stable time integrator. PALM is 

Figure 1. Finite element model at time 0.12 s. 

based on TOPAZ2D (Shapiro 1986) for thermal 
analysis and NIKE2D (Hallquist 1986) for 
mechanical analysis. 

2.2 Finite element model 

The same finite element mesh is used in all 
simulations. Due to symmetry only the upper 
half of the plate and the upper roll is analyzed. 
The model can be seen in Figure 1. Plane strain 
conditions are assumed in the direction 
transverse to the rolling direction. Thus the 
simulations are representative of the mid 
section along the rolling direction. The roll is 
rotating with a peripheral velocity of 800 mm/s 
at the outer radius. The plate in the model is 
102.5 mm long and 12.8 mm thick before rolling. 
The outer diameter of the work rolls is 1014 mm 
and the gap between the work rolls is 10 mm 
before rolling. The distance between the inner 
and the outer radii of the work rolls is 3 mm. The 
density of the materials are 1000 times larger 
than the real density for steel to speed up the 
calculation in DYNA2D. In the simulations 
using PALM, the plate is pulled into the roll gap 
during the first 0.001 seconds and no inertia 
forces are accounted for. 

The rolling takes about 0.22 seconds. There is 
a steady state condition relative to the rolling 
section prevailing from about 0.06 to 0.15 
seconds. The friction along the slideline 
between the rolls and the plate is modelled 
using Coulomb friction. The friction coefficient 
is assumed to be 0.3. 

2.3 Material models 

Finite element simulations are performed using 
three different material models for the rolled 
plate. The work rolls are assumed to be elastic in 
all the simulations. The material of the outer 
layer of the roll, which is included in the finite 
element model, is given a Young's modulus of 
215 MPa and a Poisson's ratio of 0.3. Three 
different material models are used for the rolled 
plate. The first material model is an elastoplastic 
model with variable hardening. The hardening 
is assumed to be isotropic in these simulations 
but it can also be kinematic or a combination of 
isotropic and kinematic hardening. This model 
has no temperature or strain rate 
dependence.The Young's modulus for the plate 
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material is assumed to be 100 GPa at 1000 C. 
Tire temperature is assumed to be constant. 
Poisson's ratio is set to 0.35. The yield condition 
according to von Mises and the associated flow 
rule is used. The effective stress-effective plastic 
strain relation is given from linear interpolation 
between the values in Table 1. 
The data for plastic yielding are based on a 
strain rate of 2/s in Suzuki (1969:201). The 
simulations show that the strain rate is 
approximately 4/s. The material is not very 
strain rate sensitive. A more accurate material 
model wi l l give slightly higher stress levels. 

The second material model is a 
thermo-elastoplastic model with linear 
hardening. The hardening is assumed to be 
isotropic. This model has no strain rate 
dependence.The Young's modulus, Poisson's 
ratio, thermal expansion a, yield stress ay and 
the plastic hardening modulus E p as a function 
of temperature are given from linear 
interpolation between the values in Table 2. 
The yield condition according to von Mises and 
the associated flow rule is used. Again the data 
for plastic yielding are based on a strain rate of 
2/s in Suzuki (1969:201). Temperatures are 
calculated simultaneously with the mechanical 
analysis. 

The third model is based on the constitutive 
relationship by Johnson and Cook (1983) where 
the model for the von Mises flow stress, a, is 
expressed as 

a = [A+Bt?] [ 1 + C l n ( s / ) ] [ 1 - 7 ^ ] 

where e is the effective plastic strain, 
ef = S ' / S Q ' is the dimensionless plastic strain 
rate for E q ' = 1.0 s"1 and 7/, = is the homologous 
temperature expressed as 

T h = ( T - T r o o m ) / ( T m e l l - T r o o m ) 

The expression in the second set of brackets is 
never less than 1.0. The five material constants 
A, B, n, C, and m are optimized to fit 
experimental data and are shown in Table 3. 
In this case the material parameters are 
optimized to fit experimental data in the 
temperature interval 850-1100 °C only. 
Therefore it is dangerous to use these 
parameters outside this interval.Temperatures 
are the same as for the thermo-elastoplastic 
material model. The Young's modulus for the 
plate material is assumed to be 100 GPa and 
Poisson's ratio is set to 0.35. There is no thermal 
expansion in this model. 

Table 1. Variable hardening model. 

Effective Effective stress 
plastic strain [MPa] 
0.000 60.0 

0.025 74.0 

0.059 84.0 

0.110 98.0 

0.177 113.0 

0.240 122.0 

0.295 127.0 

0.371 128.8 

Table 2. Thermo-elastoplastic model. 

Temp [°C] 800 1000 1100 

Young [GPa] 120 100 95 

Poisson ratio [-] 0.35 0.35 0.35 

a[10-5/°C] 1.235 1.292 1.320 

Oy [MPa] 80 60 45 

Ep [MPa] 290 270 220 

Table 3. Material parameters, model 3. 

A [MPa] 4.085873 

B [MPa] 205.817248 

«[-] 0.22106369 

C[-] 0.1702872 

ml-] 0.585483 

to Is"5] 0.005680355 

650.0 

Tmett [°C1 1347563 

Table 4. Thermal material parameters. 

Temperature [°C] 750 1250 

Heat capacity [J/kgK] 65Ö7Ö 720.0 

Thermal cond [W/mK] 25.0 31.0 

In the thermal simulation an isotropic 
temperature dependent material model is used. 
The thermal conductivity and heat capacity are 
shown in Table 4. 
The density of the roll is assumed to be 7750.0 
k g / m 3 and the plate density is 7860 k g / m 3 in all 
simulations. The thermal conductivity between 
the plate and the roll is assumed to be 300 
W / m 2 o C when there is no contact and 40 000 
VV/m2°C during contact. The latter value is 
based on the heat conductivity of the oxide layer 
on the plate surface. 
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Figure 2. Vertical contact force. 

3 EXPERIMENTS 

An experiment was performed at the 
Rautaruukki plate mill in Raahe, Finland. Using 
a Davy single-stand four-high plate mill. The 
width is 3600 mm and the maximum work roll 
diameter is 1045 mm and the maximum backup 
roll diameter is 1825 mm. The diameters in the 
experiment were 1014 mm and 1800 mm, 
respectively. A plate with a length of about 13 m 
was rolled to finishing dimensions of 2687 X10.1 
mm in the experiment. In the last pass the gauge 
adjustment was changed when three quarters of 
the plate had been rolled, so that the last quarter 
was not reduced in thickness at all. Therefore it 
was possible to measure the thickness before the 
last pass, which was 12.7 mm. The total rolling 
force, temperature, screw position and rolling 
velocity was recorded on a pen-recorder. The 
total rolling force was measured to be 22680 kN. 
The temperature before rolling was about 
1000 C. In order to calculate the roll force 
distribution across the width of the plate, the 
CROWN software package for off-line 
calculation of plate profile and flatness in 4-high 
rolling mills was used (Wiklund 1987). The 
calculated rolling forces per unit length (i.e. per 
unit length transverse to the rolling direction) in 
the mid section of the plate is 8.55 kN/mm. 

4 CALCULATED RESULTS 

4.1 Contact forces 

The calculated contact force is about 8.6,9.1 and 
8.5 kN/mm for the three material models, 
respectively. The time history for the vertical 
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Figure 3. Pressure and shear stress distribution. 

contact force can be seen in Figure 2for the 
models. The pressure distribution and the shear 
stress distribution for the three material models 
are shown in Figure 3. The shear stress 
distribution corresponds to the friction force per 
unit area. All three models calculate quite 
similar contact forces. 

4.2 Stresses and deformation 

The thicknesses after rolling are 10.10 mm in all 
material models. The thickness will decrease 
about 0.1 mm during cooling if the plate. The 
effective stress according to von Mises is shown 
in Figure 4 where part of the plate is shown 
magnified. The effective stress for the 
thermo-elastoplastic model is higher than for 
the variable hardening model. Using these 
models the effective stresses increase with 
deformation and the highest effective stress 
levels are found close to the surface on the exit 
side where the plastic deformation reaches its 
maximum value. The thermo-elastoplastic 
model has higher effective stress levels due to its 
temperature sensitivity. The Johnson and Cook 
model show high effective stress levels in 
regions with high deformation rates. Therefore 
there is a decrease in the effective stress levels in 
the middle of the contact area due to a 
hydrostatic situation with low deformation 
rates in this region. 
The longitudinal stress state after rolling is 
shown in Figure 5, 
where part of the plate is shown magnified. The 
stress is 15 MPa at the surface and -10 MPa in 
the middle of the plate for the variable 
hardening model, -60 MPa at the surface, 
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Figure 4. Effective stress after rolling. 

-35 MPa in the middle of the plate and 40 MPa at 
about 1 /3 of the thickness for the 
thermo-elastoplastic model and 60 MPa at the 
surface and -35 MPa in the middle of the plate 
for the Johnson and Cook model. The reason for 
the differences in the longitudinal stress state 
after rolling for the thermo-elastoplastic model 
is that the surface of the plate is cooled during 
rolling due to roll contact and then heated after 
rolling by the hotter center parts of the plate. 
Then the surface thermally expands creating 
compressive stresses in the surface. 

The effective stress after rolling is 50 MPa at 
the surface and 40 MPa in the middle of the 
plate for the variable hardening model, 130 MPa 
at the surface and 70 MPa in the middle of the 
plate for the thermo-elastoplastic model and 
60 MPa at the surface and 40 MPa in the middle 
of the plate for the Johnson and Cook model. 

The maximum effective plastic strain is about 
0.35 for all the three material models. This value 
is found at the surface of the plate. 

5 COMPARISONS 

It is possible to obtain accurate results for the 
contact forces and plastic deformation using any 
of the three material models. The stress 
distribution during and after rolling differs 
between the models and it is easy to find 
unrealistic behavior in all models used. 

Perhaps the most important remark is that 
none of the material models accurately describe 
the effect of changing strain rate and 
temperature during deformation. Most 

MPa 
a =-35 
b =-7.5 

Thermo-elastoplastic model 

Johnson and Cook model 

Figure 5. Longitudinal stress after rolling. 

laboratory tests for studying flow stress under 
hot working conditions are performed at 
constant strain rates and temperature. Material 
parameters and models are then optimized to 
describe these laboratory tests accurately. In 
industrial hot working operations the strain rate 
and temperature changes continuously. In this 
paper it is shown that the strain rate varies from 
the entry to the exit side and that very steep 
temperature gradients are created during 
rolling. An accurate material model therefore 
has to describe the effect of changing the strain 
rate and temperature during deformation. A 
material model that is able to do this is proposed 
by Bergström (1982). In this model, the true flow 
stress is related to the total dislocation density, 
p, as 

a = o 0 + aG£>Jp 

where ag is the strain independent friction 
stress, a is a constant, G is the shear modulus 
and b is Burgers vector of the dislocation. 
Bergström shows how to calculate p as a 
function of strain, strain rate and temperature 
and the model is capable of describing the effect 
of changing the strain rate and temperature 
during deformation. Recovery effects are also 
included in the model. A drawback is that p is 
described by a differential equation that has to 
be integrated numerically. This is a minor 
problem in a finite element code. Static and 
dynamic recrystallization is not included in the 
model, but this phenomena has been studied by 
many researchers and there are many 
publications on that subject. If a recrystallization 
model is combined with Bergströms model, 
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then this model would be able to describe many 
hot working operations more accurately. There 
is also the possibility in the future to include the 
effect of microstructure and phase 
transformations into the model since these 
phenomena affects the dislocation density. 

6 CONCLUSIONS 

The results show that a reasonable accuracy can 
be obtained in many cases with the material 
models used, but it also shows that a better 
material model is needed in order to get a 
complete understanding of the problem. The 
present material models works quite well for the 
simulation of the rolling operation, but are not 
capable of describing the evolution of stresses 
between the rolling passes. A material model 
based on the dislocation density according to 
Bergström combined with a recrystallization 
model would be a great step forward in the 
simulation of hot working operations. 
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