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Abstract

The growing demand for new steel grades, such as high formability steels and high or ultra-high strength steels for structural and
safety-related automotive components, make manufacturing steel sheets an increasingly complex task. A novel hybrid process
(HyP), that combines the skin-pass and tension levelling processes into one production step is proposed to improve the steel strip
manufacturing chain. The HyP applies asymmetrical rolling (H-ASR) by using different roll diameters and by bending the strip
before it enters the roll gap. The potential advantages of H-ASR, such as the introduction of through-thickness higher plastic
deformation and the use of reduced roll force and power, were investigated by means of elastic-plastic finite element models and
experimental data. The numerical models were validated by experiments at a HyP pilot facility and by industrial trials. Analytical
estimation of the appropriate bending limits was included. The contact condition, material deformation and stress state during
rolling were analysed and compared with the results of a conventional skin-pass process. It was verified that the proposed H-ASR
introduced higher shear deformation throughout the strip thickness than a traditional skin-pass process. The positive influence of
this fact was verified by tensile and formability tests on material processed by the HyP pilot facility. The results indicate that the
HyP produces sheets with better drawability, satisfactory strength, and formability qualities comparable to those of the conven-
tional finishing processes. What’s more, the HyP boasts all these advantages while using a space-saving layout and reducing
energy consumption as compared to traditional finishing processes.
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critical post-processing [3]. This is achieved by alternately
bending the strip around small diameter rolls subjected to
significant longitudinal tension. Thus, shape defects are re-
moved by fibre-length equalization.

Nevertheless, in the skin-pass process, several problems
can arise depending on the material strength and surface tex-
ture requirements. High strength materials require great force
to overcome yield point elongation and also to make rough-
ness transfer possible. On the other hand, low-strength steels
demand low deformation to attain the optimum elongation
capability, and at the same time high work roll force to achieve
the roughness transfer requirement. Given these circum-
stances, any solution must address both of these conflicting
requirements. And furthermore, applying high work roll force
to the strip increases roll wear which decreases the roll’s ser-
vice life. In addition, the greater the roll force, the greater the
possibility of encountering shape defects such as waviness [4].

With these issues in mind, a new strip finishing process was
developed as part of a project funded by the European Union
(RFSR-CT-2007-00016). A general explanation is presented
in [5]. This process, named hybrid process (HyP), combines
skin-pass and tension levelling into one production step. Two
cycles of the tension-levelling-rolling-arrangement and two
textured work rolls opposite one another constitute the HyP
(Fig. 1). As can be observed in Fig. 1, the HyP applies asym-
metrical rolling (ASR) over the strip in two steps (module 1
and module 2). From this point on, H-ASR is used to refer to
the ASR introduced by the HyP. Two types of ASR occur at
each module: geometrical, as the diameters of the compressive
rolls are different; and tribological, as the compressive rolls
have different surface textures [6]. In addition, a superimposed
bending under tension is applied, contributing to the geomet-
rical asymmetry during the rolling process. In this way, the
intended functionalities of the HyP were to facilitate the
roughness transfer by bending the strip (producing outer fibre
stress state close to the yield point) and at the same time,
obtain the desired elongation and mechanical properties using
reduced roll force.

ASR has been proven to have several advantages over
symmetrical rolling (SR): it reduces rolling force and, when
using some types of ASR, torque is also reduced [7-11]. It
also introduces extra shear deformation through the strip
thickness which has a great influence on the final microstruc-
ture and texture, and therefore on the mechanical and form-
ability properties of the processed material [8, 12]. ASR has
been introduced in different ways and has been successfully
incorporated to process several different materials. Hwang,
Tzou [7] and Ouali, Aberkane [13] studied the effect of using
different rolls diameters in processing aluminium alloys. Cai
et al. [14] used the same ASR principle to process low carbon
microalloyed steel. ASR by bending the strip before rolling
was proposed by Ma et al. [15] for the manufacture of mag-
nesium alloys. Toth et al. [16] analysed ASR using one idle
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roll in processing interstitial-free (IF) steel. Hamad et al. [17]
also study ASR processing of IF steel, but in this case by using
different peripheral rolls speeds. The same ASR principle was
also applied by [1] on stainless steel and by [13] on alumini-
um. Recently, an ASR approach called snake rolling that com-
bines different rolls’ peripheral velocities with horizontally-
displaced roll centres was successfully applied to aluminium
alloys [10, 18-20]. In most of these studies numerical simu-
lations using the finite element method (FEM) were conduct-
ed, which has proved to be an excellent tool for the analysis of
symmetric [21-24] and asymmetric rolling.

In the present study the proposed HyP is described and the
potential advantages of the H-ASR, such as the introduction of
through-thickness higher plastic deformation and reduced roll
force and power, are investigated. Contact condition, material
deformation and stress state during rolling in the HyP are
analysed and compared to the traditional skin-pass process
by means of 2D elastic-plastic FEM models. The validation
of the FEM models using experimental data obtained from a
HyP pilot facility and industrial trials is also reported. The
material in question is the mild steel DC04, usually employed
for cold forming. The influence of introducing through-
thickness shear deformation during H-ASR was verified by
tensile and formability tests. The roll force and power
employed to attain the desired elongation and the mechanical
and formability properties of the processed material are com-
pared to the corresponding results of the conventional process-
es in equivalent conditions.

The hybrid process (HyP)
HyP configuration and parameters

The HyP incorporates two modules which alternatively bend
the strip and transfer texture to a specific part of the sheet
(Fig. 1): module 1 transfers texture to the upper part; and mod-
ule 2, to the bottom portion of the strip. Work rolls 3 and 8 are
those that have the surface structure to be transferred, by means
of the roll force (F). Support rolls 4 and 7, in combination with
bending rolls 2 and 5 for module 1, and 6 and 9 for module 2,
alternatively bend the strip. These rolls generate the effects of
tension levelling, producing two bending cycles on the strip.
The bending rolls (2, 5, 6, and 9) can pivot around their corre-
sponding work roll centre, to a defined vertical position or pen-
etration (P), allowing the wrap angle («) to be varied. The wrap
angle is defined as the angle subtended by the radii of the ex-
treme strip-support roll contact points. In addition, the sheet is
submitted to a lengthwise tension (7), which also influences the
« value. The strip moves at a constant velocity (v), imposed by
downstream and upstream processes. In this research, the pilot
facility used to investigate the basic principles of the HyP uti-
lises non-driven rolls. Thus, rolls 2 through 9 are not driven, i.e.
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Fig. 1 HyP: general
configuration

they move by means of friction between sheet and rolls. The
necessary lengthwise tension along the process is applied by the
bridle rolls (rolls 1 and 10). Nevertheless, on an industrial scale,
the HyP would probably require driven work rolls.

In order to process a strip in the HyP, it is first submitted to
the desired lengthwise tension (7). Then, bending rolls 2, 5, 6
and 9 pivot around the corresponding work rolls, to a
predefined penetration (P), bending the strip to the cor-
responding wrap angle («). Roll force (F) is applied after-
wards and finally the strip is moved forward (from left to
right in Fig. 1) at a target constant velocity (v). Therefore,
the parameters that could be adjusted in the HyP are those
traditionally adjusted in conventional skin-pass and tension-
levelling processes: roll force (F), lengthwise tension (7) and
penetration (P). Nevertheless, these parameters can now act
simultaneously (though each of them can be adjusted sepa-
rately) to improve the final product. That is, the wrap angle, as
an essential part of the levelling component of the HyP, can be
modified while the material is skin passed. And inversely, the
roll force, as the fundamental variable of the skin pass com-
ponent of the HyP, can be varied while the material is under-
going the levelling process.

Another positive aspect of the HyP is the space required for
its industrial implementation. It is expected that 25% to 30%
less space would be needed than for a typical finishing layout
(consisting of a skin-pass and a two-cycle tension levelling
processes).

Analytical estimation of bending limits

In order to facilitate imprinting any kind of roughness, the
strip’s surface must reach the roll gap in a state close to yield-
ing. If the material is already in a more plastic state when
entering the roll gap, the work-hardening would hinder the
roughness transfer. Once in the roll gap, the necessary roll force
also depends on the required degree of roughness transfer.
Therefore, bending limits should be stated in order to guarantee
adequate roughness transfer using minimum roll force.

As the strip width is much greater than its thickness and the
spread in the transverse direction is neglected, the HyP is
treated as a plane strain problem. The material behaviour be-
fore the roll gap can be analysed as it has been processed by a
common tension-levelling process. According to Marciniak

Module 2

Module 1

et al. [25], a strip bent around a roll under superimposed ten-
sion, presents a longitudinal strain (¢,) at a distance y from the
strip central axis given by Eq. (1):

e:x:é:ast;,:E Z:w (1)

P p
where ¢, is the strain at the strip’s central axis (¢, = 3/p), € is
the bending strain (¢, = y/p), 3 is the displacement of the neu-
tral axis from the central axis (which is produced by the ap-
plied lengthwise tension on the bent strip) and p is the bend
radius of the central axis. Roberts, Sheppard [26] generalized
Eq. (1) for successive bending using Eq. (2).

b= (14, ) @)

The equilibrium of forces over a unit width of section can
be expressed by Eq. (3).

h/2 3
Opeh = Lf; axdy—[il/zoxdy (3)

where 0, is the actual lengthwise tension and # is the strip’s
thickness. Assuming that the material has just reached yield-
ing at both surfaces, i.e. 0, =S, where S is the plane strain
yield stress (S = % ‘0, ), (3 can be obtained using Eq. (4).

B = (how)/(2-S) (4)

Thus, the neutral axis displacement is directly proportional
to the applied lengthwise tension and inversely proportional to
the material yield stress.

The limit of elastic bending is defined as when the strip’s
outer surface (y = 4/2) reaches the plane strain yield stress S.
Therefore, the limiting elastic strain is given by e,=SF’,
where E’ is the plane strain elastic modulus (£’ = E/(1-7)).
From Eq. (1), the limiting elastic radius of curvature can be
obtained using Eq. (5).

G ’

p€: S

Therefore, in order to assure plasticity, the radius of curva-
ture should be lower than p..
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Once in the plastic bending stage, the material behaviour
can be approximated by the strain-stress relationship obtained
in the tensile test: o, =A(B +¢,)". As before, the strain is
given by e, =¢,+¢, = 7f + /—; According to Marciniak
etal. [25], the stress-strain relation can be assumed to be linear
in a limited strain range, with a slope of do,/ dsx\EXl , where ¢,

is the centre of the considered strain range. Therefore, the
corresponding stress is given by Eq. (6).
do,

y

X_ a - c 6

U_J+d5x¢ p (6)
&

where o, is the stress at the central axis, expressed by o, =
AB+e,)".

Considering a desired increment on plane strain yield stress
(AS%) at the strip’s surface (v = #/2), Eq. (5) leads to Eq. (7).

(1+ AS%)-S :A<B+£>
Pr

m—1
+m-A<B+w> <@> (7)
Py Pr

where p/is the corresponding radius of curvature for the desired
plastic state or the limiting plastic radius of curvature. pscan be
obtained using a Nelder and Mead iteration algorithm [27].

Hence, in order to ensure an adequate plastic state during
rolling by the HyP, the radius of curvature should be lower
than p, and higher than p,(Eq.(8)).

pr<p<pe (8)

Experimental procedure and FEM modelling
Pilot plant and industrial trials

For the practical implementation of the HyP, a tension level-
ling facility at BFI (Betriebsforschungsinstitut GmbH,
Diisseldorf-Germany) was reconstructed (Fig. 2). The result
was a compact finishing machine, combining both processes:
skin-pass and tension levelling.

The barrel width was 400 mm. The diameter of the bending
rolls 2, 5, 6 and 9 was 100 mm. Support rolls 4 and 7 measured
80 mm in diameter, and incorporated two back-up rolls with a
diameter of 90 mm to support radial force components. The
diameters of the work rolls 3 and 8 were 300 mm, with bearing
assemblies designed to apply normal forces (F) by means of a
hydraulic unit (of 200 kN). Therefore, the work roll/support roll
diameter ratio was equal to 3.75. During trials in the pilot plant,
lengthwise tension was defined as a percentage of the steel’s
yield stress (oy, ): T = 100-(o4, /0y, ), Where oy, is the actual
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lengthwise tension applied to the strip. In the pilot facility oy,
could be varied to a maximum of 350 MPa. Bending roll pen-
etration (P) could be varied from 0 to 60 mm. Roll force (F)
could be varied to a maximum of 200 kN. These wide ranges of
the parameters allow the facility to process low, mild and high
strength steels. Strip velocity was set to 2.4 m/min, thanks to
the facility’s uncoiling and coiling system. The applied roll
force was detected by a digital pressure sensor. A tension-
measuring roll was installed to measure lengthwise tension.
Also, a digital angular devise was installed to measure the wrap
angle. Regarding elongation (e), the strip was marked in the
longitudinal direction, and distances between marks were mea-
sured before and after the process using a micrometre. The
relationship used to calculate it was: e =100 - (e~ ep)/ey where
ep and ey are the initial and final distances between marks,
respectively. The material processed during this study was the
low strength steel DC04 (EN 10130). The entry material prop-
erties are summarised in Table 1.

The experiments to validate the FEM models (Table 2)
were performed according to the central composite design
(CCD) [28]. Since the processed material was mild strength
steel (DCO04), the ranges for the HyP parameters, 7, P and F,
were set to: 10 to 30% oy, 6 to 18 mm and 100 to 200 N/mm,
respectively, following the recommendations of Sections
“Analytical estimation of bending limits and Bending limits”.
The trials involving the conventional manufacturing process
(by means of tension levelling and skin-pass processes) were
conducted in an industrial facility at the Bilstein Group
Hagen’s plant. The conditions were similar to those at the
HyP pilot plant (work roll diameters, velocity, strip’s entry
properties, etc.). Each trial was conducted at least three times
and the results presented herein correspond to the average
values. All trials were conducted in dry conditions.

In Fig. 3 some of the HyP pilot facility trials are presented.

The skin-pass industrial trials are depicted in Fig. 4.

FEM model

During the HyP, the steel strip is submitted to asymmet-
rical compression under tensional and bending loads. To
analyse the contact condition, material deformation and
stress characteristics under this load state, a two-
dimensional plane strain FEM model was developed
using the ABAQUS v 6.11 dynamic explicit method [29].
For the sake of simplicity, roughness transfer was not included
in this analysis (the work roll was considered smooth), since
the micro-deformations produced by the roughness
structure would not significantly affect the results.
Nevertheless, different Coulomb friction coefficients were
set for the contacts’ work roll-strip (0.3) and support roll-
strip (0.1) in order to account for differences in surface rough-
ness. Tribology asymmetry, however, is not studied extensive-
ly in this work.
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Fig. 2 HyP pilot facility,
including a zoom identifying the
modules and rolls as in Fig. 1
(photographs courtesy of BFI)

A preliminary study conducted with a simplified FEM mod-
el of the HyP, which included only module 1 and applied dy-
namic compression through elastic work roll and support roll,
indicated a non-conventional elastic deformation of the work
roll (which will be discussed in a further section) and a negli-
gible elastic deformation at the support roll. Consequently, a
deformable body was adopted for the work-roll modelling
and rigid bodies for the modelling of support and bending rolls
(Fig. 5). The steel strip was modelled as an elasto-plastic mate-
rial through a kinematic hardening model. Regarding the
meshing, the sheet was split into three areas in order to reduce
the analysis burden: one fine mesh area (study area),
surrounded by two coarse mesh areas (Fig. 5). Different ele-
ment sizes were tested and the final mesh size was chosen
taking into consideration accuracy and computational effort.
The chosen mesh configuration was that with rectangular ele-
ments (CPE4R) with 1/16th the size of the strip thickness in the
study area, and 1/3rd in the coarse mesh area. Transitional tri-
angular elements (CPE3) were used to join the different areas.

Mechanical and formability properties

The mechanical properties of the entry material and final prod-
uct were determined by tensile tests performed in an Instron

Table 1  DCO04 material properties and strip dimensions

DCO04 strip (entry conditions)

Yield stress (o, ) 161 MPa
Elastic modulus (F) 210 GPa
Poisson’s ratio (v) 0.3
Initial thickness (%) 1 mm
Initial width (wy) 200 mm

Stress/strain relationship 0,=520-(0.0015 +¢,)*1®

4507 universal testing machine, in accordance with standard
EN10002—1. In order to evaluate anisotropy at the resulting
sheet, specimens were cut along the rolling direction (RD)
(0°), 45° from the RD and in the transverse direction (90°).
At least three samples per test were taken. Since sheet metal
under biaxial tension conditions can bear much higher strain
levels (before local necking or fracture appearance) than under
a uniaxial tensile test, bulge tests were conducted in order to
evaluate formability. The forming limit curve (FLC), which
limits strain during formability (to avoid fracture), was deter-
mined using the Zurich number 5 method, as recommended
by the International Deep Drawing Research Group [30]. The

Table 2 Trials at the HyP pilot facility

Trial T(% oy,) FNmm) P(mm) Final Elongation (%)
1 10 100 6 0.07
2 10 150 12 0.18
3 10 200 12 0.55
4 10 100 18 0.10
5 10 150 18 0.64
6 10 200 18 1.13
7 20 100 6 0.49
8 20 150 6 0.53
9 20 200 12 0.30
10 20 150 12 0.90
11 20 100 12 1.50
12 20 150 18 0.80
13 20 200 18 1.28
14 20 200 18 1.70
15 30 100 6 1.80
16 30 150 12 0.90
17 30 200 12 1.35
18 30 200 12 1.79
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Fig. 3 Experimental relationship 2
between rolling force and

elongation for different

lengthwise tensions and

penetrations. Experimental data 1.5
obtained from the HyP pilot
facility

T

Elongation (%)

05 r

T =10%0x0, P=12 mm

T =10%0x0, P=18 mm
——T=20%0x0, P=12 mm -
-e-T=20%0x0, P=18 mm -7
T =30%0x0, P=12 mm -

90

deformation of the sheet blanks was evaluated by means of
three tests: tensile tests, a biaxial-circular (100 mm) test, and
biaxial-elliptical (100/63 mm) tests. In order to incorporate
another indicator of product formability, the Erichsen cupping
test was also performed. The Erichsen index (IE) was calcu-
lated using the standard DIN 50101. All samples were cut at
least 50 mm away from the strip peripherals in order to avoid
the edge-effect.

Energy requirements calculation

The analysis of energy requirement was based on the roll force
and power used by the HyP to achieve the same final elonga-
tion as the conventional finishing process.

Regarding the power required to deform the material along
the roll gap, it can be obtained by means of the rolling torques,
T and 7>, exerted by the sheet on the upper and bottom rolls,
respectively. The rolling torques can be calculated by integrating

110 130 150 170 190 210
Roll force (N/mm)

the moment of the shear friction forces along the contact length
around the respective roll axis [7].

NP NP, L
T, :Rl(ILlllTldx-l-INP;Tldx+L\,2;1>27'1dx> 9)

-NP -NP. -L
Ty = Ry (I mad + [y mad + [, rac

(10)
where R; and R are the radius of the upper and bottom rolls,
respectively; NP; and NP, are the horizontal positions of the
first and second neutral points, respectively; L;; and L,; are
the initial and final horizontal position of the upper contact
length, respectively; L, and Ly, are the initial and final hori-
zontal position of the bottom contact length, respectively; and
71 and 7, are the shear friction stresses along the upper and
bottom roll surfaces, respectively. Relying on the verified nu-
merical models, the interfacial shear stress curves obtained by
the FEM models were integrated to obtain the rolling torques,
T1 and T>.

e T=10%0x0
¢ T =20%0x0 -
T =30%0x0 -~

Fig. 4 Experimental relationship
between rolling force and 2.0
elongation for different
lengthwise tensions. Data
obtained from the skin-pass
process industrial trials < LS F
=
S
S 1.0
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S
m
0.5
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Fig. 5 FEM model assembly and
zoom of strip meshing

Study area

Finally, the power required to deform the sheet can be
calculated using Egs. (11) and (12).

P1:T1'W1 (11)

Pz = Tz'wz (12)

where P and P, are the upper and bottom roll power, respec-
tively; and w; and w, are the upper and bottom rolling angular
velocities, respectively.

Results and discussion

Experimental relationship between rolling force
and elongation

The relationship between rolling force and elongation
follows a rectilinear tendency for the HyP (Fig. 3) and
a slightly logarithmic tendency for the conventional skin-pass
process (Fig. 4). Similar observations were made regard-
ing the skin-pass process by Kijima, Bay [22]. Figure 3
also found that the three input variables (lengthwise
tension, penetration and roll force) positively influenced
elongation. A very important difference between the re-
sults of both processes is the value of the medium de-
rivative of the change in elongation over rolling force, which
is higher for the HyP (1.2%/(100 N/mm)) than for the skin-
pass process (0.4%/(100 N/mm)).

Validation of FEM models

A reasonable agreement was achieved between experimental
and simulated elongation for the HyP (Fig. 6a) with a
root mean square error (RMSE) of 11% and a coeffi-
cient of determination (Rz) of 0.90. In addition, for the skin-
pass process, the FEM model presented good agreement with
the experimental trials, with a RMSE of 9% and a R? of 0.97
(Fig. 6b).

Bending limits

Using a Nelder and Mead iteration algorithm (NM-algorithm),
prwas obtained by means of Eq. (7) and for different length-
wise tensions. The results were verified using the FEM model.
The comparison is displayed in Fig. 7, showing strong agree-
ment between the calculated values and the FEM model re-
sults. The minimum p, is limited by the bending roll radius
(40 mm).

A summary of the values used in Eq. (7) and limiting radius
of curvature, elastic (p.) and plastic (pp), for different length-
wise tensions are presented in Table 3. The corresponding
bending roll penetration (P) is also included.

The parameters ranges for the trials at the HyP pilot facility
provided in Section “Pilot plant and industrial trials” are in
agreement with the values presented in Table 3. Thus, for
medium values of the parameters (i.e. 7=20% oy,, F'=
150 N/mm and P= 12 mm), the corresponding increment
on § given by Eq. (7) is 7%.

FEM analysis
Roll and material deformation

In order to observe the material and work roll deformation
during compression, three roll forces were simulated while
lengthwise tension and penetration were maintained at the
same values (Fig. 8). The results demonstrate that the work
roll flattened before and after the contact area and deformed
following a concave function along the roll gap (Fig. 8). The
higher the roll force, the higher the concavity (Fig. 8b). Sun
et al. [31] and Kijima [32] also found a similar deformation
pattern (a concavity along the roll gap) during the skin-pass
process with larger rolls diameters (500 mm) and higher roll
forces (F> 1000 N/mm) than the one used in the HyP.
Nevertheless, the concavity observed during compression at
the HyP was due to the H-ASR, where a much smaller roll (the
support roll) supports the normal force applied by the work
roll (Ryork rot/ Rsupport rour=3.75). This was verified by
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Fig. 6 Comparison between HyP a b
(a) and conventional skin-pass 2.0 2.0 e
process (b) experimental and R?=0.96 : R2=0.97
simulated elongation values RMSE = 10% RMSE =9 % o °
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simulating a skin-pass FEM model under the same HyP con-
ditions (work roll diameter of 300 mm, roll force 0of 200 N/mm
and lengthwise tension of 20%) and observing that the
resulting deformed work roll remained circular along the roll
gap. To obtain a similar concave deformation, a roll force
equal to 1800 N/mm was necessary, which is much higher
than the maximum used in the HyP. Another similarity to
the skin-pass process, was that the higher the roll force, the
greater the shift toward the entry region.

Contact conditions and shear deformation

The normal pressure distributions and interfacial shear stresses
along the roll gap of HyP-module 1 for different penetrations
were compared to the results of an equivalent skin-pass pro-
cess (Fig. 9). In the HyP, lengthwise tension and roll force
were set to their medium values (7=20% o,, and F'=
150 N/mm). For the conventional skin-pass process, two roll
forces were analysed: the same roll force used for the HyP

Experimental elongation (%)

(Fig. 9a), which provided a much smaller elongation, and a
higher roll force (F'=380 N/mm), which provided the same
elongation as the HyP (Fig. 9b).

The conventional skin-pass process results (Fig. 9a and b)
concur with the work of Kijima [32] and Sun et al. [31], i.e.
symmetry in the results of upper and bottom surfaces, normal
pressure distribution curve centre shifted from the line of roll
centres toward the entry region (the higher the roll force, the
greater the shift toward the entry region) and the same signs in
the interfacial shear stresses distribution curves. Regarding
HyP-module 1, let us first observe the contact conditions at
the upper surface (Fig. 9c) (which is the one that is imprinted
by the work roll’s surface). The contact length became smaller
as P increases. The smaller the contact length, the higher the
maximum normal pressure: given that preserving the area un-
der the curve — which represents the roll force - is necessary
(which is constant for all cases). As a result, in all cases, the
normal pressure maximum value was higher than the one
provided by the equivalent skin-pass process. This was also
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Table 3  Limiting elastic and plastic radius of curvature for different lengthwise tensions

% Lengthwise tension (7)

10% oy, 20% oy, 30% oy,
Displacement (/3) 0.05 mm 0.10 mm 0.15 mm
Limiting elastic radius of curvature (p,) 682.72 mm 744.79 mm 806.85 mm
Limiting plastic radius of curvature (p,) for 10% increment on S 198.4 mm 241.7 mm 279.8 mm
Corresponding bending roll penetration (P) 22.2 mm 18.1 mm 14.8 mm

confirmed when the roll force was increased (from 150 to
380 N/mm) in the SR to attain the same final elongation
(Fig. 9b). This is an advantage of ASR when using dissimilar
rolls diameters, i.e. when using the same roll force, higher
normal pressure is applied to the strip in an ASR than in an
SR process [7]. This roll force reduction was experimentally
verified in Section “Energy requirements”. In addition, as in
SR, all normal pressure distribution curves’ centres shifted
from the line of roll centres, and their maximum was located
at the entry region. The same was observed by Hao et al. [33]
for ASR: the higher the penetration, the higher the shifting.
Furthermore, in all cases, the normal pressures show a
“friction hill” type distribution [34], meaning that homoge-
neous surface deformation is dominant [35]. This represents
a positive feature for consistent roughness transfer. On the
other hand, as P increases, the interfacial shear stress evolves
from a behaviour similar to the one observed in the SR, to an
entirely opposite behaviour. This means that the frictional
forces change sign as P increases.

Regarding the bottom surface (Fig. 9d), the opposite be-
haviour of the normal pressure is observed, i.e. as P increased
the contact length became larger. And consequently, the nor-
mal pressure maximum value decreased (however it was
still higher than the one observed in SR for the same
roll force). In addition, the normal pressure distribution
tended to a ‘double-peak’ curve as P increased. The
deformation mode (‘friction hill” or ‘double-peak’) can be
predicted by the ratio of the roll-strip contact length to the
initial strip thickness [35]. This ratio (¢) can be approximated
to: ¢ =R (hy—hy) /h = (Reduction) (R/hy). For small
values of ¢, a ‘double peak’ distribution is expected. On the
other hand, ‘friction hill’ type pressure distribution is related
to high values of ¢. Considering the roll diameter differences
in HyP-module 1, and a maximum reduction of 2%, ¢ is equal
to 6 for the upper roll, and 1.6 for the bottom roll. This ex-
plains the different deformation modes observed in HyP-
module 1. Furthermore, the shifting of the x location of the
normal pressure maximum value towards the entry region is
greater than in the case of the upper surface. The resulting
distributions are located almost entirely at the entry region.
This is due to the contact point shifting between the strip
and the support roll during bending. This fact was observed

and extensively studied by Liu et al. [36]. Regarding the in-
terfacial shear stress, the shape of the curve was constant in all
cases, with two changes of sign along the curve. This behav-
iour was very different from that observed for the skin-pass
process on the bottom surface.

The nominal friction coefficient (i.e. the interfacial
shear stresses over normal pressure ratio) (Fig. 10a) for skin-
pass and HyP-module 1 (with medium 7, P and F
values) was analysed in order to determine the slip/no-
slip condition between the strip and the rolls, friction force
directions, the position of neutral points (NP) and the stress
state of the sheet at the roll gap. A schematic is also outlined
(Fig. 10D).

Observing the results from the skin-pass process (Fig. 10a),
there is a no-slip condition along the contact lengths (friction
coefficient < Coulomb friction), except for a short slip region
at the exit side. This was also observed by Kijima [32] for
relatively small roll forces. Furthermore, because of the sym-
metry, there is a common position for the entrance bite point
and a common neutral point for both strip surfaces. On the
other hand, in HyP-module 1 (Fig. 10a), one short slip region
at the exit side for the upper surface and two opposite slip
regions for the bottom surface, mostly at the entry side, were
recorded. In addition, asymmetry leads to different positions
of the upper and bottom entrance bite points (points P1 and
P2, respectively). Under these circumstances, the bottom sur-
face would be submitted to frictional forces sooner than the
upper surface at the roll-bite’s entrance (zone I), and the ma-
terial in that region would show higher flow velocity than the
material at the upper surface. This was also observed by Ma
et al. [15] when bending the strip before rolling. Therefore,
two pairs of shear forces would be generated: one in RD,
producing the first cross shear region (CSR 1), and one in
the normal direction (Fig. 10b). The latter is also due to the
contact point between the strip and the support roll shifting
toward the entry region during bending, as mentioned above
[36]. Subsequently, the strip enters the deformation zone
completely (zone II) and the upper and bottom surfaces reach
a velocity similar to their corresponding roll surfaces (no-slip
is produced), i.e. neutral points are reached, but at different x
levels: first the bottom surface (NP;) and later the upper (NP»).
Just after the bottom surface neutral point (NP,), its interfacial
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shear stresses change direction and friction forces now delay  strain rate in RD distributions along the roll gap for the skin-
the strip motion. In addition, maximum normal stresses acton  pass process (Fig. 11) and the HyP (Fig. 12).
the strip introducing the necessary plastic deformation, mak- As expected, in the conventional skin-pass process, the ef-
ing the desired reduction possible. Near the x level of the roll ~ fective stresses (Fig. 11a) and the equivalent strains (Fig. 11b)
centres, the interfacial shear stress at the upper surface  were symmetrically distributed around the strip’s horizontal
changed sign and the second cross shear region (CSR 2) ap-  centre line. In addition, the shear stresses (Fig. 11¢) presented
peared. Zone III extends to the exit side. the typical anti-symmetrical distribution. The logarithmic
Accordingly, different material flow velocities at the upper  strain rates in RD (Fig. 11c¢) has an X-like distribution, show-
and lower surfaces would be generated during rolling. As a  ing peak values at the entry region (due to the higher changes
consequence, shear deformation along the strip thickness  in the material flow velocities in this region). In all cases the
would be expected. This was verified by the analysis of the  registered magnitudes were lower than the ones recorded in the
Von Mises stress, the equivalent strain, the shear stress and the ~ HyP-module 1 roll gap, except for the logarithmic strain rate in
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F=150 N/mm and (b) F=380 N/mm. Same results for the HyP when

@ Springer



Int J Mater Form (2019) 12:27-43 37
a
Q3 T ENTRY EXIT |
: Line of roll
02 i i centres
D CSR 1 | CSR2 : 2
E i : Work roll work roll
E NP, NPx. | ! i
M= =X H
ﬁ Een it —-;'-\. -
= e |- e N
% 03t L L0
5 e
&° x/h ( )
- Line of roll centres Zone 1| Zone II | | Zone IIT

02 —=—HyP shear/pressure at upper surface
—e—HyP shear/pressure at bottom surface
-0.3 L --x- Skin-pass shear/pressure at upper surface

--e-- Skin-pass shear/pressure at bottom surface

Fig. 10 Interfacial shear stresses over normal pressure ratio at upper and bottom surfaces for the skin-pass process (7'=20% oy, and F'= 150 N/mm) and
HyP-module 1 (T=20% oy,, F'=150 N/mm and P= 12 mm) (a) and schematic of the asymmetric rolling during HyP-module 1 (b)

RD. By contrast, the same results at the upper and lower parts
of the strip when rolling with the HyP-module 1 (Fig. 12) were
asymmetrically distributed. An oblique effective stress concen-
tration band was observed (Fig. 12a), with maximum values
concentrated at the upper part of the strip. In addition, the
results demonstrate that the equivalent stress value for the outer
fibre (upper surface) before the roll-gap is in agreement with
the one predicted by the analytical model (Section “Bending
limits”), with a value of 199 MPa, equivalent to an increment
of 7% on the yield stress. Regarding the equivalent strain (Fig.
12b) distribution, it resembled the previous behaviour (Fig.
12a). The equivalent strain value for the outer fibre previous
to the roll-gap is also shown (0.12%), indicating a small value
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near yielding. Furthermore, in concordance with the “friction
hill” type distribution of the normal pressure shown in Fig. 9c,
a homogeneous deformation is observed at the upper surface
along the roll gap (Fig. 12b). If compared to the SR, the highest
equivalent strain values were shifted above the horizontal cen-
tre line. From these two contour plots (Fig. 12a and b), it was
verified that the highest plastic deformation was produced at
zone II. Regarding the shear stresses (Fig. 12c), the maximum
tensile values were located at the roll gap entry and exit areas,
specifically near the bottom entrance bite point and upper exit
point, respectively. Maximum compressive stresses were locat-
ed along the roll gap, following the oblique distribution previ-
ously registered. Regarding the logarithmic strain rate in RD

ROLL GAP

PEEQ
(Avg: 75%)

+7.63¢-03
+6.99¢-03
+6.35¢-03
+5.72e-03
+5.08¢-03
+4.45¢-03
+3.81e-03
+3.18e-03
+2.54e-03
+1.91e-03
+1.27e-03
+6.35¢-04
+0.00e+00

car/ox,(-) [ Interfacial shear/or, (-)

......
o=

Normal pressure/ox; (-) | Normal pressure/ax, (-)

o

ROLL GAP

ER, ER11
(Avg: 75%)
2.61

Normal pressure/ox, (-) | Normal pressure/ax, (-)

Fig. 11 Von Misses stress (S, Mises) (a), equivalent plastic strain (PEEQ) (b), shear stress (S12) (¢) and logarithmic strain rate in RD (ER11) (d)
distributions of skin-passed strip (7'=20% o, and F'=380 N/mm). The final elongation obtained was equal to 0.9%
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distributions of strip processed by HyP-module 1 (T'=20% o,, =150 N/mm and P= 12 mm). The final elongation obtained was equal to 0.9%

(Fig. 12d), a well-defined oblique band was observed.
Furthermore, the two areas with maximum values coincided
with each of the cross shear regions identified in Fig. 10 (CSR
1 and CSR 2) and were located near the strip surfaces. These
results indicate the presence of shear deformations along the
strip thickness introduced by the H-ASR.

For a better quantitative assessment of the differences in the
through-thickness shear stresses introduced by the H-ASR
and the SR, the correspondent values along a vertical line at
the x level of the roll centres are depicted in Fig. 13. One can
observe that H-ASR leads to higher and more heterogeneous
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Fig. 13 Through-thickness shear
stress (S12) at the middle of the
roll gap for SR and H-ASR
(T=20% oy,, F=150 N/mm
and P= 12 mm)
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surface

shear stress values than SR. In the case of SR, the shear stress
reverses sign when crossing the symmetry plane. Conversely,
only negative values of shear stresses were present along the
strip thickness in the case of the HyP. The maximum value
was in the lower half of the strip and consequently, more
severe shear deformation in this part is expected.

The mesh distortion is further evidence of the shear defor-
mation introduced by the H-ASR (Fig. 14). For more detailed
observation, in Fig. 14, the grid deformation is exaggerated
100 times in RD. For the skin-passed strip, smaller deforma-
tion of the grid is observed. The vertical lines became concave
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Fig. 14 Strip grid deformation at the roll gap of the skin-pass process (7'=20% o, and =380 N/mm) (a) and at the roll gap of the HyP-module 1 (7'=
20% o,, F'=150 N/mm and P= 12 mm) (b). The grid deformation was exaggerated 100 times in RD

toward the roll-bite, turning to a double-barrel pattern after-
wards. Similar deformation was also observed by Lapovok
et al. [37]. In contrast to this behaviour, the rolling by the
HyP-module 1 produced higher grid deformation with differ-
ent inclinations of the cross section lines: counter-clockwise at
the upper part of the strip and clockwise at the bottom,
reflecting the shape of the stress and strain concentrations
(Fig. 12a and b). Similar observations were reported by Ma
et al. [15], where ASR was introduced by bending the strip.
Furthermore, the through-thickness shear stress observed in
Fig. 13 for the H-ASR maintains the same sign due to the
superimposition of the global shear strain pattern observed
in Fig. 14b.

As shown in Fig. 1, after rolling at HyP-module 1, the strip is
also bent and rolled by HyP-module 2. Given that the geometric
configuration of HyP-module 2 mirrors that of module 1, sim-
ilar but opposite behaviours were registered. Consequently, the
equivalent strain at the end of the HyP is almost symmetric
(Fig. 15), guaranteeing a flat product. A similar result was
found in the work of Lapovok et al. [37], where nonmonotonic
ASR was achieved by flipping the sample 180 degrees around
the RD. A more homogeneous state and improved formability
properties were obtained by applying this kind of ASR on
interstitial-free steel.

Mechanical properties

In order to verify the effect of the through-thickness shear
deformation introduced by the HyP, the mechanical and form-
ability properties of the DC04 processed strip were compared
to the same material processed by an equivalent conventional
finishing process (involving tension levelling and skin-pass
processes).

Fig. 15 Equivalent plastic strain
distributions of strip processed by
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The mechanical and formability properties after the tensile
test are summarised in Table 4. The values of at least three
specimens for each of the processing condition were averaged.
Entry material results are also included as a reference.

As is to be expected after a rolling process, the effect of
both conventional process and HyP was to increase the mate-
rial strength and decrease the uniform strain and ductility com-
pared to the characteristics of the entry material. The HyP
resulting strip showed slightly lower strength than the conven-
tional finished material. The higher increment for both pro-
cesses was observed in the 45° direction, i.e. the 45°-yield
stress and the 45°-tensile strength increased 35% and 22%,
respectively in the conventional process, whereas the HyP
increased these values by 28% and 20%, respectively.
Nevertheless, on average, the HyP process generated
10% higher uniform elongation and 12% higher elonga-
tion to failure than the conventional process. In addition,
the HyP increased the normal anisotropy by 53% and
produced similar planar anisotropy compared to the con-
ventional process.

Based on these results, it seems that the HyP would im-
prove on the deep drawing properties traditionally generated
by the conventional finishing process. A physical explanation
for this observation could lay in the possible new grain orien-
tation of the processed material due to the through-thickness
shear deformation introduced by the H-ASR. Several authors
[12-17] have proven that the through-thickness shear defor-
mation introduced by the ASR produces a change in the mi-
crostructure and in the texture of the processed material, that
have a positive influence on the material plastic behaviour,
improving its drawability. To clarify this aspect regarding
the H-ASR, further investigation on microstructure and tex-
ture are necessary and will be developed in future research.
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Table 4  Tensile test results for DC04 entry material (initial) and processed material by conventional finishing process and HyP

Initial Conventional process HyP

- 0° 45° 90° 0° 45° 90°
Yield strength (MPa) 161.1 2132 217.3 204.6 1914 205.5 202.8
Ultimate tensile strength (MPa) 269.9 326.7 329.7 323.6 321.0 3224 315.1
Uniform elongation (%) 324 22.9 23.1 23.0 26.1 25.2 25.46
Elongation to failure (%) 47.7 40.1 39.14 42.8 46.8 46.1 46.4
Anisotropy coefficient (r) - 1.43 0.95 1.13 1.81 1.59 2.04
Normal anisotropy () 1.12 1.71
Planar anisotropy (Ar) 0.32 0.34

The final elongation obtained after each process was equal to 0.53%

The forming limit curves obtained from the bulge test ap-
plied on the processed materials are presented in Fig. 16.
Limits for local necking and diffuse necking (following
Hill’s theory [38]) are also displayed.

The FLC from both specimens, under the strain tests cited
in Section “Mechanical and formability properties” (tensile,
biaxial-circular and biaxial-elliptical tests), are very similar to
each other, indicating comparable behaviour under these bi-
axial loads.

The Erichsen index (obtained from the Erichsen cup-
ping test) from the conventionally finished material was
11.3, and 12.4 from the material processed by the HyP.
Therefore, the steel sheet obtained by the HyP exhibited 10%
better ductility (in the plane of drawing under biaxial stress
conditions) than the conventionally manufactured material.

Based on these tensile and formability tests results, it ap-
pears that HyP produces sheets with better drawability, satis-
factory strength, and formability qualities comparable to
the conventional finishing process. As stated before, these
results concur with the observations of several researchers that
have studied different ASR processes [10, 14-20]. All these

authors agree that the introduction of shear deformation
along the strip thickness during ASR produces a new
microstructure (with a different grain orientation) that
improves the mechanical properties and formability char-
acteristics of the processed material. As mentioned pre-
viously, further investigation into this aspect of mate-
rials processed by the HyP is necessary and will be
undertaken in future research.

Energy requirements

As stated before, the analysis of energy requirement was based
on the roll force and power used by the HyP when achieving
the same final elongation as the conventional finishing pro-
cess. To have a general idea, we specifically focused on points
1, 2 and 3 of the experimental elongation versus roll force
curves (Figs. 3 and 4) for medium values of lengthwise ten-
sion and penetration (Fig. 17). The results indicate that a dras-
tic rolling force reduction, up to 63%, could be achieved using
the HyP. This finding verifies one of the advantages of apply-
ing asymmetrical rolling.
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for the HyP and the skin-pass. Points 1,2 and 3 are used for the analysis of
energy requirement

To compare both processes, in terms of power required to
deform the material along the roll gap, rolling torques applied
by the H-ASR and the SR process to achieve a final elongation
of 0.9% were calculated. The interfacial shear stress curves
obtained by the FEM models were used. Thus, the interfacial
shear stress curves of Fig. 9b, for the SR, and Fig. 9c—
d, for the H-ASR, were integrated. From the specifica-
tion of both processes we find that R =R, =300 mm,
for the SR and R; =300 mm and R, =40 mm, for the H-ASR.
The strip linear velocity was set to 2.4 m/min. Therefore,
wy =w, =0.267 rad/s for the SR process and w; =0.267 rad/s
mm and w, =1 rad/s, for the H-ASR. Using Eqgs. (9)—(12),
Table 5, was obtained.

For this elongation (0.9%), the results indicate that the HyP
requires 55% less power than the conventional process to
deform the strip. Therefore, a considerable energy reduction
could be achieved by using the HyP.

Conclusions

A novel steel strip finishing process, the HyP, which combines
skin-pass and tension levelling into one production step was

Table 5 Rolling torques and power required to deform the material
along the roll gap when using the HyP and the conventional process to
achieve a final elongation of 0.9%

Conventional process HyP
T, -0.108 N-m/mm + 0.040 N-m/mm
T, +0.108 N'm/mm -0.015 N'm/mm
T=|T\|+|T3] 0.216 N-m/mm 0.055 N'-m/mm
P, 0.029 W/mm 0.011 W/mm
P, 0.029 W/mm 0.015 W/mm
P=P/+P, 0.058 W/mm 0.026 W/mm

analysed by means of FEM models and experimental results.
The validation of the FEM models was based on experiments
at the pilot facility and industrial trials. An analytical model
used to predict the appropriate bending limits for the HyP was
provided. The analysis of energy requirement, based on the
roll force and power used by the HyP to achieve the same final
elongation as the conventional finishing process, revealed that
a drastic energy reduction, up to 63% on rolling force and 55%
on power, could be achieved using the HyP. In addition, it is
expected that 25% to 30% less space would be needed for its
industrial implementation than for a typical finishing layout.
The material deformation, contact conditions and stress state
during rolling were investigated and compared to the corre-
sponding results from a traditional skin-pass process. Due to
the differences in compressional roll diameters (R,,o,x yoi/
Rgypport ron=3.75) and the bending of the strip before the
entrance of the roll gap, the HyP presented asymmetric con-
ditions during rolling (H-ASR). Contact conditions along the
first roll gap (HyP-module 1) showed a “friction hill” normal
pressure distribution over the upper surface with a higher
maximum value. This would facilitate a consistent roughness
transfer over this surface, while using a lower roll force as
compared to a conventional skin-pass process. In addition,
the H-ASR generated two cross shear zones during rolling,
where opposite shear stresses were observed. The FEM results
also showed that the H-ASR introduced higher shear defor-
mation along the strip thickness than a conventional SR.
The positive influence of the through-thickness shear
deformation during H-ASR was verified by tensile and
formability tests conducted on specimens processed by
the HyP pilot facility. The results indicate that the HyP
produces steel sheets with better drawability, satisfactory
strength and formability qualities comparable to the con-
ventional finishing process. Finally, a methodology
based on hard and soft computing, to find the optimal
HyP parameter combination (7, P and F) that guarantee
the required elongation, minimizing residual stresses magni-
tude and imbalance in the final product will be undertaken in
future research.
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