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The explanation of the source and character of self-excited
vibrations in four-high temper rolling mills in the frequency
range 500–700 Hz that lead to chatter marks on the steel
strip surface is still an open question.

The assumptions made in the analyses carried out to date
should be given critical consideration (Nesler and Cory
1993, Hoffman and Aigner1 998, Hardwick and Dunlop
1999, Zhong et al. 2002).

This applies especially to the neglecting of the influence
of the plane motion of the rolls, which as one can expect can
provoke transverse vibrations of the rolls resulting from
a coupling with cyclic changes of the strip tension. Addi-
tionally, by taking into account the frictional coupling of the
work- and back-up rolls one can expect the displacements of
the rolls along the strip axis to depend on this coupling, too.

The analysis of the motion of the rolling mill system tak-
ing place in the plane perpendicular to the axes of the rolls is
motivated by the following two questions:
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The analysis of the self excited vibrations in four-high roll-
ing mills has been done by considering a spring-mass model

of the system (Fig. 1) in which – in the opposite to the previ-
ous work (Nesler and Cory 1993, Hoffman and Aigner
1998, Hardwick and Dunlop 1999, Zhong et al. 2002) plane
motion of the rolls and stochastic nonlinear function de-
scribing the friction phenomena on the work–back up roll
contact surface has been assumed.
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Additionally, it has been assumed that:
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The equation of the system motion have the form:
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where:
xo, yo,:(xr, yr) – coordinates of back-up (work roll) axes

respectively,
ϕo (ϕr) – angle of rotation of the back-up (work)

roll,
μ – coefficient of friction between the rolls,

So – reduced horizontal reaction acting on
the back-up roll bearing,

Sr – reduced horizontal reaction between
work and back-up roll,

Po – resultant of pressures of back-up roll
bearings acting on adjusting screws,

Pl – vertical reaction of the work roll acting
on the back-up roll,

Pl μ = Tx – horizontal reaction of the work roll
acting on the back-up roll,

Px, Py – horizontal and vertical components of
the metal pressure on the work roll,

Mw (Mo) – resistance torque due to friction in work
(back-up) roll neck,

Mr – driving torque of the work roll (from the
power system).

The values of Py, Mw and those of forward and back ten-
sion stresses are non-negative. The formulas defining the
loads on the work roll have been derived by modifying the
equations described by Tselikov E���105,3	 ���	 ��0�/5,3
>;F=?, taking into account the following observations about
the rolling process (
60G*,�0,6�50	>;;H):
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The first of the above observations results in relationship
(2) between the position of the neutral point c and the back
and forward tension, and subsequently leads to the depen-
dence of the loads on this quantity, as expressed by equa-
tions (2), (3), (4), (5) and (6).

( )0 12d rl r h h= − (2)
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(3)
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where:
B – width of strip,
ld – contact arc length,

μm – coefficient of friction between material and the
work roll,

c – vertical coordinate of the neutral cross
section,

E – Young’s modulus,
h0 , h1 – half of the strip thickness entering and leaving

the rolls,
v0 , v1 – material velocity in the input and output cross

section of the roll gap,
σ0 , σ1 – the yield stress at the roll gap input and

output, respectively,
σp , σn – back and forward tension stress, respectively,

t – instantaneous time of observation,
L0 – instantaneous length of the strip in front of

the rolling mill.

The second of the above observations follows from the
experimental fact that the work- and back-up rolls work in
a stable and stationary regime even though there is a diffe-
rence of velocities at their contact point (Fig. 2).

The above experimental data have led to the assumption
that the coefficient of friction of the matching surfaces in-
creases with the relative velocity until it (most probably)
saturates. It stabilizes at this level or falls and stabilizes at
a lower level.

Using these results it has been assumed that the proba-
bility that the unit friction force t = pμ(Δv) exceeds its
extremely boundary conditions and slip occurs increases
with relative displacement Δs, which is proportional to the
instantaneous relative velocity Δv (p – unit pressure force).

Also, a normal probability distribution has been as-
sumed, which is described by the function:

1

2.40528
exp 1

2.40528
exp 1

r

r

r

P erf

⎛ ⎞Δν −⎜ ⎟σ⎛ ⎞ ⎝ ⎠Δν= ≈⎜ ⎟σ ⎛ ⎞⎝ ⎠ Δν +⎜ ⎟σ⎝ ⎠

(7)

where σr – standard deviation of the density function de-
scribing the probability of the appearance of boundary
friction conditions leading to slipping at all points of the
contact surface (i.e. relative displacements between work
and back up roll in macro scale).

The unit friction force t – corresponding with the condi-
tions of relative displacement (in macro scale) – on the roll-
roll contact surface can assume one of the following forms:
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The roll-roll slip contact surface is divided between these
two types of boundary friction. Assuming that the probabil-
ity P2 of the kinetic friction taking place at all points of the
contact surface increases with the relative velocity Δv, the
probability 1–P2 of the appearance of static friction must
decrease correspondingly.

2

2.40528
exp 1

2.40528
exp 1

k

k

k

P erf

⎛ Δν ⎞
−⎜ ⎟σ⎛ Δν ⎞ ⎝ ⎠

= ≈⎜ ⎟σ ⎛ Δν ⎞⎝ ⎠
+⎜ ⎟σ⎝ ⎠

(8)

where σk – standard deviation of the density function de-
scribing the probability of the appearance of kinetic friction
at all points of the contact surface.
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The above discussion leads to the following formula,
which enables the calculation of the friction coefficient on
the roll-roll contact surface as well as friction forces Tx

applying to the back up roll – accounting for different ve-
locities of the work- and back-up roll (Fig. 3):

( )1 2 21c k sP P Pμ = μ = μ + − μ⎡ ⎤⎣ ⎦ (9)

1

x l l
r

k s
k k

T P Perf

erf erf

⎛ ⎞Δν= μ = ⋅⎜ ⎟σ⎝ ⎠

⎧ ⎫⎡ ⎤⎛ Δν ⎞ ⎛ Δν ⎞⎪ ⎪⋅ μ + − μ⎢ ⎥⎜ ⎟ ⎜ ⎟⎨ ⎬σ σ⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

(10)

In relationship (10) standard deviations are bounded by
inequality σr ≥ σk which leads to the conclusion that satura-
tion of boundary friction – corresponding with relative dis-
placement (in macro scale) – at all points of the roll-roll
contact surface may occur with greater relative velocity Δv
than decay of static friction.

The decrease in the compressive deformation in the dis-
tance between the respective centers of the back-up roll and
the work roll is given (Yarita et al. 1980) as follows:

442
ln ln

3
l orP rrw

y
B b b

⎡ ⎤⎛ ⎞⎛ ⎞Δ = + +⎢ ⎥⎜ ⎟ ⎜ ⎟π ⎝ ⎠ ⎝ ⎠⎣ ⎦
(11)

The expresion of b is based on Hertz’s contact stress
theory:

2
2 l r o

r o

P r rw
b

B r r
=

π + (12)

22 11 or

r o
w

E E

− ν− ν
= + (13)

where:
Δy – deformation in the distance between centers

of back-up roll and work roll,
b – width of flattened contact area,

νr, νo – Poisson’s ratios for work roll and back-up
roll,

Er, Eo – modulus of elasticity for work roll and back-
-up roll.

Analytical form of the function Pl = f(Δy) have been ob-
tained applying power function as the approximation of the
equation (11).
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The simulation of the model has been done applying typical
parameters of the industrial rolling mill system (Roberts
1997) (Tab. 1).

���� ��
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0�	�9+��0.�1	�0+91�*0,��

Since the back and forward tension depends – among the
others – on the metal roll gap input and output velocities, it
has been assumed that by presenting a dependence of the
frequencies of changes of these velocities on the friction
condition between the work- and back-up rolls it will be
possible to show that these conditions can lead to unstable
vibrations of the mill-strip system.

The simulation results of the friction condition are
shown in plots of the friction coefficient vs. the relative ve-
locity of the work- and back-up roll surfaces at their contact
point (Fig. 4), whereas the influence of this condition on the
metal velocity is illustrated on the corresponding power
spectral plots (Fig. 5).

Rolling mill layout Parameters 
five stands 
continuous  

entry thickness h0 1.6÷4.8 mm 

exit thickness h1 0.2÷3.2 mm 

strip width b 600÷1600 mm 

Material being 
processed 

coil mass 25÷50 Mg 

type of rolling 
mill 

four-high 

work rolls 
diameter 475÷610 mm 

back-up rolls 
diameter 1220÷1520 mm 

total power 20000÷25000 kW 

Technical 
specifications  
of a rolling mill 

roll velocity 
(max) 

21÷30.5 m/s 
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The power spectrum displays two local maximums. The
first one appears at a frequency around 1 Hz, which corre-
sponds to the assumed harmonic back tension frequency. It
appears that the position of this peak does not depend on the
fiction condition between the rolls. The second maximum
appears for the natural frequency close to that of the
torsional vibration of the work roll (20 Hz) and can shift by
2.5 Hz (about 11M). Together with the frequency, the power
of vibration changes, too.

In the part of the spectrum with higher frequencies in
Figure 6 one can observe many local relatively small maxi-
mum which are more or less shifted relative to each other
depending on the friction condition between the back-up-
-and the work roll.
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Referring to the previous results (
60G*,�0,6�50	���	"��
:==<), which indicate a chaotic behaviour of the rolling mill
vibrations, it is understandable that such character of the
friction phenomena on the roll-roll contact surface leading
to even such a small disturbance of the strip velocity can be
regarded as one of the sources of self-excited vibrations of
the system.
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