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Annotation. Asymmetrical rolling is one of the modern methods of stabilizing the microstructure during the rolling
process. The implementation of this process ensures an increase in the mechanical properties of rolled products, reduces
texture and contributes to obtaining a more uniform microstructure. In this work, the stress state during asymmetrical
rolling of thick sheets is studied and the contact pressure is determined by calculation methods. To study the stress state,
the slip line method and velocity hodograph were used. Contact pressure was calculated using the slip line method. and
joint solution of differential equations of equilibrium and plasticity conditions. It was revealed that in the zone of plastic
deformation, compressive stress components prevail, in contrast to the traditional method of rolling in cylindrical rolls,
where tensile stresses arise in the axial central zone, which can lead to destruction and elongation of grains in the rolling
direction. Analysis of the calculation of contact pressures shows that the relative difference in the values of the specific
contact pressures of the metal on the rolls during asymmetric rolling, calculated by the slip line method and the joint
solution of differential equilibrium equations and plasticity conditions is insignificant, i.e. does not exceed 6%, which
indicates the reliability of the results obtained. During asymmetrical rolling of a strip with a wide deformation zone, due
to the occurrence of shear deformations, the neutral height shifts to the exit from the deformation zone, and it is even
possible that there is no neutral zone.
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Introduction

For metallurgical production, improving product quality is of paramount importance. The production of thick plate
steel is a multi-stage production process, which mainly includes steelmaking, continuous casting, hot rolling and cooling.
The quality of the final product must meet the requirements for chemical components, profile, size, etc. It is determined
by the technological parameters of each production stage and the quality of intermediate products. To control many
factors, mechanisms such as machine learning [1], [2] and genetic algorithm [3], [4] are currently used. At the same time,
the success of the production process remains directly related to the technologies used [5] - [9]. Many laboratories
developing steels have focused on new high-alloy steels in which the composition and / or heat treatment dominate over
the properties [10]. Another approach to improving the quality of the metal is the use of severe plastic deformation [11] -
[14]. In this study, we focused on the hot rolling process. In [15], it is noted that the deformation trajectory during
asymmetric rolling consists of two parts: first, the main rolling occurs, followed by a simple shear process. As is known
[16] - [18], asymmetric rolling allows for the uniformity of deformation, improving the mechanical properties and
microstructure of the processed workpieces [19], [20]. The first studies on the implementation of asymmetric rolling were
carried out in 1948 by Sachs and Klinger [21] to develop a model of homogeneous deformation. Now the principles of
asymmetric rolling are used both for steel production [22], [23] and for the processing of non-ferrous metals [24], [25],
in addition, asymmetric rolling is successfully used as a basic process in accumulated rolling by joining [26], [27].
Asymmetry can be provided by the difference between the rotation speeds of the upper and lower rolls [28], different roll
diameters [29], a specific roll shape leading to asymmetry [30], as well as other technological methods.

Despite the increased attention to the asymmetric rolling process, the stress-strain state during asymmetric rolling,
as well as the values of contact pressure, which are necessary for the correct design of the rolling process, remain
insufficiently studied. Thus, in [31], the configuration zones of deformation in the process of asymmetric rolling were
analyzed, the authors [32] performed a modeling of friction forces in two-roll modules, where asymmetry is provided by
the arrangement of rolls of different diameters. Despite the use of asymmetric rolling as a heterogeneity regulator,
asymmetric rolling itself is also accompanied by a heterogeneous stress-strain state [33], and the magnitude of asymmetry
can affect the magnitude of the shift [34].

The aim of the work: to study the stress state during asymmetric rolling of thick sheets and to determine the contact
pressure using calculation methods.
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1. Experimental part

The process of asymmetric strip rolling has a positive effect on the quality of the metal, i.e. on the mechanical and
geometric properties of the resulting rolled metal products and the power parameters of the process. Let us consider the
stress state and change in contact pressure of thick strips during asymmetric rolling.

The production of thick strips and blanks occupies a significant place in the national economy, as they are widely
used in the oil and gas industry, shipbuilding, bridge building, mechanical engineering and other industries. Therefore,
the quality of the resulting rolled metal products is increasingly demanding. One of the ways to solve this problem is the
process of asymmetric rolling of blanks in conical rolls with different variable diameters along the length of the roll barrel.
Asymmetric rolling can also be used in the processing of composite materials to ensure the required quality.

To study the stress state, the slip line (SL) method and the velocity hodograph were used. The contact pressure
was calculated using the SL method and the joint solution of the differential equations of equilibrium and the plasticity
condition. When determining the stress state using the slip line method, the following properties are used:

1 Slip lines form two mutually perpendicular families of curves o and ;

2 Slip lines must be continuous;

3 Slip lines must be orthogonal;

4 Slip lines must intersect the direction of the principal normal stresses at an angle of n/4;

5 The change in the average normal stress ocp when moving along the slip line is equal to the product of its angle
of rotation by 2k.

Let us consider one of the options for asymmetric rolling of thick strips, adopting the following main parameters
that characterize the proposed process:

1. The diameter of the larger roll D = 980 mm, the strip reduction Ah = ho — h; = 10 mm, where hy is the initial
strip thickness, h; is the final strip thickness, the degree of reduction &, = Ah/hg = 10/40 = 0.25 and the length of the

contact arc I, = VRAh = v/490 - 10 = 70 mm, where R is the radius of the larger roll.
2. The diameter of the smaller roll d = 720 mm, the length of the contact arc [; = VrAh = /360 - 10=60 mm,
the length of the roll barrel L, = 1500 mm, the taper of the rolls, (Z;:) =0.04924, i.e. y = arctg(0.04924) = 4.95 = 5°, which

is the most optimal value, since with increasing taper, the feeding and gripping of the strip by the rolls becomes more
difficult.

3. The angle of gripping the strip, respectively, from the side of the larger diameter and the length of the
contact arc: aD=arccos[1-(%)]=8°192, I = % = % =70,02 mm.

4. The angle of capture from the side of the smaller diameter and the length of the contact arc,

ag=arccos[1-G)]=9°56, Iy = T B0 —60.04 mm,

The obtained values of the length of the contact arc from the side of the larger and smaller diameters, calculated
by two expressions are identical and practically coincide, accordingly they can be considered correct.

A distinctive feature of the proposed process of asymmetric rolling of thick strips from the known ones [30] is that
the shape of the deformation zone is wide, i.e., the ratio of the average contact arc length to the mean strip thickness is

Ip+1 . . . . Ip+1
Uptla) 1.85, in contrast to conventional processes, where the deformation zone is narrow and does not exceed Uptla)
(ho+h1) (ho+h1)
=1,0.

Therefore, it is of interest to determine the stress state and contact pressure during asymmetric rolling of thick
sheets with a wide shape of the plastic deformation zone abcd (Fig. 1), since the use of thick sheets in production is
increasing (armor, shipbuilding, etc.). The field of slip lines (SL) during rolling of thick strips is shown in Fig. 1.

The construction of the slip-line field is carried out from the strip exit side of the plastic deformation zone, where
the slip lines intersect the principal x- and y-axes at the nodal point 0.0" at an angle of 45° (Fig. 1).

The construction of the SL grid is performed from the side of the strip exit from the plastic deformation zone,
where the SL must intersect with the principal axes x and y at the nodal point 0.0' at an angle of 45°. Taking the step of
change of LS equal to AB'=2A6=20°, or /9 rad, and drawing from points b and d arcs with radii: /b 0.0’/ and
/d 0.0'/ at an angle of 2A0=20°, we obtain nodal points 0.1' and 1.1'. By replacing the obtained arcs with chords,
perpendiculars are drawn from the resulting points (0.1" and 1.1’) to the chords until they intersect the x-axis; as a result,
the intersection point 2.4 is obtained (Fig. 1).
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R — radius of the larger roll; r — radius of the smaller roll; ;, [, — the length of the contact arc ; ho, h; — initial and final
strip thickness

Fig. 1 — Field of slip lines during asymmetric rolling of thick strips

When constructing, we strictly used the basic properties of the LS, for example, the orthogonality property, i.e. the
property of the LS intersection with the main axes at a right angle, etc. Using the LS properties, we construct the SL grid
by analogy from the side of the entrance to the plastic deformation zone, up to the intersection with the nodal point 2.4.
From the constructed SL grid, it can be seen that the number of nodal points from the side of the entrance to the plastic
deformation zone is greater than from the exit side. This can be explained by the fact that closer to the exit, the plastic
deformation process is completed and the strip moves as an absolutely rigid body. The correctness of the SL grid can be
verified by constructing the velocity field. Figure 2 shows the velocity hodograph. The velocity plan was also constructed
using the basic properties of the SL, i.e. the orthogonality property. On the y-axis, vertically, we plot the roll speed v,
equal to the value of strip compression per unit time t, i.e. i0=Ah/t. We construct from the side of the strip exit from the
plastic deformation zone to the nodal point 0.0', observing the orthogonality condition. Hence, if we neglect the change
in width during rolling, we can write the incompressibility condition for a unit of strip width.

[

Fig.2 — Speed hodograph for rolling in conical rolls

The incompressibility condition can be written as follows:

. . lmean __ ux(o.o”) _ (p+ly) _ ux(o.o”) .
Ug " bnean = Uy(0.0") hean, hence, o e ethy - w 1.850.
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It can be seen that taking into account the error, the incompressibility condition is satisfied, which indicates the
correctness of the constructed LS grid. Next, we can proceed to calculating the stresses in the plastic deformation zone
abcd. From the condition of equilibrium of forces at the exit from the plastic deformation zone, we can write the following,

b
Joor Toor Ay+kxs=0,

000’ Ooo —¥p) t kxp =0,
000 (=yp) = kxyp, as y § or=0, thence,

Opo =~k = —%T*,
since x;, =y}, where 07 is the deformation resistance depending on the temperature-speed and deformation
parameters of the rolling process. Assuming that a strip of Steel 45 is rolled at a temperature of 1000 °C, with a thickness
reduction of &, = 25% and a strain rate of u=1s"!, the deformation resistance is a;= 85 MPa.
Knowing the average stress at the nodal point 0.0', from the Hencky relation one can determine the average stress
at the neighboring nodal point 1.1', i.e.,

0,1 =04 — 2kAB’,
o1y =—k-2kE=-%(1+2%)=-17%

The average stress at the nodal point 1.1' increases by 1.7 times compared to the value at the nodal point 0.0/,
which once again proves the advantage of asymmetric rolling.

From the condition of equilibrium of forces from the larger and smaller roll diameters, the average stresses at the
nodal points 1.1' and 0.1' will be equal. From the condition of symmetry and equilibrium of forces relative to these axes,
similar values of the average stresses will also be at the nodal points 0.2. and 1.2. Given the metal deformation resistance

or= 85 MPa, the mean stress at the nodal points 0.0'and 0.0, is determined as k=- %; = -42,5 MPa. From the symmetry
of the points and the orthogonality of the LS at the nodal points 0.2, 2.2, 0.1' and 1.1' will be equal to:

014 = 0gq =0gp =05 =17 82—5:'7225, MPa.

It will be slightly lower at the intermediate nodal points 0.1 and 1.1, determined through the rotation angle of the
hp AB=10° (n/9 rad), as follows:

011 = 0oy =—k—kZ= —"75(1 +1)=57.327 MPa.

The voltage components at the corresponding nodal points are determined using the following expressions:
At the nodal point 0.0',

0400’ =000’ +ksin290_0,: k+k :0’
0,00/ =00, - ksin28 o1 = -k- k = -2k=-85 MPa;
Tyy0.0' = kcos28, =0,

where 6 (0.0") is the angle of inclination of the hp to the principal axes at the nodal point 0.0', which at this point
is equal to 45°.
At the adjacent nodal point 0.1",

Ox01'=0¢.1" Tksin26 ;s=-72.25+ 72.25 sin2-(45+20)=-16.904 MPa;
Oy0.1/=001 - ksin260 = -72.25-72.25 sin(2-65) = - 127.596 MPa;
Tyyo.o' = kc0s260 =27.318 MPa.

At the intermediate nodal point 0.1 and 1.1,

001001 +ksin26, = -57.327+ 57.327 sin2-(45+10)=-3.457 MPa;
Ty01=00.1 - ksin26 ;= -57.327-57.327 sin(2-55) = - 111.197 MPa;
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Tyy0.0' == kcos26,,=14.535 MPa.

Analysis of the distribution of stress components shows that all values of stress components increase from the
center to the contact surface. By summing the stress components along the y axis, we can calculate the average contact
stress pmean and the rolling force, i.e.,

_ (85+111,197+127,596)
Pmean = 3

=107.931 MPa.

It should be noted that in the plastic deformation zone abcd the stress components are compressive, unlike the
traditional rolling method in cylindrical rolls, where tensile stresses arise in the axial central zone, which can lead to
destruction and stretching of grains in the rolling direction.

When rolling a wide strip, the compressive stresses acting in the plastic deformation zone are more significant,
compared to a narrow shape of the plastic deformation zone. This is due to the fact that with a low shape of the deformation
zone, the coverage is denser, which does not allow the development of tensile stresses. Especially in the axial central zone
of the strip, where during symmetrical rolling in cylindrical rolls, significant tensile stresses arise, which lead to the
destruction of the metal in the rolling direction.

Therefore, to prevent this phenomenon, it is advisable to roll in conical rolls with different diameters along the
length of the roll barrel.

To determine the specific contact pressure of the metal on the rolls, we use the method of jointly solving the
differential equations of equilibrium and the plasticity condition. To do this, let us consider the equilibrium condition of
the element a'b'c'd', located at a distance x from the center p of the x and y coordinate axes (Fig. 3).

The following forces act on the selected element a'b'c'd":

From the side of the entrance to the plastic deformation zone, (Gx+dcx)C:—;‘ﬁ;

From the side of the exit from the plastic deformation zone, oy(hx-dhy);
The component of the contact pressure p along the x axis from the side of the larger diameter of the rolls,

sin y—2—;
P (pxcostpx”
The component of the contact pressure p along the x axis from the side of the smaller diameter of the rolls,
. dxq, |
psin (p’dcosqle’
- . . d
The contact friction forces from the side of the larger diameter rolls, tccos (pxco:; ;
X

- . . d
Contact friction forces from the side of the smaller diameter rolls, tccos (P"lcosz) .
x1

N
A
~ meﬁ et
! >
[ o § |y
s 1-7 ‘ ;
= A Ji | i+ L
et - —
| PR 5T~
\ - ax o
(o tday) '\‘ > y Ox 0. -:Y_ =
x 4 NV A
= \ { | dx;
[ \ ’\“'lm_f 2
| N\ 777 —
——=>":\ il ———
= 1-7
X %
= & S |
| Px1

Fig.3 — The equilibrium condition of the element a'b'c'd' and the step of changing the nodes of the grids i-1, i, i+1 in the center of plastic
deformation during asymmetric rolling of thick sheets
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From the condition of equilibrium of the element, a'b'c'd' we can write the following:

(0x+dcsx)c: —ox(hx- dhX)thxcosq>x +txcosq)x1 — psin (px— — psin L =0, or,

0SPx1
h
(oxtHdoy)—=
cosf

—dhx)+tx(dx+dx1)—ptg @ dx — ptg Py dxl)ZO.

Using the following relationships, i.e. tgq)x:% and tg(per:xl, as well as the Coulomb-Amontons law in the
1

following form, t, = pp, then the differential equation can be represented as follows:
hy

e % L LI =
oo, —Guhyroydht up (wx + tg%) pdh, =0,
dh .
where dh, dh" +— xl — elementary strip compression.

In the case under consideration, the angle f~14°, then cosp=0.97~=1.0, the differential equation is simplified to the
following form:

doxhxtoxdhyt pp —= U (; !

2 \tgor | tgp ) — pdh, = 0, after reducing by hy, we get:
x x1

Ahy _ S S S L .
dGXJrGX P (1 2tgeyx 2tg<ﬂx1) e O
Using the plasticity condition p - 6x= 0, or ox=p — d,, by or=const dp=dcy, we will receive,
— o) — S S S § 7
dpt(p —or) —p (1 2tgpx 2tg<px1)] e O

dpHp (5 + ) — 071 T2 = 0.

2tgox  2tgPxi1

To solve the obtained differential equation, we will use the numerical method of finite differences or the grid
method, where for the grid points we compose a finite difference analogue in the following form:

Api=lo; — py (o= + )] (1)

2tgpx  2tgPx1/ hyi
Then, at the corresponding grid nodal points, this expression can be expanded as follows:

. _ [ hyi—1—hyi
(piet =) <[ o7 = i (Ztgqo * 2tg<ﬂx1i)] hyi @
for example, when i=1,
ok u u ho—hy
(po=p) = 07 = P1 (5o + 5o )17 3)
for example, when i=2,
o u u hi—h;
(p1=p) =L 07 = s (52— + 5o )12, 4)
etc. from the initial height of the strip /:.;=hy=40 mm, from the side of the entrance to the deformation zone (lag

zone) and to the neutral height of the strip /:.;=h,, where the contact pressures from the lag and lead zones must be equal.
For step-by-step calculation of the contact pressure p;, the section of the deformation zone length is divided into n

steps, respectively from the side of the larger and smaller diameters of the rolls, i.e.: Axl—— and Axll where n —number
of steps. For this case under consideration, we first take n=10, then, Ax;—ﬁ = 7 mm and AX”—1—o —6 mm. Accordingly,

the step of changing the elementary compression of the strip will be equal to, Ah,; = 1—2 = 1,0 mm. Then, the step of
changing the angles, respectively, from the side of the larger and smaller diameters, respectively, will be equal to:
tg(pxl=%=0,07l4, tgexi 1=2—16=O.0833, the step of change of which is unchanged, and remains constant during further step-

by-step calculation.
At both ends of the plastic deformation zone, the values of normal pressure pi and pi+1 are known and equal, i.e.,
Po= pio =0;= 85 MPa. Taking into account the accepted values and designating the values in brackets in equations (1-4)

with the letter 6:( =
2tgpx  2tgPxi1

) =3.25, (n — coefficient of contact friction) equation (1) can be represented as follows:
(5)

Ap;  _ Ahy
(6-pi8)  hyi®
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Thus, knowing the initial values and the step of changing the elementary length of the deformation zone, the angles
of capture and the height of the strip, it is possible to calculate the corresponding values of p; at the corresponding nodal
points plotted on the grid of the plastic deformation zone (Fig. 3) step by step.

Let us make the first step to determine the contact pressure pl: at n» = 10, i = 1, Ah, = 1 = 1.0 mm,
hy =1 =39 mm, at the average value of the contact friction coefficient p = 0.25. We will start the calculation from the
side of the entrance to the deformation zone, i.e. from the lagging zone to the neutral height of the strip

hy= hyi=s=35 mm:

(85 —p1) =[ 85 — p,(3.25)] 31—9 from here p1 =90.35 MPa.

We perform the calculation in the next step at i=2,

(9035 — p2) = 85 — p,(3.25)] 5, from here p>=96.35 MPa.

8}
We perform similar calculations when i=3,
(96.35 — p3) =[ 85 — p3(3.25)] %, from here p3 =103.11 MPa, etc. up to the neutral height of the strip, where the

contact pressures should be equal. Further assuming that it is in the middle of the plastic deformation zone, i.e. h,
=h,i=s~35 mm, we get it ps =119.40~120 MPa.

A similar differential equation of equilibrium, changing the sign, can be written from the side of the exit from the
plastic deformation zone, i.e. from the side of the advance zone. For this, we use the obtained finite-difference analogue
(2), representing it as follows:

* hyi—Ryi
(pir1 - pi) = [ 0f — pi(3.25)] Tﬂ

We will also similarly perform the first step of calculating the contact pressure pi, from the exit side of the plastic
deformation zone. abcd i.e. when i=9,

(85-po) = [ 85 — po(3.25)] i from here po=91.9 MPa.

It can be seen that at the first step from the lagging zone the contact pressure was p; =90.35 MPa, and the difference
is less than 2%.
Let's perform the next step of calculation at the nodal point i=8,

(91.9 — ps)=[ 85 — pg(3.25)] 3%, 1 ps= 99.32 MPa.
Let's take the next counter step i=7,
(99.32 — p7)=[ 85 — p,(3.25)] %, and p7=107.315 MPa.

2.Discussing the results

The contact pressure values at the adopted neutral height of the strip from the lead zone side at
h, = hy=5=35 mm are equal to ps = 125.07=125 MPa.

Based on the fact that the neutral line of the strip is presumably located between /,.; and 4.+;, i.e. between the
current height of the strip: 36+34 mm, it should be expected that the maximum value of the contact pressure will also be
between the obtained values, i.e. between 120 and 125 MPa, where the difference between the obtained values is 4%. To
accurately determine the neutral height £, it is necessary to reduce the step of changing the adopted values. With a further
decrease in the adopted values, to Ax;i=70/20=3.5 mm, Ax;;=60/20 =3 mm, Ah,=10/20 = 0.5 mm, i.e. taking the number
of steps n=20, at h,= h,=10~34.5 mm, the contact pressure from the lagging zone side will be 122.65 MPa, and from the
leading side: ~120.0 MPa, i.e. the difference will already be about 2%.

Similarly, as in the previous case, summing up the value of the contact pressure along the contact surface, we

obtain the average value, which will be equal to Pypeqn~ 101.94 MPa. Approximately the same value was obtained above

by the hp method (Pyeqn=107.93 MPa), i.e. the difference does not exceed 6%.

The slip-line method, on the other hand, offers a clear analytical framework and allows for a transparent
visualization of the stress and strain fields. Therefore, while both methods yield close results, the combined differential -
equation approach can be considered slightly more accurate for detailed local stress predictions, whereas the slip-line
method is valuable for understanding the overall physical behavior and for parametric studies.

Analysis of the calculation of contact pressures shows that the relative difference in the values of specific contact
pressures of metal on the rolls during asymmetric rolling, calculated by the hp method and the joint solution of the
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differential equations of equilibrium and the plasticity condition, is insignificant, i.e. does not exceed 6%, which indicates
the reliability of the results obtained.

It should be noted that, in asymmetric strip rolling with a wide deformation zone, the neutral plane shifts (rotates)
toward the exit of the plastic deformation region due to the development of shear strains. Determining the position of this
surface therefore constitutes the next principal task, which must be considered separately. Relative to the neutral height
of the strip during symmetrical rolling, tensile stresses arise in the direction of rolling, which can lead to ruptures and
cracks in the direction of rolling. Therefore, to transform these undesirable phenomena, it is effective to use asymmetrical
rolling to ensure the required quality of rolled metal.

Conclusions

In asymmetric rolling of strips with a wide deformation zone, the compressive stresses are significantly higher
compared to a narrow deformation zone. This is due to the denser contact between the rolls and the strip in the wide
deformation zone, which prevents the development of tensile stresses. This effect is particularly important in the central
axial zone of the strip, where symmetric rolling in cylindrical rolls can generate considerable tensile stresses that may
lead to cracks and material failure.

The contact pressures calculated using the slip-line method and the combined solution of the differential
equilibrium equations with the plasticity condition differ by no more than 6%. This confirms the correctness of the
obtained results and allows accurate determination of rolling forces and torques, which is critical for evaluating the
strength and durability of the main components of the rolling mill during the production of thick strips.

It should be noted that the numerical solution of the differential equations provides higher local accuracy, while
the slip-line method offers a clear and convenient visualization of the stress distribution across the strip. The shift of the
neutral line toward the exit of the plastic deformation zone due to shear deformations is an important factor affecting the
stress distribution and requires separate investigation.

Future research may focus on refining the neutral line position, accounting for strain hardening, variable friction,
and temperature gradients to improve predictive accuracy and optimize the asymmetric rolling process.
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