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In [1-3] and others the distribution model of spe-
cific friction forces in the roll pass is shown, which in 
a certain range of parameter changes of rolling gives 
close with respect to the results of tests values. How-
ever, they are classified as suitable functions and do 
not have a physical validation.

In this study, a model of the distribution of spe-
cific frictional forces and an attempt to validate its 
position with the modern theory of rolling and longi-
tudinal stability of the rolling process in the deforma-
tion strip under tension has been analyzed.

Let us imagine a rolling process as an upset in 
the direction of an axis extending at the angle 2α   
(α  – entering angle) to the vertical, with subsequent 
transportation of metal from the roll pass as the elas-
tic body. Extract the element of metal in the form of 
a triangular prism (Fig. 1) and consider its balanced 
state in upset conditions.

Suppose that the deformation is flat and mutually 
perpendicular faces of the prism are the main plat-

forms. In this case, the principal normal stress 1σ and 
3σ , the contact surface being inclined platform - nor-

mal pressure xp  and shear stress τOC will effect on the 
faces of the prism.

The equilibrium condition of the element is 
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Subtracting the second expression from the first 
and taking into account the equation of plasticity we 
have 

1 2 sin 2 .
2ax kτ ψ=  

When you extract the element from the axis 3-3 
from the right the shear stress axτ  changes its direc-
tion as the plastic flow of metal directed in the oppo-
site direction. The final expression for the determin-
ing axτ  the right of the axis 3-3 is a view similar to 
the equation given above. If we take as the basis of 
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the axis 0-0 (Fig. 1), we obtain an equation describ-
ing the variation of the specific friction forces on the 
contact when the metal rolls upset

1 2 sin 2 ,
2 2ax k ατ ϕ = − 

 
 	 (1)

where 2k  is the average deformation resistance of 
metal; ϕ  is current angle in the roll pass.

Select the second component of friction associ-
ated with transportation through the roll pass prelimi-
nary deformed elements of metal. Let this component 
depends on the glide process and determined by the 
function:

.fr xfpτ =  	 (2)

Then the model of friction in the contact zone of 
the strip with rolls takes the form of

1 2 sin 2
2 2x fr ax xt fp k ατ τ ϕ = + = + − 

 
.	 (3)

We note that f is conditional coefficient as follows 
from the expression (3) is not equal to the average 
coefficient of friction in the roll pass obtained as the 
ratio of the diagrams’ areas of specific friction forces 
and the normal pressure.
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It should be noted that the presented model 
in a certain extent corresponds to the equation of 
Shevchenko K. N. given in [4]

( )0 ,x x r xfp t v vτ = + −  	 (5)

where 0t  – a constant; xv  – metal speed (tangen-
tial); rv  – linear speed of rotation of the rolls.

Models of changes in the specific forces of fric-
tion (3) and (5) are referred to the category of double-
sectioned.

Let us carry out the test on conformity of the ex-
pression (3) to the limiting conditions of rolling. It 
is well known from the theory that limiting the abil-
ity of gripping the rolls occurs when 2 fyα =  . In this 
case roll pass is only a backward slip zone and the 
specific frictional forces at the output of metal from 
the rolls equals zero. As a first approximation, tak-

ing sin 2 2
2 2
α αϕ ϕ   − ≈ −   

   
 rad and taking into ac-

count the limiting conditions at the output of metal 
from rolls for pressure ( )2xp k=  and for the specific 
friction force when the limiting rolling ( )0xt =  , from 
the equation (3) we take 2 fα = . As shown above the 
expression (3) represents the limiting condition of 
rolling at steady state mode.

Introducing into the second term of the expression 

(3) coefficient 
2

1
2 fn
α

 =  
 

, the latter can be obtained 

from well-known in theory equation for determining 
the angle of the neutral plane

1 .
2 2 f
α αγ
 

= − 
 

 

The analysis shows that the proposed model of 
friction corresponds to the limiting and kinematic 
conditions of rolling.

In [5] A. P.Grudev made a significant remark 
about the formula of K. N. Shevchenko associated 
with the fact that the product xfp  is only a part of the 
total specific friction force in the roll-strip contact.

While in theory is accepted that this product is the 
total specific friction force. Taking this into account, 
we introduce into the equation (3) coefficient 2n , 
which is always less than 1and is determined from the 
limiting conditions when solving differential Karman 
equation. This is possible because the model (3) de-
scribes the change in specific frictional forces along 
the entire length the roll pass, in the backward slip 
zone and forward slip zone. Consequently, the limit-
ing condition is that 1xh h=  pressure 2xp k=  can be 
used for determining 2n .

Figure 1. Scheme of forces applied to elemental prism
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Moreover, in order that the product 2n f  was close 
to the ratio of sliding friction in the elastic and the 
initial part of the roll pass to the second term as a 
multiplier we introduce the function .α ϕ

α
−  

Finally, the proposed model of the distribution of 
specific friction forces in the rolling pass when roll-
ing takes the form of 

2 1
1 sin 2 .

2 2 2 2
x xt p

n f n
k k

α α ϕϕ
α

  − = + −    
	 (6)

Let’s give some explanations concerning the 
method of specific frictional forces calculating, ac-
cording to (6) and the average coefficient of friction 
in the roll pass.

We note that this ratio should be obtained from 
the solution of differential Karman equation with tak-
ing into account (6) and to be equal to its empirical 
value for the specified rolling conditions. Therefore, 
the solution procedure consists of several stages. Pre-
viously conditional coefficient f should be given. 

As a first approximation it may be assumed equals 
an empirical value of the sliding friction coefficient 
or calculated by a well-known empirical formulas, for 
example, the Grudev formula [6]. As the solution of 
the Karman equation considering friction model (6) 
we obtain diagrams of contact stress distribution and 
the average coefficient of friction avf  . If this coeffi-
cient does not satisfy the test data, then varying of the 
value f, we find required value avf . In this case, the 
average calculated pressure of metal on rolls will cor-
respond to empirical value of the friction coefficient 
and balance of strip in the roll pass.

For calculating ,
2 2

x xp t
k k

 and avf  by applying 
ECM a program for numerical determination of these 
values using the Runge-Kutta method has been de-
veloped.

In our opinion, this method of calculation of con-
tact stresses and the average coefficient of friction can 
be extended to cases of hot and cold sheet rolling, as 
well as in determining the longitudinal stability of the 
strip in the roll pass.

The calculation examples of contact stresses in the 
deformation parameter corresponding to the experi-
mental cold rolling of the steel sheet are given below 
[7, p.186, Table. 7]. The calculations are made for 
cases of rolled samples under numbers of figures 92 
and 97.

Parameters of power, as well as the value of the 
specific backward tension in the dimensionless form 

0
2k
σ  and forward creep S are given in the table. The 

value of the average pressure 
2
avp
k

 and forward creep 

are calculated and shown in the denominator of the 
table. When determining the forward creep the angle 
of the neutral plane was found directly from the dis-
tribution diagrams of specific friction forces.

Analysis of these data shows that in cold rolling 
steel samples under numbers 92 and 97 calculated and 
empirical values of the average pressure and forward 
creep are quite close. The distribution of specific fric-
tional forces qualitatively corresponds to well-known 
empirical diagrams. With increasing of back tension 
the corner of the neutral plane and the average pres-
sure in the roll pass decreases (Fig. 2).

The theoretical estimate of the longitudinal stabil-
ity of the rolling process with the tension of metal 
was performed according to the procedure set out in 
[8]. The resultant of longitudinal forces 

. .

*
av long

tQ  was 
calculated in accordance with the experimental pa-
rameters of rolling steel strip tension [7].

The amount of tension was evaluated with average 
index [9]

01
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0 1
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where 
0 1

0 11 ; 1
2 2k k
σ σ

ξ ξ= − = −  .

The comparative results of experiments and cal-
culations of resultant of longitudinal forces are given 
in Fig. 3. As shown, with the increase in the average 
tension the resultant *

. .
t

av longQ  in absolute value de-
creases, therefore longitudinal stability of the rolling 
process decreases also. This conclusion is supported 

Table. Deformation modes and force parameters in cold steel sheet rolling [7] 

Figure
No

Strip thickness,
mm 0

2k
σ  

S, % 2
avp
k

 
alloyα  

,alloyl  
mm

,rv
mm

s
 avf  f

2n  
. .

*
av long

tQ  

h0 h1

92 1,95 1,3 0,688 3,5 1,09 0,067 9,68 43 0,17 0,21 0,91 0,000113,6 1,01

97 1,95 1,32 0 5,7 1,55 0,061 9,82 42 0,12 0,21 0,41 0,004925,9 1,52
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by empirical value of forward creep S. Some scatter 
of the experimental points associated with different 
rolls flattening when changing tension of the strip. 

In conclusion, we note that longitudinal stability 
of the metal in the rolls can be one of the restrictions 
on the strip tension when rolling. This circumstance 
must be especially taken into account in the continu-
ous rolling of sheet steel.

Conclusion
We propose a three-section distribution model of 

specific frictional forces in the roll pass that takes 

into account famous principles of the theory of roll-
ing. The method of calculation of these stresses 
was developed. There is a certain correspondence 
between the calculated and empirical diagrams of 
specific frictional forces, as well as the values of 
average pressure, forward creep and friction coef-
ficient. It is shown that when tension increasing the 
resultant of longitudinal forces in an absolute value 
decreases and therefore, the stability of the rolling 
process reduces.

Figure 2. The distribution contact stresses in accordance with the results of experiments [7]: 
1 and 1’contact stresses when rolling the sample 97; 2 and 2 ‘- contact stresses when rolling the sample 92

Figure 3. Effect of the tension on the strip on the kinetic and power parameters of rolling

● — average pressure 
2

xp
k

, curve 1;

▲ — forward creep S, curve 2;
■ — average horizontal longitudinal forces resultant 

	 . .

* .
av long

tQ , curve 3
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