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Introduction

The process of lengthwise rolling is characterized 

by elastic-plastic deformation, slipping friction, seizing 

friction, rest friction arising in the contact area between 

rolls and strip. During deformation process the rolls are 

subjected to deformation resistance from metal named 

as rolling force. The rolling stand is an elastic system, so 

rolling force originates elastic deformation of its compo-

nents and, consequently, increases of initially preset roll 

gap [1–4]. 

The following forces are acting from each roll in the 

contact plane with rotating rolls: reaction force F (ori-

ented in radial direction) and friction force T (oriented 

perpendicular to radial direction). Correlation between 

horizontal projections of the a.m. forces from both rolls 

determines of bite possibility [5, 6]. 

Friction during plastic deformation is described by 

complicated relationship, and it varies from classic fric-

tion with its dependence on l/h during rolling and up-

setting. If l/h relationship is less than 0.5, seizing area 

spreads along whole length of curve seizing and tangen-

tial friction forces don’t reach the maximal values. If l/h 

relationship is 0.5–2.0, seizing areas spreads along whole 

length, while tangential forces reach maximal values in 

the entrance and exit of a roll area. If l/h relationship is 

2.0–5.0, slipping is observed in the beginning and in the 

end of bite curve, and this slipping is obeyed to dry friction 

τ = fp and dropping. And seizing area consists only of rest 

area. If l/h relationship is more than 5.0, three friction 

areas are observed on a bite curve: slipping, seizing and 

rest friction [7–12]. 

Materials and methods of investigation 

Work of elastic-plastic deformation and friction is the 

source of contact heat forming during lengthwise metal 

rolling. The contact temperature can vary depending on 

its value from room level (at low energy values and small 

deformation rates) to high temperature (at high energy 

values and large deformation rates). It is necessary to dif-

fer average contact temperature, volumetric and tempera-

ture burst owing to discreteness of a contact area [13–21]. 
Generating temperature is considered as secondary 

relating to rolling and has multi-valued effect on friction 

coefficient (Fig. 1). Its maximal value can be observed at 

700–800 °C.

Let’s consider power balance of the process.

Total heat amount that is generating during rolling is 

determined via the following formula.

W = PfVt = Q. (1)    

On the other hand, this heat amount will heat during 

the contact (the process is considered to be adiabatic one) 

some volumes of rolls and rolled strip up to some definite 

temperature:
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The paper presents the study of the process of lengthwise rolling. This process is characterized by elastic-plas-

tic deformation, slipping friction, seizing friction, rest friction arising in the contact area between rolls and 

strip. The rolling process during the contact between rolls and strip is described, as well as rolling forces caus-

ing elastic deformation of metal products. The work of elastic-plastic deformation and friction is the cause 

of contact heat forming during lengthwise metal rolling. The contact temperature can vary depending on its 

value from room level (at low energy values and small deformation rates) to high temperature (at high energy 

values and large deformation rates). Friction during plastic deformation is described by complicated relation-

ship, and it varies from classic friction with its dependence on l/h during rolling and upsetting. If l/h relation-

ship is less than 0.5, seizing area spreads along whole length of curve seizing and tangential friction forces 

don’t reach the maximal values. If l/h relationship is 0.5–2.0, seizing areas spreads along whole length, while 

tangential forces reach maximal values in the entrance and exit of a roll area. It is necessary to differ average 

contact temperature, volumetric and temperature burst owing to discreteness of a contact area. The formulas 

for temperature calculation in friction conditions, depending on technical conditions, thermal, physical and 

mechanical properties of materials and contact geometry for parabolic case of variation of friction intensity 

by time, are concluded in the paper based on solution of Fourier parabolic equation of heat conductivity.

The formula for calculation of the contact temperature between a roll and rolled strip is concluded. Recom-

mendations for use of the formulas are given. If we know the optimal and experimentally found rolling tem-

perature (it is individual for each metal), we can solve the backward task, i.e. determine the rolling procedures 

via presented formulas. 

©  ALBAGACHIEV A.  YU., KEROPYAN A. M., GERASIMOVA A. A., KOBELEV O. A., 2020

1 Institute of Machine Science named after A. A. Blagonravov  
     (Moscow, Russia)
2 National University of Science and Technology “MISiS” (Moscow, Russia)
3 JSC “RPA “CNIITNASH” (Moscow, Russia)

E-mail: albagachiev@yandex.ru; am_kerop@mail.ru; gerasimova.aa@misis.ru; kobelev@cniitmash.ru



34

CIS Iron and Steel Review — Vol. 19 (2020), pp. 33–36 Roll ing and Metal  Forming

1 2 1 2 1 1 2 2 2 2,Q Q Q C Ab C Ab= + = ρ θ + ρ θ  (2)

where C1, C2 is specific heat conductivity of material 

(sample and roller); ρ1, ρ2 are densities of materials of 

contacting bodies; A is contact area; b1, b2 are efficient 

depths of heat impulse penetration; θ1, θ2is average tem-

perature of roll and rolled strip.

1 12b a t= , (3)

where a is temperature conductivity, t is duration of roll 

and strip contact. 

The researchers Charroha, Haseegrubera, Chichi-

nadze and Ginzburg [8] displayed that contact generat-

ing heat is distributed among contacting bodies depend-

ing on their geometry and thermophysical properties. 

Additionally, depth of heat impulse penetration has 

maximal effect on distribution of heat flows in non-

stationary processes. So, contact generating heat flow 

is proportional to deformation work, while coefficient of 

heat flows distribution should be proportional to distri-

bution of deformation power values between contacting 

bodies.

The F. Sharron formula [9] can be used for determi-

nation of heat flows distribution coefficient in impulse 

processes (such as rolling), meaning short duration of the 

process:

2 2

1 1 1 2

2

2 2

,
С

С С

λ ρ
α =

λ ρ + λ ρ
 (4)

where α is a part of heat transferred to the second element; 

λ is a material heat conductivity coefficient.

Based on (1) and taking into accout (2) and (3) and 

supposition about equality of temperatures in “roll – bil-

let” contact, the contact temperature can be determined.
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(1 )

2

PfVt
A t C a C a

− αθ =
ρ + ρ

. (5)

As soon as normal stress is equal to:

σn = P/A. (6)

We insert equations (3) и (6) in (5), and get
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2

fV t
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− α
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σθ
ρ ρ . (7)

Formula (7) is suitable for preliminary evaluation of 

the contact temperature, but it can’t determine the tem-

perature in each time period on the surface and at some 

distance from the surface, what is very important in any 

cases. Intensity is characterized by deformation source 

in the most complete way, thereby we shall examine the 

most general case when rolling intensity is varying in time 

according to parabolic law at l/h = 5,0.

If the current pressure P varies along the contact curve 

according to parabolic law, it looks like the following sight 

(Fig. 2) and is described by the following equation:

2

0 2

t t
P P

t t

⎛ ⎞
= +⎜ ⎟Δ Δ⎝ ⎠

,

where speed along the rolling curve is considered to be 

constant (though it is different in forward and backward 

slip zones), i.e. V = const. 
Specific rolling intensity in each contact time interval 

can be described as follows: 

2

1 0 2 ,
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= −⎜ ⎟Δ Δ⎝ ⎠
t tN PVf
t t

 (8)

where P0,V are maximal contact pressure and speed re-

spectively; t is current time coordinate; Δt is time of roll 

contact along the billet curve.

Solving the task of heat forming and heat conductivity 

in rolling can be formalized in solving of the Fourier dif-

ferential heat conductivity equation for linear heat flow.

2
a

t x

∂θ ∂ θ
=
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  (9)

With initial condition:

Fig. 1. Relationship between friction coefficient 
and temperature [3]

Fig. 2. Distribution of contact normal and tangential 
stresses along the bite curve at l/hav > 5:
1 — backward slip zone; 2 — forward slip zone; 
3 — backward slipping zone; 4 — forward slipping 

zone; 5 — banding zone in the areas СЕ, EF, FD; 
6 — obstructed deformation zone in the area EF
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θ = 0 at t = 0 (10)

and boundary conditions:
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∂
 (11)

θ = 0 at X = �. (12)

Equation (9) was solved via the Laplace method of 

integral transformation.
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where Р is pressure;V is spee                   d; Δt is contact time; t is cur-

rent time; х is coordinate ; a is temperature conductivity; 

erfc(x/2�
–
at ) is a special function; α is the coefficient of 

heat flows distribution; λ is heat conductivity; f is friction 

coefficient. 

 Formula (13) allows to provide calculation of the av-

erage temperature at the contact surface and volumetric 

temperature in each moment of rolling process and for 

the depth.

As soon as the row is quickly damping, we can’t take 

into account the 2nd and consequent components due to 

their small amount. Based on this consideration, the ex-

pression (13) can be formulated as follows:
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. (14)

To calculate the average temperature we take Х = 0 in 

the formula (14)
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In the formula (15) Δt = L/V, where L is curve length, 

V is rolling speed. 

Calculations of the temperature conducted according 

to the formulas (14) and (15) displayed (Fig. 3) that the 

temperature on the roll surface rises to 300 оС. Its maxi-

mal value can be observed closer to exit from deformation 

area. If we examine the depth 0.1 mm from the contact 

surface, the maximal temperature value is reached only 

at the exit. 

Conclusions

Thereby, based on solution of the Fourier parabolic heat 

conductivity equation, the formulas for temperature calcula-

tion in friction have been concluded depending on param-

eters of rolling conditions, thermal, physical and mechani-

cal properties of material and contact geometry for parabolic 

case of friction intensity variation in time.

Calculation of the contact temperature between the roll 

and rolled strip can be done via the formula (15). If we know 

the optimal and experimentally revealed rolling temperature 

(it is individual for each metal), it is possible to solve the re-

verse task — to determine rolling conditions based on the 

above-mentioned formulas.

The program for checking the mathematical model 

should be developed and calculations based on this program 

should be done. Experimental investigations of rolling tem-

perature should be conducted as well. 
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