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Rolling rolls are one of the decisive factors in the formation of flat-rolled product quality indicators. In order
to be able to promptly assess the operational reliability of the roll to ensure stable quality indicators, a model
of the temperature-stressed state of work rolls with an internal heating source was developed. Considering that
during the hot rolling process, the rolls are characterized by high levels of deforming forces and the presence
of elevated temperatures in the deformation zone, a complex stressed state arises in them, caused by the joint
action of torques, residual stresses, contact forces, bending moments and thermal loads. Contact stresses exert
the maximum impact on the stability of work rolls. The model is based on solving the differential equation of heat
conductivity and uses elements of the theory of elasticity. The roll is considered a thick-walled pipe with a symmetric
temperature distribution along the longitudinal axis, which is loaded by the full rolling force, the reaction from the
support rolls and the temperature loads caused by the temperature mismatch of the inner and outer surfaces.
The developed mathematical model solves the problem of determining the thermally stressed state of the working
roll, which allows for predicting the operational reliability of the rolls during the rolling process. Thus, the result
of the numerical implementation of the model showed that at a certain ratio of the outer and inner radii of the roll,
the stresses at the upper point of the axial channel change from relatively safe compressive stresses to more
dangerous tensile stresses. Also, the analysis of the results showed that an increase in the diameter of the inner
hole leads to a relative decrease in the temperature stresses on the surface of the axial hole and a decrease
in the temperature stresses on both the outer and inner surfaces of the working roll. In general, the developed
mathematical model can be used both for optimizing the design parameters of the roller assembly and for predicting
operational use reliability.

Key words: reliability, warm rolling, roll assembly, internal heating, thermal stress state, temperature field,
mathematical model.

Kynik TemsiHa. MiosuweHHs ekcriyamayiliHoi HadillHocmi 8y3/1a po604020 BasiKa 3 BHYMpPIiWHIiM
o)kepesioM Haz2pisy WJ/IAXOM MPO2HO3yBaHHS 1020 MepMOHarpy)XXeHo20 cmaHy

lpokamHi BasiKu € 0OHUM i3 BUpiWa/ibHUX chakmopis chopMyBaHHSI MOKA3HUKIB SIKOCMI M/10CK020 npokamy. s
MOX/1UBOCMI ONepamusHOI OUiHKU ix ekcrislyamauiliHoi HadiliHocmi 3 Moe/1si0y ompuMaHHsi cmabi/ibHUX MOKa3HUKIB
sIKOCMI 20MOoBOI NPOAYKYii PO3P06/1IEHO MOOE/Ib MEPMOHANPYXEHO020 cmaHy pPob0oYUX BasIKiB 3 BHYMPIWHIM dxepe-
JIOM HazpisaHHs1. Ypaxosyro4u, Wo rio Yac npoyecy mer/ioi npokamku 07151 Ba/IKiB XapakmepHi BUCOKI pisHi dechop-
MyBaJ/IbHUX CUJT | HasiIBHICMb MIOBUWEHUX memMrepamyp 8 ocepedky deghopmayii, y HuUX BUHUKAE Ck1adHul Harpy-
)KeHUl cmaH, BUK/AUKaHUl Cri/ibHOK 0iet0 06epmoBUX MOMEHMIB, 3a/IUWKOBUX HarpyXXeHb, KOHMakmMHuUX Ccui,
32UHa/IbHUX MOMEHMIB8 ma Mern/08ux HasaHmaxeHb. MakcumasibHUl 8rius Ha cmilkicms po60oYUX BasIKIB Maromb
KOHMaKMHI HarpyxeHHsi. Modesib rpyHmyembCsi Ha po38’sa3aHHi duhepeHyiasibHO20 PIBHSIHHSI Mern/0nposiGHOCMI
ma suKopucmosye esieMeHmu meopii MpyxHocmi. Basiok po3aisgdaembscs Sk moscmocmiHHa mpyoéa i3 cumempuy-
HUM 10 M03008XHil Oci po3rodi/ioM memnepamyp, sika HasaHMaxeHa MOBHOK CU/IOK MPOKamKU, peakyier 8io
OMOPHUX BaJIKIB Ma memrepamypHUMU HaBaHMAaXXeHHSIMU, SIKi BUK/IUKAHI HeBiONosIiOHICMI memnepamypu BHY-
MPIiWHBOI Ma 30BHIWHbLOI MOBEPXOHb. Po3pobsieHa MamemMamuy4Ha MOoOeslb BUKOHYE 3aBOaHHsI BU3HAYEHHSI mep-
MOHarpyxeHo20 cmaHy pobo4yo20 Basika, Wo oae 3Mo2y npo2HO3ysamu ekcrisiyamayiliHy HaodiliHicmb BasiKig rio
yac npouyecy npokamku. Tak, pesysibmam Yuc/10801 peasizayii Mooesi rnokasas, Wo 3a MesHo20 CriBBIOHOWEH-
HS1 30BHIWHBLO20 U BHYMPIWHbO20 padiycis Basika HanpyXeHHs y BEPXHIll Mo4yi 0Cb0BO20 KaHasly 3MIHHKMbCS
3 MOPIBHSIHO BE3MNEYHUX HarNPYy>XeHb CMUCHEHHS Ha Bi/lblu HEGE3MeYHi HarpyXeHHs po3msi2yBaHHs. Takox aHasli3
pesysibmamig rnokasas, Wo 36i/1bWeHHs diamempa 8HympilWHbL020 0MBOopPYy NPU3B00UMb 00 BIOHOCHO20 3MEHWEHHS
memnepamypHUX HanpyxeHb Ha MOBEPXHi 0CbOBO20 KaHa/ly ma BOOHOYaC 3MEHWEHHS meMiepamypHUX Harpy-
)KEHb | Ha 308HIWHIl, i Ha BHymMpIWHIl MosepxHi pobo4o20 Basika. 3az2asoM, po3pobsieHa MameMamuy4yHa MoOe/lb
MOXe BUKOpUCMOBYBamucsi siK 0711 onmumi3ayii KOHCMPYKMUBHUX napamMempis Ba/IK0B020 By3/1a, mak | 0751 npo-
2HO3yBaHHS MOKa3HUKIB eKcriyamayitiHol HaditiHocmi.

Knrouosi cnosa: HadiliHicmb, men/ia npokamka, 8askosull 8y30/1, BHympIWHIl Hazpis, mepMOoHanpyXeHul
cmaH, memnepamypHe rnose, MamemamuyHa MOO€/lb.
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Introduction. The quality of flat-rolled products
is laid in the deformation zone, i.e. in the area of
contact between the strip and the working roll.
Therefore, there is no doubt that the rolls are one
of the decisive factors in determining the quality
indicators of finished products. In order to be able
to promptly assess their operational reliability in
terms of obtaining stable quality indicators of flat-
rolled products, it is necessary to develop a simple
and reliable model of the thermal stress state of
the working rolls. When developing a model, we
take the following factors into account.

The complexity of warm rolling with an internal
heating source for the rolls is that in this case
the main factors in the state of the rolls are the
temperature field, force interaction and geometric
relationships. This means that in the general case
of technological conditions of the warm rolling
process, it is characterized by a high level of
deforming forces and elevated temperatures in the
zone of plastic deformation of the strip [1].

The process’s deforming tool is the rolling
mill's working rolls, and during operation, a
complex stress state arises in them, caused by the
combined actions of torques, residual stresses,
contact forces, bending moments and thermal
loads [3].

Another aspectis an analysis of different heating
schemes which showed that internal heating of the
working tool ensures the highest quality of rolled
products [2]. However, from the point of view of
the reliability of the design, this is another difficulty
because it is necessary to make an internal hole
to accommodate the heating source. We consider
such a hollow working roll as a thick-walled
cylinder; in cross-section, we are talking about a
thick-walled ring.

Research methods and techniques. Analysis
of the force action components showed that the
contact stresses have the maximum effect on the
durability of the working rolls in the warm rolling
process. In some situations, they reach the value of
the tensile strength of the working roll material [4].
It must known that the maximum values of contact
stresses occur not in the deformation zone, i.e.,
not in contact with the flat strip, but at the contact
of the working and support roll, because despite
the almost equivalent magnitude of forces, the
contact area between these rolls is much smaller
than the area of contact between the working roll
and the zone of plastic deformation of the strip.

As already noted, in this case, the cross-
section of the working roll is considered a thick-
walled ring, which is compressed on one side by
the full force P from the strip and, on the other
side, compressed by the reaction of the support

roll. At the same time, thermal stresses arise in
the body of the work roll, which happens due to the
difference in temperature of the roll on the internal
and external surfaces. As a result, we obtain a
roll as a thick-walled pipe with a symmetrical
temperature distribution along the longitudinal
axis (Fig. 1).
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Fig. 1. Calculation scheme and temperature
field of the working roll of a warm rolling mill,
having an internal axial hole for a heat source

Several other assumptions are made within the
model. The main ones are: firstly, the temperature
field from the internal heating source is steady
over time; secondly, the heat distribution along the
roll axis is insignificant and can be neglected.

During mathematical modelling, the stresses
that arise under the action of the rolling force P_|
were quantitatively determined. As can be seen
from the calculation scheme (Fig. 1), the stress
distributions along the roll radius in dangerous
sections AB and CD can be determined using a
relationship of the following type [5]:
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where o, the stress in the dangerous section at
radius r; N the magnitude of the normal force;
A= (R, - R) - L cross-sectional area AB or CD;
M. = kNR,(1 + B) — the magnitude of the bending
moment at radius r; B = R IR,; k, bending moment
arm coefficient; S = A - z, — a statical moment of
area A; z, geometric characteristic of a neutral
line, the radius of curvature of which is functionally
related to the value of the average radius through
1+B+liﬁ}
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We also emphasize that if we consider the
stresses at point B, then the formula for equivalent
stresses in the area near the contact will change as
o, =0, — (o, + o,). And taking into account thermal
stresses, the dependence will be as follows:

the expression: R,R, =R, — Rb(
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Fig. 2. Calculation scheme for determining
tensile-compressive stresses in a working roll
of a warm rolling mill, having an internal axial

hole for a heat source

0, =6, —(0;+ 65+ 0y, ) 2)

The value of the magnitude of radial o,
circumferential s, and axial 6, = 6, + , normal
stresses was determined, by analogy with the
method of work [5], on the basis of dependencies
of the type:
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where r, current value of the radius; E, A, v —modulus
of elasticity, coefficient of linear expansion and
Poisson’s ratio of the material of the working roll.
The current temperature value at the radius (r)
was determined in accordance with the operating
procedure [6]. Numerical modelling of the temperature
field of the roll was carried out with reversion motion,
considering the roll in 6-moment in time (Fig. 1).

The problem of heat exchange between the rolls
and the environment was considered, assuming
that the heat exchange is stationary:

t(ry0) =t (r)+t (r;0)+t(r;0), (6)

where t(r), r (r; ©), r(r; 0) temperature
determined by: the internal heat source, losses
into the environment, and heat generation in the
plastic deformation zone.

Results. As a result of the numerical
implementation of this mathematical model, the
calculated distributions and the stress distributions
depending on the rolling force and depending on
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the difference in temperature of the outer surface
and the axial hole were obtained. (Fig. 3).
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Fig. 3. Calculated distributions of stresses
and temperatures depending on the radius of
the axial hole a) R, = 45 mm; b) R, = 25 Mm

Analysis of the results showed that an increase
in the diameter of the inner hole leads to a relative
decrease in thermal stresses on the surface of the
axial hole t(R ) and, along with this, to a decrease
in thermal stresses on both the outer surface and
the inner surface of the working roll. Interestingly,
the circumferential o (r, = R,) and axial c,(r, = R,)
thermal stresses on the outer surface, because
a temperature difference, are tensile stresses,
and similar circumferential o (r, = R)) and axial
c,(r. = R) stresses on the inner surface are
compressive stresses.

It also becomes clear that an increase in the
radius of the axial hole and, consequently, in the
compression-tensile stresses and temperature
stresses, leads to a decrease in the equivalent
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stresses in the contact zone. At the same time,
the total circumferential stresses at points D(c,; =
=o, + o =R,)) and C(o_, = 6. + (I = R))
increase in absolute value. At point A the bending
and temperature difference stresses have the
opposite sign. Moreover, with an increase in
the radius of the inner hole, they pass from
compression stresses, because the dominance
of the temperature difference, to tensile stresses,
because the dominance of bending.
Conclusions. A mathematical model of the
working roll’'s thermal stress state was obtained for
the process conditions of warm rolling in preheated

located. The model is based on the solution of the
differential equation of heat conductivity and uses
elements of the theory of elasticity. The developed
mathematical model solves the problem of
determining the thermo stress state of the working
roll, which allows for predicting the operational
reliability of the rolls during the rolling process. For
example, based on the results of the numerical
implementation of the model, it was possible to
determine the ratio of the outer radius and the inner
radius of the roll, at which the stresses at point A,
that is, at the top point of the axial hole, change
from compression stresses to more dangerous

working rolls, inside which the heating source is  tensile stresses.
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