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Characteristics of unsteady lubrication film in
metal-forming process with dynamic roll gap
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Abstract: Based on the theory of unsteady hydrodynamic lubrication and relevant mathematic and physical methods, a basic model
was developed to analyze the unsteady lubrication film thickness, pressure stress and friction stress in the work zone in strip rolling.
The distribution of pressure stress and friction stress in the work zone was obtained. A numerical simulation was made on a 1850
cold rolling mill. The influence of back tension stress and reduction on the distribution of pressure stress and friction stress between
the roll gaps was qualitatively analyzed by numerical simulation. The calculated results indicate that the higher the back tension, the
lower the pressure stress and the friction stress in the work zone, and the largest friction stresses are obtained at the inlet and outlet
edges. The pressure and friction gradients are rather small at high back tension. The pressure-sensitive lubricant viscosity increases
exponentially with the increase of pressure. The unsteady lubrication phenomenon in the roll bite is successfully demonstrated.
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1 Introduction

The lubrication system is in a steady state in many
metal forming processes, and the unsteady item in the
Reynolds equation can be omitted. For the metal forming
process with unsteady lubrication system or the structure
in a vibration state [1—4], the unsteady items can not be
omitted, and a complicated forming process will be
encountered in this case since the process parameters are
related to time. The lubrication state is no longer steady
due to the appearance of vibration. In rolling process,
unsteady lubrication caused by flutter belongs to this
kind. Therefore, rolling process is a transient process that
is related to time [5—6]. Due to the vibration of the
machine structure, the Ilubrication system is in an
unsteady state [7—9], and the friction is also related to
time. In metal forming process, significant production
losses involve the unsteady situation. Because rolling is
one of the most important large deformation metal
forming [10—12] processes, an in-depth understanding of
unsteady lubrication phenomenon is therefore of great
significance to build a more realistic friction model
[13—15] in unsteady process, and a more accurate
mechanical model of rolling process can be established.
However, the existing friction model of rolling process is

usually considered to be in a steady state. Based on the
theory of unsteady hydrodynamic Iubrication and
relevant mathematic and physical methods, it is of
importance to establish a basic model of unsteady
lubrication for the film thickness, pressure stress and
friction stress in the work zone in strip rolling, and then
the distribution information of pressure stress and
friction stress in the work zone is obtained.

2 Dynamic roll gap model

The geometry of the roll gap is shown in Fig. 1. In
this figure, u is the strip speed change along the direction
of horizontal x, v is the roll speed, x, is the length of the
steady state in work zone, y, is the inlet strip thickness,
¥, is the outlet strip thickness, u; is the inlet strip speed,
and u, is the outlet strip speed. Considering vertical
vibration of the rolling, YUN et al [16] proposed a
continuity equation of the roll bite as follows:

uy =y, — (X —Xx)y, (D

where y. is the change rate of roll gap spacing along the
centerline of the rolls. The change of the roll gap is
caused by the movement of the rolling structure. Before
the rolling vibration model is determined, the change of
the roll gap will not be considered. Therefore, the strip
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Fig. 1 Geometry of roll bite

speed in the work zone can be identified as

2=y, 22 )

where y is the trip thickness in the work zone which can
be identified as [17]

2
y=y1<1—R>+x7 3)

where a is the roll radius, and R is the reduction which
can be expressed as

R:yl_yZ (4)
N

So the mean surface speed in the work zone u,, can
be solved by Egs. (2) and (3):

2
u+v u . ayR—x
U = =y [——] (5)
T T o gy (- R)+ X2

where u; ,=(u;+v)/2. Because the gradient of roll bite
pressure is much smaller than that of the inlet pressure,
the pressure gradient in the Reynolds equation can be
ignored. Therefore, Reynolds equation can be rewritten
as

TR ©

Ox ox Ot

where £ is the film thickness in the work zone, and u is
the mean surface speed. Equation (6) is a first-order
partial differential equation, which can be broken down
into two general differential equations as

dx

—=—U 7
g Um (7
dh h Ou

— - m (8)
dx U, Ox

The two general differential equations above can be
solved by using a mathematical method. The distribution
of oil film thickness in the work zone is described in
Eq. (8), and the physical meaning of u,, is the speed of

emulsion flowing along the rolling direction. The change
of oil film thickness depends on the speed of emulsion
flowing along the rolling direction. This relationship also
indicates that the thickness of oil film will decrease with
the increase of the speed of emulsion flowing along the x
direction. It can be seen that the thickness of oil film will
reach the minimum on the edge of outlet in the work
zone. Therefore, the outlet zone will be the critical point
of the strip surface with good or bad quality.

3 Nondimensional interface variables

The nondimensional variables in the work zone are

F== ©)
*10

H:L (10)
hOO

U="tm (11)
Vo

where x; is the length in the steady work zone, /¢ is the
film thickness in the steady inlet zone, and v, is the
rolling speed in the steady state.

The nondimensional time scale in the work zone is
based on the time of the roll surface passing through the
work zone. The nondimensional time in the work zone is
defined as

T = ! :W_O (12)
Xi0/vy  Xip

Because the strip moves at different speed in the
work zone, the strip through the actual time in the work
zone is not equal to x;o/vy.

Using the above defined nondimensional variables,
Egs. (7) and (8) can be rewritten as

dx

—~ U 13
ot (13)
i __HoU (14)
dx U &

Both sides of Eq. (5) are divided by v, and then x is
dimensionless:

U=U, +—[—"
Lm 2[1+R(E2—1)

1] (15)

Equation (15) about x is derivative as
ou U,Rx

& [1+RE-DP (1)

When 7=0, the initial conditions of the coupling
Egs. (13) and (14) are

T=0X=1H=1 (17)
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At an arbitrary time 7, the initial conditions of the
coupling Egs. (13) and (14) are

where X, =x/x10, Hy= ho/hoo, and Ay is the film thickness
between the work area and inlet area.

Numerical solving process can be carried out by a
mathematical software Mathematica.

4 Determination of distribution of oil film
friction stress and pressure stress

WILSON and CHANG [18] solved the pressure
distribution in steady work zone. The steady lubrication
analysis will use the calculated pressure and friction
stress of every time step in the current unsteady situation
instead.

Figure 2 shows a micro-unit body of the strip. The
force balance equation in the x-direction is

—Sy+(s+ds)(y+dy)+2p(%%)dx+21fdx=O (19)

where s is the strip tension stress, y is the strip thickness
in work zone, p is the local pressure stress, and z; is the
local friction stress. Ignoring the relatively small items of
Eq. (19), it is obtained

dy ds dy
S—+y—+p—=+27, =0 20
PR el f (20)

Based on the plastic flow rule [19] at any position in
the work zone, there is

s+p=0 21)

where o is the material yield stress. It follows

K s+ds y

yrdy

T
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Fig. 2 Free body diagram of a strip element

ds = _b (22)
dx dx

By Egs. (21) and (22), the balance equation in the
work zone can be simplified as

dy dp
P L D S 23
o D @3)

Friction stress 7y is generated by the viscous
shearing of lubrication oil film, so Eq. (23) can be
expressed as

= ﬂM 24)

Tf h

where u is the lubricant viscosity. So the distribution of
pressure stress and friction stress in the strip rolling
process can be solved by numerical method from
Egs. (23) and (24). The interfacial coupling relationship
diagram is schematically illustrated in Fig. 3.

Plastic defotmation process
(oil film pressure, p, and strip thickness, y)

Interface friction
force, ¢

Back tension
stress, §

Interface friction process
(oil film pressure, 4, and interface friction, ;)

Strip thickness, y

Work roll speed, 7,

Work roll motion process
(work roll motion displacement, y)

Fig. 3 Coupling relations of work interface
5 System dynamics analysis of rolling mill

Figure 4 shows a simplified vertical vibration model
of the 1850 type rolling mill system. According to the
characteristics of a 1850 type rolling mill in a large iron
and steel plant, the system can be divided into six
degrees of freedom vibration system with six qualities
and seven springs. In the figure, m;—mg represent the
equivalent masses of the upper mill and the rack uprights
of the rolling mill, the upper backup roll and its bearing
and bearing seat, the upper work roll, the lower work roll,
the lower backup roll and its bearing and bearing seat,
and the rack lower beam, respectively. Stiffness k; is the
equivalent stiffness of rack column and the upper beam;
k, is the equivalent stiffness from the middle of the upper
backup roll to the middle of the upper beam; k3 is the
elastic contact stiffness between the upper work roll and
the upper backup roll; k; is the equivalent stiffness
between the upper/lower work rolls and the strip under
the rolling force P; ks is the elastic contact stiffness
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between the lower work roll and the lower backup roll;
ke 1s the equivalent stiffness from the middle of the lower
backup roll to the middle of the lower beam; k; is the
bending equivalent stiffness of the lower beam. In the
model, the damping c¢; caused by the pressure cylinder
above the upper backup roll, and the damping ¢, caused
by the strip between the two work rolls are considered.
Displacement {x} is the vibration displacement
increment of the various qualities. The simulation can be
carried out by a computer program, which is compiled by
using Microsoft Fortran Power Station Language.

'

X2

X3
X4

Xs

mg T X6

Fig. 4 Schematic illustration of 1850 type rolling mill vertical

—_—  — —  —

system model

The mathematical model of the rolling mill system
with vertical vibration can be obtained as follows:

M{x}+ C{x}+ K{x} = {P} (25)

where M is the mass matrix, C is damping matrix, K is
stiffness matrix, and their specific expression are as
follows:

m 0 0 0 0 0
0O m 0 0 0 0
0 0 m 0 0 0
M =
0 0 0 m 0 0
0 0 0 0 m O
0 0 0 0 0 mg

Table 1 Conditions for simulations and lubricant characteristics

¢ -¢ 0 0 0 0]
- g 0 0 00
C- 0 0 ¢ -c¢ 00
0 0 —-¢ ¢ 00
0 0 0 0 00
| 0 0 0 0 0 0]
(ki +ky,  —ky 0 0 0 0 |
—ky, kytky  —ky 0 0 0
K- 0 —ky  kyt+ky -k 0 0
0 0 —ky  kytks  —ks 0
0 0 0 —ks  ks+ky —kg
| 0 0 0 0 —ks kgt ]

6 Simulation results and discussion of oil
film friction stress and pressure stress in
roll gap

The rolling mill system parameters and the
parameters of lubrication performance of a large
company are listed in Table 1.

The simulated results of a large company 1850
rolling mill system are presented below. Numerical
solving process can be carried out by a software Matlab.
Figures 5 and 6 show the distribution situation of friction
and pressure stress in the steady work zone. For smaller
reduction (R=0.1 to 0.18), friction stress value is smaller,
and the maximum friction stress is on the edge of the
inlet and outlet (as shown in Fig. 5). This is because
lubricant pressure stress under a smaller reduction is
almost a constant. So lubrication viscosity is also a
constant. The difference of surface speed of the roll and
strip controls the distribution of the friction stress, and it
is the biggest on the edge of the work zone. Under high
reduction (R=0.2 to 0.25) case, the influence of the
pressure and friction stress in the roll gap becomes very
prominent and obvious.

Figures 7 and 8 show the distribution situation of
pressure stress and friction stress in the unsteady work
zone at different time. In the simulation analysis,
assuming that back tension stress follows sin variation,
back tension stress s respectively has the maximum
20 MPa, minimum 0 MPa and average 10 MPa at three
different typical time. When the back tension stress (S=
20 MPa) is bigger, the pressure and friction stress in the
work zone are smaller, the gradients of pressure and
friction stress are also quite small, and the friction stress
reaches maximum at the inlet and outlet edges, because

yi/mm o/MPa S/MPa R

a/mm vo/(mrs™) /(10 *Pa-s) Material

0.8 350 0-20 0.1-0.25

294 20 5.5 2A16
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Fig. 7 Pressure distributions in work zone at different times

the relative sliding velocity of these two points are the
largest. As the back tension stress decreases (S=10 MPa
or 0 MPa), the pressure and the friction stress increase in
the roll gap, and the pressure-sensitive lubricant viscosity
increases exponentially with increasing pressure. So
Figs. 7 and 8 demonstrate the unsteady (related to time)
lubrication phenomenon in the roll bite.
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Fig. 8 Friction stress distributions in work zone at different
times

7 Conclusions

1) A basic model is developed to analyze the
unsteady lubrication film thickness, pressure and friction
stress in the work zone in strip rolling.

2) When the back tension stress is bigger, the
pressure and friction stress in the work zone are smaller,
the gradients of pressure and friction stress are also quite
small, and the friction stress reaches the maximum at the
inlet and outlet edges.

3) As the back tension stress decreases, the pressure
and the friction stress increase in the roll gap, and the
pressure-sensitive viscosity
exponentially with the increase of pressure.

lubricant increases
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