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Featured Application: The manuscript describes the determination of the constitutive model pa-
rameters by a tensile test, while the validation of the material constants is performed by a simula-
tion and experimental verification of the strain distribution during the symmetric and asymmet-
ric rolling processes. A further validation was performed by modeling a depth-sensing indenta-
tion process.

Abstract: The behavior of technically pure aluminum was examined, and this investigation allowed
the determination of the material constants by various models. The model parameters derived were
subsequently used for the finite element simulations (FEM) of a cold rolling process. To determine
the tuning parameters such as the strain-hardening coefficient K, strain-hardening exponent n, or
elastic constant E, a tensile test was performed on the heat-treated sheet of 1050 Al alloy and the
experimentally observed deformation behavior was compared to the simulated counterpart. The
results of the FEM calculations reveal that the strain-hardening characteristics can be alternatively
derived from the Brinell indentation. Additionally, the determined constitutive model parameters
(E = 69.8 GPa, K = 144.6 MPa, and n = 0.3) were verified by simulating both the symmetric and
asymmetric rolling processes. The distribution of the equivalent strain across the sheet thickness was
computed by the FEM, and it was found that the modeled deformation profiles tend to reproduce
the experimentally observed ones with high accuracy for different strain modes inasmuch as the
mentioned rolling trials accommodate diverse amounts of shear and normal strain components.

Keywords: material model parameters; aluminum 1050; finite element modeling; symmetric and
asymmetric rolling

1. Introduction

A vast variety of numerical models are used to investigate the evolution of thte
microstructure in a deformed material or to assess the distribution of strain/stress in
a particular direction. The most widely used finite element approaches are based on
the principles of continuum mechanics. However, these numerical methods demand
information on the behavior of the material during elastic/plastic deformation. In view of
this, a whole spectrum of constitutive models was developed. These material models [1–6]
describe analytically the relationship between the strain, strain rate, temperature, and other
technological parameters. Depending on both the complexity of the algorithm and the
number of examined parameters, the accuracy of the constitutive laws can differ from
each other. For an effective numerical calculation, a relatively simple but accurate and
physically sound approach is of particular importance. Various analytical equations, which
relate strain and stress, are incorporated in the frame of finite element modeling. Typical
examples are Ramberg–Osgood [3,4], bilinear [5,6], cubic [5,6], and linear hardening [7]
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material models. The plasticity approximations, such as Johnson–Cook-type models [8,9]
(see Equation (1)), are capable of capturing the effect of temperature T and the strain rate
on hardening. However, the major drawback of these type of descriptive models is that the
determination of the fitting parameters requires numerous experiments as given below:

σ =
(

σ00 + Bεn
pl

)(
1 + C ln

( .
ε

.
εre f

))(
1−

(
T − Tre f

Tm − Tre f

)m∗)
, (1)

where σ is equivalent stress, εpl is the plastic strain,
.
ε is a strain rate, T is the temperature,

σ00 is the yield stress, B is the hardening variable, n is the hardening exponent,
.
εre f is the

reference strain rate, C is the strain-rate sensitivity factor, Tref is the reference temperature,
Tm is the melting point of the material, and m* is the thermal softening factor.

In the case of cold-forming processes, a relatively simple elastoplastic material model
is used (Ramberg–Osgood approximation) [3,4]:

εt = εel + εpl =
σ

E
+
( σ

K

)1/n
, (2)

where εt is the total strain, εel is the elastic strain, εpl is the plastic strain, σ is the stress, E is
the linear elastic modulus, and K is the hardening coefficient in the Hollomon equation [10]
(second term of the equation), which takes into account the effect of the strain rate

.
ε on σ:

σ = Kεn .
ε

m
+ σ0, (3)

where the exponent m expresses the dependence of stress on the strain rate, and σ0 is the
stress required to initiate the plastic deformation. It should be noted that, in the case of cold
deformation, the effect of the strain rate on stress is negligible, and therefore m is generally
assumed to be 0 [11].

All three material constants (E, K, and n) of Equation (2) can be determined from the
tensile test. The necking point on the tensile curve can be determined by employing the
Considére criterion [12] in the form of Equation (4) [13]. The necking process in metals
starts at the advanced stages of tensile testing, leading to a reduced local cross-section:

σ(ε = εn) =
dσ(ε = εn)

dε
, (4)

where εn is the strain at the necking point.
The strain rate dependency can be accounted for by employing the Hart criterion [12].

In the Hollomon model [10], one can use the approach of Reihle [14], which provides a rela-
tionship between Hollomon’s theory and the Considére criterion (see Equations (5) and (6)):

n = εn, (5)

K = σB ·
( e

n

)n
, (6)

where σB is the maximum value of the engineering stress (it should be noted here that the
engineering stress does not account for the reduction of the cross-section during tension,
while this phenomenon is taken into consideration by the true stress).

In order to take into account the crystallographic aspect of the deformation in an
arbitrary polycrystalline system, it is essential to consider the influence of active slip
systems on the hardening rate in each crystal. Generally, this is done by relating the critical
resolved shear stress in the given slip system to the resolved shear strain rate of the crystal.
Recently, an analytical solution of this hardening rule was developed and applied at the
macroscopic level for various metallic materials such as Al alloys, Cu, various steel grades,
Ti alloys, high-entropy alloys, etc. [15]. These materials were subjected to different strain
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modes and their hardening behavior was simulated by the visco-plastic self-consistent
model as well as successfully described by the following expression [15]:

σ = σsat − σsat

[(
hp(a− 1)

σsat

)
εpl +

(
1− σ00

σsat

)1−a
] 1

1−a

, (7)

where σ00 is the yield stress, σsat is the saturation stress, hp is the hardening parameter, and
a is a function of the strain-hardening exponent. The model parameters σsat, σ00, h, and a
are fitted according to the procedure described in [15].

Since material-processing/forming technologies involve plastic deformation, it is of
great importance to investigate the behavior of metals beyond the yield stress. In the case
of tension, the hardening occurs between the yield and necking points, while an important
issue is related to the prediction of failure. The commonly used Johnson–Cook failure
model [16] is expressed by Equation (8):

ε f =

[
D1 + D2 exp

(
D3

(
σm

σeq

))][
1 + D4 ln

( .
ε
∗
p

)][
1 + D5

T − Tre f

Tm − Tre f

]
, (8)

where D1–D5 are damage-related-type model parameters, σm is the mean stress,
.
ε
∗
p is

the plastic strain rate, Tref is the reference temperature, and Tm is the melting point of
the material.

The goal of this study is to analyze the available constitutive approaches and derive
the model parameters for further finite element simulations of the forming processes. The
accuracy of the material parameters will be tested on 1050 aluminum alloy subjected to
tensile testing, while the derived material constants will be validated by simulating the
cold rolling process and comparing the experimentally observed displacement fields with
the simulated ones by FEM.

2. Materials, Experiments, and Numerical Methods
2.1. Material and Experimental Procedures

Commercially available 1050 Al alloy was investigated in the present study. This
technically pure alloy (99.5 wt% of Al) contains minimal traces of Fe (max. 0.4 wt%)
and Si (max. 0.25 wt%), while the concentration of other alloying elements such as Cu,
Mg, Mn, V, and Ti is even lower (~0.05 wt%). The volume fraction of inclusions (large
particles, secondary phases with a diameter above one micrometer) is very limited due
to the low concentration of alloying elements and, therefore, the bulk of this material is
expected to deform homogeneously, implying that the strain concentration will not occur
in the vicinity of secondary phases. It should be mentioned here that the homogeneity of
deformation cannot be guaranteed through the whole process since both necking in tension
and inhomogeneous shear strain distribution in rolling account for the inhomogeneous
material flow leading to heterogeneous strain/stress distribution.

The alloy under consideration was investigated via tensile testing to derive the neces-
sary material constants for various constitutive laws. The simulation of cold symmetric
and asymmetric rolling processes by finite element model allowed validation of material
parameters. Prior to deformation, the as-received material was heat-treated at 550 ◦C
for 3 min in order to ensure a fully recrystallized and stress-free state. As was already
reported, heat treatment at elevated temperatures for a short time ensures a fully recovered
microstructure [17].

The tensile test was performed by Zwick Roell Z100 with a speed of 20 mm/min
according to EN ISO 6892-1 standard. The gauge length of the tensile sample (l0) was
50 mm while the initial cross-section (A0) was 18.44 mm2. The load cell and the longitudinal
extensometer provided information on the change of force and elongation during the test.

The cold rolling was performed on a laboratory rolling mill with a roll diameter of
150 mm. Both symmetric and asymmetric rolling trials were carried out. In order to
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introduce an asymmetry to the conventional rolling process, the angular velocity of the
upper and lower rolls was varied.

2.2. Finite Element Modeling of Tensile Test

The behavior of a material can be tested under various strain modes and, in the first
instance, the finite element modeling of the tensile test was performed with the specimen
geometry shown in Figure 1. The displacements were evaluated between points P1 and
P2, and the force was applied to the supporting elements “glued” to the cylindrical tensile
specimen. The DEFORM 2D© finite element software was employed for modeling the
rotationally symmetric components. The simulation was performed for a simplified 2D
geometry of the DIN 50125-A 10× 50 tensile specimen. The gripping of the lower surface of
the tensile specimen was replaced by the prescribed y-displacement defined for the lower
edge. The calculation of stress and strain values and data post-processing were performed
according to procedures described elsewhere [18,19].
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Figure 1. Geometry used for the modeling of tensile test.

2.3. Finite Element Modeling of Hardness Measurement

Indentation techniques are widely used for the assessment of hardness and hardening
or softening phenomena in various materials. During the measurement, an indenter with a
known geometry is pushed into the surface of the material under a known load, and the
size of the indent is measured with a microscope, while the indentation depth is calculated
from the displacement values of the indenter [20]. The most common geometries of the
indenter are spherical, triangular, or rectangular pyramidal (for Rockwell, Berkovich, and
Vickers methods) [20,21]. In the case of the Brinell method, the measurement is done with
a spherical indenter [20]. Given the geometric dimensions and the diameter of the indent,
the hardness value can be calculated by using Equation (9) [22]:

HB =
2F

π
(

D2 −
√

D2 − d2
) , (9)

where HB is the Brinell hardness, F is the load force, D is the diameter of the indenter
(sphere), and d is the diameter of the indentation, observed on the surface of the investi-
gated material.

The geometrical model used for the FEM simulation is shown in Figure 2a,b.
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The diameter d can be assessed from the indentation depth h by Equation (10); however,
the measured and calculated values can be somewhat different due to the relaxation of the
material after deformation. In our study, we used the back-calculated values to determine
both the surface pressure and hardness values.

d =

√
D2 − (D− 2h)2, (10)

Knowing the load F and the indentation size d, the value of the surface pressure Pm
can be estimated as [20]:

Pm =
4F

πd2 , (11)

The pressure can be fitted with a function expressed by Equation (12) [20]:

Pm = k
(

d
D

)p
, (12)

where k is a proportionality factor, and p is an exponent, expressing the slope of the
load curve.

According to the results of Sonmez and Demir [20], the values of p in Equation (12)
and n in Equation (1) are nearly identical. Donohue et al. [6] showed that there is a link
between the hardness and tensile test parameters. The value of k can be determined by the
model of Sakai [23]:

Pm = 3K
(

0.1
d
D

)n
, (13)

In engineering practice, mainly finite element (FEM, [6,16]) and discrete element
(DEM, [24,25]) methods are widely used for the simulation of hardness tests. In the present
case, FEM was employed, and the calculation method is based on the minimization of the
virtual plastic work according to Equation (14) [26].

π =
∫

V
σ ·

.
εdV +

∫
V

λ · .
εVdV +

∫
S

Fi · vidS, (14)

where π is the value of virtual work, σ is the mean stress,
.
ε is the mean strain rate, λ

is the average stress value in the cell,
.
εV is the volumetric strain rate, Fi is the vectorial

form of force acting on the surface of the element, and vi is the sliding velocity of the
surface element.

The simulations of Brinell hardness were carried out by means of DEFORM 2D©

software, which is suitable for modeling the elastoplastic processes [26,27]. The study
was performed on the fine-meshed workpiece geometry, shown in Figure 2b. To simplify
the model, 2D rotationally symmetric geometries were assumed while both the indenter
(sphere) and the lower support disc were assumed to be infinitely rigid bodies. The load
function was divided into 200 equal steps. The initial mesh was generated by considering
the geometry of the indent (sphere with a diameter of 3 mm) and updated every 20 steps to
account for accurate strain and curvature caused by the indentation. The friction coefficient
between the indenter and the workpiece was set to 0.12 [27].

The material model employed in finite element calculations can be specified in several
ways. The general description accounts for the estimation of strain, strain rate, and stress,
based on the available database (presented in the form of a table with given strain, strain
rate, and stress values, while the intermediate values are approximated). Another possi-
bility to describe the behavior of the material during plastic deformation is to employ a
parametric model [28]. The latter was used in our FEM studies.

2.4. Finite Element Modeling of Symmetric and Asymmetric Rolling

The behavior of 1050 Al alloy was additionally examined during both symmetric
and asymmetric cold rolling processes. In asymmetric rolling, the speed of the upper and
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lower rolls was different, while the roll diameters are identical. In the case of symmetric
rolling, the velocities of the upper and lower rolls are typically equal, so the introduced
shear component is concentrated within a very thin surface layer and is significantly lower
compared to the case of asymmetric rolling [29]. The advantage of asymmetric rolling is
that a significant shear deformation can be introduced to the rolled material in addition to
the normal component, which is characteristic of symmetric rolling. The calculation of the
strain components during rolling is based on the analysis described elsewhere [30–34]:

ε =
hi − h f

hi
, (15)

γ =
dz
dx

, (16)

εs =
2(1− ε)2

ε(2− ε)
γ · ln

(
1

1− ε

)
, (17)

εvM =

√
4
3

(
ln
(

1
1− ε

))2
+

ε2
s

3
, (18)

where hi is the initial thickness of the sheet, hf is the final thickness of the sheet, ε is the
thickness reduction, z represents the normal direction of the rolled sheet, x corresponds to
the rolling direction, γ is the derivative of displacement of the sheet in the rolling direction,
εs is the shear strain, and εvM is the equivalent strain.

The cold rolling trials were simulated with the material model set-up identical to the
one used for the simulation of tensile test. To evaluate the deformation flow across the
thickness of a rolled sheet, a grid made of Vickers indents was introduced on the polished
plane of transverse direction (cf. infra). The relative displacements of the indents (caused by
rolling) with respect to each other were measured by optical microscopy, and the obtained
displacement profiles were compared with the ones computed by means of FEM.

The geometry of the roll-gap, used for FEM simulation, is shown in Figure 3. The
elasto-plastic workpiece (sheet) was deformed by two rigid rolls. At the beginning of the
rolling process, the sheet is moved toward the roll-gap by an infinitely rigid rectangular
object. During FEM simulation, the 2D plane-strain condition was imposed, implying that
there is no deformation in the transverse direction. This boundary condition is physically
sound since cold rolling does not account for widening.
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The characteristic value of friction coefficient, necessary for cold rolling, is a function
of the roll-gap geometry [35,36] and can be calculated by Equation (19). However, the real
value might be additionally influenced by the roughness of the rolls, the relative sliding
speed, or the temperature of the deformed material [37–39]:
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where µ is the actual coefficient of friction, and k1 is the coefficient of proportionality
between the theoretical minimum value of µ necessary for rolling [35] and the actual (real)
one (k1~1.1–1.5 [40,41]).

The technological parameters of rolling are presented in Table 1.

Table 1. Technological parameters used in FEM simulation of cold rolling.

Description Parameter
Value

Asym. Sym.

Roll radii R (mm) 75 75
Initial thickness of the sheet hi (mm) 1.92 5.02
Final thickness of the sheet hf (mm) 1.3 3.61

Initial sheet length L (mm) 20 20
Material - Al-1050 Al-1050

Minimal friction coefficient necessary
for rolling µmin 0.0672 0.118

Angular velocity of the top roll ωt (rad/s) 1.1023 1.1023
Angular velocity of the bottom roll ωb (rad/s) 0.748 1.1023

Velocity rate ωt/ωb 1.474 1.000

3. Results and Discussion

The validity of the material model was tested for different strain modes, whereas the
evaluation of each test is performed separately.

3.1. Tensile Test

The change of length with elongation during the tensile test enables the calculation
of the generally used engineering stress–strain curve (Figure 4). Alternatively, the true
stress–strain relation, which better reflects the real nature of deformation compared to the
engineering counterparts, can be expressed in the form of the Ramberg–Osgood (R–O)
model (see Figure 5). The model parameters of the R–O equation were evaluated from the
pre-neck formation stage. As Figure 5 shows, the measured strain–stress diagram can be
successfully reproduced by implementing Equation (2) with the fitting parameters listed in
Table 2. The peak stress for both the simulated and measured curves is observed at the true
strain of 0.49 and this result is consistent with the one reported elsewhere [19], while the
yield stress was estimated to be 15.3 MPa.
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Figure 5. Measured and simulated true strain–stress curves for 1050 Al alloy (the scale for the dσ/dε
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Table 2. Fitted model parameters for two different material models.

Model Parameter Ramberg–Osgood Model Hollomon Model

E (MPa) 69,854 69,519
K (MPa) 144.56 144.58

n 0.3691 0.3703

The engineering stress–strain relation (Figure 4) clearly shows that, when the strain
value exceeds ~0.37 (at the max. stress value of 69.11 MPa), the stress shows a declining
tendency due to the reduced cross-section. This phenomenon can be foreseen by using
Equation (4), which predicts the formation of necking. The dσ/dε relation plotted together
with the true stress–strain curve (see Figure 5) reveals that the formation of necking occurs
at the straining level of 0.3703. Table 2 shows that the Ramberg–Osgood model parameters
(Equation (2)) derived from the experimental data are comparable with the fitting parame-
ters determined for the Hollomon model (Equations (5) and (6)). The difference between
the model constants is negligibly small.

As Figure 6 shows, the FEM simulation (blue dash-dotted line) is capable of reproduc-
ing the experimental strain–stress curve (continuous line) with great accuracy (correlation
coefficient = 0.9996) under the condition that the proper material model is employed. In
the present case, the R–O material model (dashed line in Figure 5) was used in the FEM
calculations. It is important to underline that the FEM captures the beginning of the neck
formation quite accurately (Figure 6). However, the advanced stages of the contraction
unfolded by the simulated results reveal some differences with respect to the experimental
evidence; i.e., the failure of the investigated alloy occurs earlier compared to the results
of the simulation. This discrepancy can be attributed to the fact that the heat-treated 1050
Al alloy is textured and therefore the anisotropy of the plastic strain ratio will affect the
contraction. In the case of the isotropic material, the so-called average Lankford value
(width-to-thickness reduction ratio or r-value) is equal to one, implying that the defor-
mation is equally distributed in all directions. However, Al alloys are strongly textured
with the prevailing {100}<001> component [42] (which is highly anisotropic in terms of
the plastic strain ratio), and therefore the resulting r-value in this material will be below
one. In turn, this leads to the thinning of a sheet during deformation and, consequently,
the textured material fails faster compared to the isotropic one. Furthermore, numerical
models are not capable of predicting the formation of voids, which contribute to failure.
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Figure 6. Neck formation as predicted by FEM.

The crystallographically resolved hardening is partially accounted for by the ana-
lytical description described by Sahoo et al. [15] (see Equation (7)). The tensile strain–
stress curve for the 1050 Al alloy can be reproduced with the following model param-
eters: σsat = 650.8 MPa, σ00 = yield stress = 15.3 MPa, hp = 1255 MPa, and a = 15.5
(correlation coefficient = 0.9984). The hardening rate derived from this approximation
predicts the occurrence of necking at a strain of ~0.34 (see Figure 5). The predicted strain
value for the neck initiation (~0.34) is slightly underestimated compared to the experimen-
tally observed one (~0.37); however, this model can accurately predict the behavior of a
material under different strain modes at the advanced stages of deformation [15], which
cannot be captured by tension.

The accuracy of the FEM simulation is affected by the model parameters of Equation (2)
as well as by the elastic and plastic components of the Ramberg–Osgood approximation.
Figure 7 shows the relative error caused by the neglection of the elastic part in Equation (1).
Although the elastic region represents a relatively small part of the stress–strain diagram, it
still has a noticeable influence on the accuracy of the simulation, which is shown in Figure 7.
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simulation by considering only the plastic term.

3.2. Defining the Model Parameters from Hardness Simulations

A finite element simulation allows us to investigate the behavior of a material under
the applied load. The simulations were carried out for the indenter with a diameter of
3 mm. The investigated sheet with a length of 5 mm and thickness of 2 mm was virtually
subjected to different loads. Both the indentation diameter and indentation depth were
investigated as a function of the load. In the simulation of the Brinell hardness test, the
Hollomon-type material model was employed. In the present case, the strain rate sensitivity
was neglected by setting m to 0 in Equation (3) while the elastic part was accounted for by
employing Hooke’s law. This implies that the model is valid for quasi-static loads; i.e., the
process is neither time- nor velocity-dependent. This approximation can be used for Al
alloys at ambient temperature and a relatively low deformation rate since the strain rate
sensitivity is negligible under these conditions [43,44]. The material properties used for the
simulation are listed in Table 2.
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Figure 8 shows the dependence of a surface pressure Pm caused by the indentation-
over-d/D ratio (indentation size per indenter size). The FEM simulation reveals a quasi-
parabolic profile, which can be described by the following relation [20,23]:

Pm = k
(

d
D

)p
, (20)

where k and p are material constants.
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As reported by Sakai [23], the model parameters k and p in Equation (20) are functions
of the hardening coefficient K and strain-hardening exponent n, which can be derived from
the tensile test:

k = 3K · 0.1n and p = n (21)

Figure 8 shows an excellent correspondence between the FEM simulated data and
counterpart computed by Equations (20) and (21) with the strain-hardening coefficient
and strain-hardening exponent listed in Table 2 (K = 144.56 MPa and n = 0.3691). This
implies that the material model parameters can be derived from the Brinell hardness test,
performed under various loads, and the strain-hardening characteristics can be calculated
by employing Equations (20) and (21).

3.3. Rolling Processes: Simulation and Experiment

In order to test the material model as well as the model parameters derived from
both the tensile test and FEM calculations, the process of cold rolling was simulated with
Deform 2D by employing the Ramberg–Osgood approximation. The roll-gap geometry
shown in Figure 3 was used for the simulation of the symmetric and asymmetric rolling
trials. The geometry and technological parameters for both cases are listed in Table 1. In
addition to the processing parameters, the coefficient of friction µ should be determined.
In the present case, the minimal value of µ necessary for cold rolling was estimated by
Equation (19), while the FEM simulations were conducted for a range of µ, exceeding µmin.

The flow of the investigated material during the rolling trials was examined experi-
mentally by analyzing the distortion of the initially straight lines made by hardness indents
on the transverse direction plane of the sheets (see Figures 9 and 10). It is obvious that the
symmetric and asymmetric rolling processes accounted for different deformation patterns.
The diversity in the degree of distortion can be attributed to the differences in the shear
strain distribution across the thickness. When the material is deformed symmetrically (both
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rolling cylinders rotate with an identical angular velocity), the symmetry plane is located in
the mid-thickness part of the rolled sheet and the parabolic-type distortion is attributed to
the shear strain localization within the subsurface region. In the case of asymmetric rolling,
the symmetry is broken and the shear distribution is strongly affected by the roll-gap
geometry as well as by the ratio of the angular velocities of the upper and lower rolls [45].
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Figures 11 and 12 show the simulated displacement patterns obtained by the FEM
for various friction conditions and experimentally observed counterparts. The results of
the calculation reveal that the displacement fields across the thickness can be successfully
reproduced under the condition that the friction coefficient is known. In both cases, the
successful simulation is carried out with the µ ≈ 1.1µmin (for symmetric rolling, the best
fit is observed for µ ≈ 1.1µmin, while for the asymmetric trial, µ ≈ 1.13µmin). This result is
consistent with the recently reported simulations [36].

Knowing the displacement profile, one can compute the distribution of the equivalent
strain across the thickness by Equations (15)–(18). Since asymmetric rolling introduces
shear across the whole thickness [28,45], the strain distribution is also expected to be
quite homogeneous. An investigation of the substructure and texture evolution in the
asymmetrically rolled sheets [28] showed that the asymmetric ratio of ~1.5 can ensure
extensive shear even in the middle of the rolled sheets. This is justified by the current
investigation of the displacement field. Furthermore, an analysis of the strain distribution
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suggests that a nearly uniform distribution can be obtained by asymmetric rolling when
the optimum rate of angular velocity is [45,46]:

ωt

ωb
=

hi
h f

(≈ 1.475), (22)

where ωt is the angular velocity of the upper roll, and ωb is the angular velocity of the
lower roll.
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Figure 12. Experimental and simulated displacement patterns across the half-thickness of symmetri-
cally rolled sheet.

In the present investigation, the ratio of ωt/ωb = 1.474 and hi/hf = 1.476, and therefore
the homogeneous strain distribution can be ensured, as shown in Figure 13. Comparable
values are predicted by the model of Pustovoytov et al. [46] (ωt/ωb = 1.52 and hi/hf = 1.52).
The discrepancy observed does not affect the result significantly in the examined case.
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Similar to the calculations performed for asymmetric rolling, the distribution of the
equivalent strain can be calculated for the conventionally rolled material as well. Figure 14
shows the measured strain (based on the displacement fields) and simulated profiles. It
has been observed that the experimentally obtained data can be accurately reproduced by
FEM calculations. It is important to mention here that the displacement fields cannot be
examined in the close vicinity of the surface, since this region is subjected to the complex
strain mode and the resulting distortions are quite severe within this thin subsurface
layer [31,32,47].
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The results of both the FEM simulations and measured data, presented
in Figures 13 and 14, suggest that an arbitrary deformation process can be modeled with
high accuracy under the condition that the proper constitutive law is used, while the model
parameters can be derived from a tensile test. The advantage of FEM simulation is that
the deformation history for various thickness layers can be analysed. As Figures 15 and 16
show, the strain rate distribution across the thickness of a rolled sheet is unequal, even if the
equivalent strain seems to be quite homogeneous (see Figures 13–16). It is also obvious from
Figures 15 and 16 that the asymmetrically rolled material experienced more extensive shear.

An accurate estimate of the strain rate distribution across the thickness of a rolled
sheet enables the simulation of the evolution of the crystallographic texture. As shown
elsewhere [36,41], the crystal plasticity (CP) models are capable of reproducing the ex-
perimentally measured textures if the deformation history is known. The latter can be
accurately simulated by the FEM, as revealed above. In addition to this, not only can the
bulk (overall) texture be computed by the CPs, but the heterogeneity of the textures in
various thickness layers might also be explained [36,41] since various strain paths account
for the diverse texture evolution.
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4. Conclusions

The results presented in this study showed that the material model constants can be
derived from a tensile test. In the present case, the behavior of the investigated 1050 Al alloy
during deformation was described by the Ramberg–Osgood model, which was further
implemented in the finite element simulations of the cold rolling trials. It was also shown
that the strain-hardening characteristics can be derived from the Brinell hardness test and
the obtained values of the strain-hardening coefficient and strain-hardening exponent
correlated well with the counterparts computed from the tensile strain–stress diagram.

The two-dimensional finite element simulations enabled the successful modelling
of the tensile test. The necking was quite accurately captured by the FEM; however, the
simulated advanced stages of the contraction revealed some differences with respect to
the experimental evidence. The discrepancies between the experimentally observed and
calculated data are attributed to the anisotropic behavior of the investigated material, which
cannot be described by the constitutive law employed. The isotropic Ramberg–Osgood
(R–O) material model [3] as well as the one derived by considering the crystallographic
aspects of a material [Sahoo et al. [15]] were capable of predicting the necking in tension
with a quite high accuracy.
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The R–O constitutive model was used for the FEM simulation of the cold symmetric
and asymmetric rolling processes. The experimentally observed displacement fields were
reasonably reproduced by the finite element simulations for both the symmetric and
asymmetric trials. In turn, this allowed the calculation of the strain distribution across the
thickness and the deformation history in terms of the strain-hardening rates. It was shown
that the angular velocity ratio of ~1.5 ensures a quite homogeneous strain distribution
through the thickness of the rolled sheet and this result is consistent with the recently
reported experimental evidence.
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