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ABSTRACT

In the current work, the behavior of Al alloys during cold rolling is studied with the help of numerical
approaches such as Finite Element (FEM) and Flow-Line (FLM) Models. The applicable simplifi-
cations for each method have been summarized in this contribution. For simulating the process of
rolling, a material model was employed, which is based on the measured values obtained from the
tensile test. The results of the conducted rolling experiments were compared with the numerical sim-
ulations performed by employing the experimental material models. The analysis of simulated and
experimental data allowed us to evaluate the friction coefficient. A relationship has been established
between the minimum friction coefficient necessary for rolling and the estimated one and this result
is in a good agreement with the counterpart reported in literature sources. The established method
was used for the evaluation of the characteristic components of the strain, namely the normal, shear,
and equivalent components. The comparative study between recorded measurements and simulations
indicates that both the FEM and FLM models can be successfully applied to simulate the symmetric
cold rolling process of aluminum with sufficient accuracy.
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1. Introduction

The coefficient of friction enforces a strong effect on the deformation paths during the process of
rolling. This technological parameter expresses the rate of shear and normal stresses in the contacts
of the sheet and the rolls, as it is expressed among others by Avitzur [2]. There are many models
for describing the deformation rate as a function of various technological and physical parameters
such as temperature, slip velocity in the contact, normal pressure, the shear strength of the sheets
material, or the roughness of the surface [3, 4], however, in this study, a simple approximation is
used with a constant value.
The presented work aims to compare various calculation techniques for estimating the strain values

at different points of the sheet during the cold rolling process. The results of the analytical approxi-
mation employed were compared to the experimental counterparts. Various physical parameters were
determined by these calculations, for example, the friction coefficient, which describes the frictional
properties. The experimentally observed deformation flow was likewise compared to the results of
FEM simulations.
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2. Tensile and rolling samples

The FEM simulations required a material model, the parameters of which were determined from the
strain-stress curve, obtained by the tensile test. Prior to tensile testing and rolling experiments, the
samples were heat-treated at 550 °C for 3 min for reducing the effect of previous thermo-mechanical
treatments. The samples were prepared from a sheet of Al-1050 with an initial thickness of 2 mm.
Gauge length and initial cross section of the tensile samples are 50 mm and 18.44 mm2 respectively.
The strain and stress values are calculated by Eq. (1) and (2), as described by Santaoja [5, 6].

ε = ln
(

1 +
∆l

l0

)
, (1)

σ =
F

A0

(
1 +

∆l

l0

)
. (2)

The strain-stress diagram is shown in Fig. 1. The tensile test data are fitted by the Ramberg-
Osgood material model by using Eq. (3) [7, 8]:

ε =
σ

E
+
( σ
K

)1/c
(3)

The parameters of the material model are presented in Table 1. The correlation factor for the mea-
sured and fitted values is 0.9996. The rolling was performed with geometrical dimensions described
in Table 2.

Table 1. Parameters for the
Ramberg-Osgood material model

Parameter Value
E [GPa] 69.9
K [MPa] 144.6
c [-] 0.37

Table 2. Parameters of cold rolling

Parameter Value
Radius of the roll, R [mm] 75
Initial thickness of the sheet, hi, [mm] 2
Sheet thickness following rolling, hf , [mm] 1.4
Angular velocity of the rolls, ω, [rad/s] 1.1023

Figure 1. Strain-stress values for tensile test
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Figure 2. The prepared surface of the sheet prior to cold rolling

3. Rolling

In most general case, rolling can be defined as a widely used manufacturing process employed for
reducing the thickness of materials. The rolling experiment is performed by pressing the sheet
material between 2 rotating rolls. Based on the velocity of the bottom and top rolls, the rolling
process can be defined as symmetric and asymmetric. On the other hand, based on temperature
maintained during the deformation, symmetric and asymmetric rolling can be categorized as cold
and hot rolling [9]. In this study, only the cold symmetrically rolled material has been studied. The
geometrical model of the roll gap, showing the half-thickness of a rolled sheet is presented in Fig. 3.
This simplified, half-geometry is used in the numerical models employed.
After rolling, the initially straight lines made of indents became distorted, and the displacements

of the sheet layers are shown in Fig. 4. To further proceed with the study, the plane perpendicular
to the transverse direction (TD plane) was grinded and polished, and afterward a pattern, consisting
of numerous points, was created by microhardness indents as it is shown in Fig. 2.

Figure 3. Simplified geometry used for FEM and FLM
Figure 4. Distortion of initially straight lines caused

by cold rolling
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The displacement of a particular layer can be determined by the method developed by Boldetti
[10], Roumina [11], and Ma [12]. The mentioned methodology allows us to calculate the strain values
as it is described by Eq. (4-7) [12, 13]:

ε =
hi − hf
hi

, (4)

γ =
dz

dx
, (5)

εS =
2(1 − ε)2

ε(2 − ε)
γ · ln 1

1 − ε
, (6)

εvM =

√
4

3

(
ln
(

1

1 − ε

))2

+
ε2S
3
, (7)

where ε is a thickness reduction, z is a coordinate along the thickness of the sheet, x is a displacement
of the sheet in the rolling direction, γ is a derivative of displacement of the sheet in the rolling
direction, εS is the shear deformation, and εvM is a von Mises strain.
An important parameter of the rolling process is the friction coefficient µ, which is the result of

a complex mechanism, effected by various physical parameters, as is summarised by Szűcs [3, 14]
and Sidor [15]. The most important parameters allowing estimation of µ are the temperature, the
pressure that acts on the surface, and the slip velocity between the sheet and the rolls [3]. According
to a commonly used approximation, these dependencies can be neglected, and one can estimate a
representative value of µ for the entire process, i.e. a constant µ is assumed for a given roll gap
geometry. According to the model of Avitzur [16], a minimum value of friction coefficient can be
determined by Eq. (8):

µmin =
1

2

√
h

R

ln
(

hi

hf

)
+ 1

4

√
hi−hf

R

tan−1
(

hi

hf
− 1
) . (8)

The µmin calculated by using the parameters presented in Table 2 is 0.049. Alternative models
dealing with the friction are described in [3, 14, 16–22]. The studies can be extended with further
parameters such as microstructural properties as described by Sidor [23].

4. Finite Element Model

Finite element modeling is a commonly used method to describe the deformation conditions of the
manufacturing process [24–28]. In this study, the commercially available DEFORM 2D software [29]
was used, which is designed for modeling the plastic deformation. For the simulation, the previously
described Ramberg-Osgood model was used. The further parameters are set as described in Table 2,
with the extension, that the friction coefficient was changed between the µmin and µ = 0.25.
The optimum value of the friction coefficient was determined by comparing the experimentally

observed and simulated deformation patterns. The geometry of the roll gap is visible in Fig. 5. The

Figure 5. Rolling gap geometry used in the FEM simulation
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(a) (b)

Figure 6. a) Mesh prior to rolling, b) Mesh distortion after 30% rolling reduction

sheet was subdivided into 10 layers, while each layer contains identical square shaped elements. The
meshed sheets before and after the rolling are presented in Figs. 6(a) and 6(b).
The deformation pattern extracted from the deformed sheet and the simulated counterparts with

different constant friction coefficients are shown in Fig. 7. The wide-dashed line is the average
displacement calculated from the 3 different measured line, the narrow-dashed line represents the
tolerance limits calculated from the measured points, by adding and subtracting the standard devi-
ations. It is important to mention, that the dx and z coordinates are equal to 0 on the symmetry
plane of the rolled sheet. The estimated friction coefficient, based on a comparison of distorted lines,
is approximately 0.068.

Figure 7. Deformation patterns of measured (MEA) and simulated displacements for 30% thickness reduction
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5. Flow-Line Model (FLM)

There are different simplified numerical models, which can be used for a well-specified manufacturing
process. The most commonly used types are based on simplified hydrodynamical models, for example,
the Flow-Line Model (FLM) [30]. This model is based on the description of the virtual flowlines
described by means of analytical functions. The model used in this study consist of a function
expressed in the form of Eq. (9) by Beausir [30] and Decroos [31].

Φ(x, z) =
zs
α

= z

[
1 +

(
α +

(1 − α)(x− d)2

d2

)−n
]1/n

, (9)

where x, z coordinates on the sheet as defined in Fig. 3, zs relative coordinate on the rolled sheet’s
thickness, α and n are later explained parameters used for describing the flowlines’ deformation
characteristics, the definition of these parameters are different for various models. For further calcu-
lations, it is important to define the following parameters:

α =
s

e
, (10)

cos(θ) =
R + s− e

R
, (11)

d = R sin(θ), (12)

where s half of the thickness after rolling, e half of the thickness before rolling, α is a parameter
used for calculating the thickness’s relative change, θ is the press angle, d is the projected length of
pressed arc. By using these definitions, the velocity components for the directions can be defined by
Eq. (13) and (14) as defined by Beausir [30].

vx(x, z) = λ(x, z)
∂ Φ(x, z)

∂z
, (13)

vz(x, z) = −λ(x, z)
∂ Φ(x, z)

∂x
. (14)

The λ(x, z) function is defined by a velocity boundary condition in the exit points of the rolling gap,
with Eq. (15) [30].

λ(x, z) =
vx(x = d, z)

(α−n + 1)1/n
. (15)

The velocity profile can be calculated by Eq. (16) [30].

vx(x = d, z) = A · z2s +B · zs + C, (16)

where A, B, and C parameters can be calculated by Eq. (17)-(23) [30].

A = vt0 + vb0 − 2
v0 + vn

2s2
, (17)

B =
vt0 − vb0
s2

, (18)

C = v0 + vn, (19)
vt0 = ωtR, (20)
vb0 = ωbR, (21)

v0 =
ωt + ωb

2
R, (22)

vn = −pv0, (23)
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where p parameter for describing the frictional conditions, wt and wb are the angular velocities for
top and bottom rolls. By knowing the components of velocity, the velocity gradients can be expressed
in general form with Eq. (24) by applying the theory of Beausir [30]:

Lij =
∂vi
∂j

. (24)

The values of the displacement components were determined by Eq. (25) [24]:

Dij =

∫ L

0

Lij

vx
dx. (25)

The strain tensor components can be calculated by Eq. (26).

εij = εji =
Dij +Dji

2
. (26)

The fitted value for the parameter p is 0.0025.

6. Modified version of Flow-Line Model (mFLM)

In [15, 31] a partially modified version of the FLM model is described. The main difference compared
to the previous version of FLM is that the flow line’s definition and the definition of vx velocity is
different. The updated version is given by Eq. (27) and (28), this modified version was developed
by Decroos [31]. Other numerical models are founded for example in [32–40].

Φ(x, z) =
z

e

[
1 +

(
s

e
+
(

1 − s

e

)(d− x

d

)2.1
)−m]1/m

, (27)

vx(x, z) = f1(x) · (1 − zs)
n + f2(x) · zns . (28)

The f1(x) and f2(x) functions can be calculated from the boundary condition, by applying the
Eq. (29) and (30) of the Decroos’ theory [31].

1

n+ 1
f1(x) +

1

n+ 1
f2(x) = vin ·

[
1 +

(
s

e
+
(

1 − s

e

)(d− x

d

)2.1
)−m]1/m

, (29)

f2 − f1 = α ·

e · vin ·
[

1 +

(
s

e
+
(

1 − s

e

)(d− x

d

)2.1
)−m]1/m

− f1,ref

 , (30)

where, vin is the velocity of the sheet before rolling, this value can be approximated by the angular
velocity of rolls, m is an arbitrary parameter, in our study the, the applied value is 50. The f1,ref
function can be defined by Eq. (31) [31].

f1,ref =
[
1 − e−a(x

d)
b] (e

s
vin − vin

)
+ vin. (31)

The parameter b in the Eq. (29)-(31) is an arbitrary number, in this study, the value of 3 was chosen
according to reference [31]. This value was determined by comparing various simulation methods, by
Decroos [31]. The parameter a is parameter based on the relative position of the neutral point, the
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Table 3. Friction coefficients defined for various computational techniques

Method Value
FEM µ = 0.068

FLM p = 0.0025

mFLM µ = 0.070

Theory, Eq. (8) µ = 1.4µmin = 0.0685

calculation method is described in [31]. Determination of α and n was done by the model of Sidor
[15], which employs Eq. (32)-(34) for the estimation of both model parameters.

Ψ = µ1.833 ·
(
hi
R

)0.789

·
(

R

hi − hf

)0.2293

·
(
R

hf

)0.2983

, (32)

α = 21.332Ψ − 225Ψ2 − 184.1Ψ3 + 12420Ψ4 + 0.4833

(
hi − hf

2Ld

)
, (33)

n = 19.369µ0.09882

(
hi
R

)0.00512

+ 9.463µ−0.1869

(
Ld

LdN

)0.06414

− (34)

− 18.606µ−0.1045

(
hi + hf
R

)−0.00586

− 9.086µ0.2441

(
Ld

hi + hf

)−0.162

+ 0.03201,

where, Ld is the projected length of the pressed arc, LdN is the position of the neutral point on
the pressed arc, α and n are intermediate parameters used for the FLM model, these parameters
have a different meaning, than in previous model. Substituting the values of roll gap geometry into
Eq. (32)-(34) yields to the µ = 0.07.

7. Comparison

The determined values of µ for each method are presented in Table 3. The estimated friction
coefficients by the FEM and the mFLM are comparable to the µmin (see Eq. (8)). It should be noted
here that it is difficult to validate the accuracy of the FLM model since the model parameter p is
not correlated directly with the µ. These obtained friction coefficients can be compared to the result

(a) (b)

Figure 8. Flowlines determined with the FLM (a) and mFLM (b) models
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(a) (b)

(c) (d)

Figure 9. Velocity in x and z directions predicted by the FLM (a, b) and mFLM (c, d) models

of [1], where µ was estimated as 0.068. Based on the above analysis, one can conclude, that the
friction coefficient can be derived from the FEM and mFLM simulations. The described FLM and

(a) (b)
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(c) (d)

(e) (f)

(g) (h)

Figure 10. Velocity gradients in directions xx, xz, zx, and zz for FLM (a-d) and mFLM (e-h) models

mFLM models are solved by using GNU Octave numerical software package [41]. Comparison of the
deformation flow as predicted by the FLM and mFLM are demonstrated in Figs. 9-11. Based only on
the flowlines of Fig. 8(a) and 8(b), it can be concluded that there is a negligible difference between
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(a) (b)

Figure 11. Strain components predicted by the FLM (a) and mFLM (b) models

the FLM and mFLM models. The difference is observed mainly near the entry part of the roll gap.
Similar to the flowline models, differences in velocity are observable, especially in the direction z
(Fig. 9(b), 9(d)).
It can be concluded, that directional velocity gradients are similar for FLM and mFLM only for

xx (Fig. 10(b), 10(e)) and zz (Fig. 10(d), 10(h)) directions. In the case of the zx direction, the
difference is higher compared to xx and zz directions. These deviations can be attributed to the
different flowlines near to the entry point of the roll gap. For the direction xz, the difference between
the two model predictions is quite noticeable, and the tendency of the lines is different between
the FLM and mFLM models, however, the individual tendencies are corresponding to the models
described in literature sources [24, 30] and [15, 31].
The calculated strain components in the rolled sheet by both FLM and mFLM models are shown

in Fig. 11. As one can notice, the strain components are comparable to each other, while there is a
slight difference near the mid-thickness of the rolled sheet. The shear strain values predicted by the
models employed are given in Table 4. It seems that all methods tend to provide comparable shear
strains.

8. Summary

In the present study, the measured deformation patterns of a rolled sheet are analyzed by various
numerical approaches. The study suggests that the commonly used FEM model can be successfully
employed for the simulation of the rolling process. The friction coefficient of 0.068 ensures a deforma-
tion flow in a cold rolled material with a 30% thickness reduction comparable to the experimentally
observed one. Nearly identical value for the µ was predicted the Flow-Line Model employed [31].

Table 4. Shear strain values predicted by the models employed

Method Value
Measured γs = 0.020

FEM γs = 0.030

FLM γs = 0.030

mFLM γs = 0.025

14
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The minimum value of friction coefficient, necessary for cold rolling, as predicted by the analytical
approach is comparable to ones derived by the FEM and FLM approaches. Both FEM and FLM
methods were found to be suitable for describing the cold rolling, however, the computational time
in case of FLM was orders of magnitude shorter as compared to FEM simulations.
In the later work, the model can be extended by the implementation of additional technological

parameters, which will allow for: explaining the effect of heat generation, the nonuniformity of the
friction coefficient, and the effect of the asymmetry due to different roll velocity. On the other hand,
a new model can be developed for describing the anisotropy of the sheet’s material, the hardening
of the material, and its microstructural properties. In this way, a new, more precise material model
will be used for the numerical simulations. The assessment of numerical approaches can be validated
by relatively simple rolling trials.
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