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Abstract Mechanical devices that contain many rotating ele-
ments such as rolling mills inevitably generate vibrations.
Vibrations not only cause unnecessary loads but also affect
the quality of the manufactured product. Therefore, it is im-
portant to identify the causes of vibration in such mechanical
devices and control them appropriately. In this study, the var-
ious causes of vibration in a rolling process were investigated,
and the vibration types present in a compact endless-rolling
mill (CEM) process were analyzed and compared. Three typ-
ical causes of vibration were analyzed. Based on these results,
the cause of the vibrations that occur during changes in the
processing conditions in a CEM can be inferred. More specif-
ically, numerical analysis was conducted to study the physical
behavior of work rolls (WRs) according to changes in the
rolling process conditions. Using these analysis results, a
mechanism to produce vibrations similar to those occurring
in a CEM was proposed. The results of tracking the center
position of a work roll showed that the direct effects of contact
pressure on vibration were minimal, and changes in the lubri-
cation type for the physical interaction between a WR and the
contact strip were identified as a cause of vibration.

Keywords Chatter . Stribeck curve . Rolling . Contact
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1 Introduction

In recent years, the demands on strips have increased in var-
ious industrial fields. As a result, the steel industry has focused
on improving the productivity of strips. The rolling processes
used for manufacturing strips can be divided into two types:
cold rolling and hot rolling. In the hot rolling process, an
intermediate product (called a slab) is manufactured before a
strip is manufactured through the cold rolling process. In a
general rolling process, product defects are likely to occur at
the top and tail of a slab; it is necessary to raise the temperature
of the slab, which is a product of hot rolling, to an appropriate
temperature for cold rolling. To overcome the above-
mentioned inconvenience and to increase productivity, strips
have started to be manufactured using the compact endless-
rolling mill (CEM) process in recent years.

The CEM process utilizes a rolling technology that contin-
uously produces strips without any idle time; a coil box (in-
stead of a slab) is produced through hot rolling as an interme-
diate product. Strips are then immediately produced through a
cold rolling process. This process joins the initial and trailing
bars to the coil box, which has been manufactured through hot
rolling, to remove possible product defects at the top and tail
ends and reduce the required energy by removing the slab pre-
heating process. This explains why the CEM process has su-
perior productivity and cost effectiveness compared to general
rolling processes.

A rolling mill that manufactures strips is a complex me-
chanical device with many rotating elements, including a
back-up roll, work roll, rolling element, and bearings. In gen-
eral, these rotating elements inevitably generate vibration as
they rotate; such vibration in mechanical devices, e.g., rolling
mills, is called chatter. The causes of chatter can be divided
into two main categories: (1) internal causes resulting from
defects and damage to the rotating elements and (2) external
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causes due to additional rolling process elements such as lu-
bricants and rolling loads [1, 2].

Chatter in the rolling process not only induces product
damage but also accelerates wear on the work rolls and causes
damage to the rolling mill. It has been reported that larger
amplitude vibrations accelerate this wear more quickly. In
the CEM process, a new type of vibration can occur (one that
has not been experienced before) whose amplitude increases
over time to interrupt operation of the CEM process. To de-
termine the cause of this problem and provide a solution, this
study analyzed various vibration generation theories for cold
and hot rolling as well as for CEM processes. We also pro-
posed a method of vibration flow by comparing the analysis
results with the vibration characteristics in the current CEM
process.

To achieve these objectives, the causes of regenerative ef-
fects, the Stribeck curve, and the type of lubrication were
studied. Parametric numerical analysis was conducted using
a finite element model (FEM) in order to understand the phys-
ical behavior and possible causes of vibration generation in
work rolls. The results verified that the physical behavior (i.e.,
contact pressure and frictional stress) relative to the changes in
the rolling process parameters did not directly affect the vibra-
tion characteristics and functions that include the physical
behaviors of the COF of the contact area between the work
roll and the strip should be applied to analyze changes in the
vibration characteristics.

2 Analysis of the cause of chatter

To manufacture products that are thinner than previous prod-
ucts, the current process was still used, but the reduction ratio
was changed during the manufacturing process. As a result,
vibrations were generated with gradually increasing ampli-
tudes over time, and the rolling process was terminated with-
out reaching the preferred number of strip coils per charge. To
solve this problem, the causes of these such vibrations were
studied.

2.1 Regenerative effect

The regenerative effect is a theory explaining vibration gener-
ation in cutting processes. A cutting process, in which the
cutting material is rotated, inevitably generates vibration in
the initial stage. This initial vibration creates irregular work
piece surfaces, which then cause vibrations in the cutting
tools. Vibrations in the cutting tools, which are caused by
the initial vibration, repeat the irregular surface generation
found in the work pieces during the cutting process. The ir-
regular surfaces of these work pieces, which are caused by the
initial vibration in the cutting tools, generate continuous vi-
brations by interacting with each other. Vibration caused by

the regenerative effect may occur in greater or lesser amounts
depending on the cutting process conditions. In particular, as
the rotation speed, cutting width, and feed rate of the work
pieces increase, the vibration also increases [3]. Similarly,
rolling processes can also experience continuous vibration
during the subsequent rolling process, primarily due to the
continued effects caused by the initial vibration [4].

Figure 1 explains the relationship between a continuous
rolling mill and a strip. Owing to the initial vibration in the
work roll, changes in the gap size occur between the upper and
lower parts of the work roll in the rolling mill. Here, assuming
that the mass flow of a strip entering the rolling mill is con-
stant, the speed of the outgoing strip changes due to changes in
the work roll gap. This characteristic will cause the speed and
thickness of the second strip entering the rolling mill to be
irregular, thereby generating a change in the gap between the
upper and lower parts of the second rolling mill work roll. The
vibration of irregular rolling mills causes the speeds of both
incoming and outgoing strips to be irregular. Continuous
rolling mills exchange vibration with one another using these
strips. Owing to the different rotational speeds in a continuous
rolling mill, tension is generated in the strips. This tension
induces vibrations in the transverse direction of the rolling
mill, thereby creating a coordinated vibration phenomenon
in the overall system [5].

As the vibration persists via the continuous interaction be-
tween the rolling mills, this type of vibration can gradually
increase if it falls into a specific loop. In previous studies, the
tension due to the differences in speed between continuous
rolling mill elements was determined to be a factor that influ-
ences vibration development. The system was found to be-
come unstable as the vibration amplitude increased and the
vibration fell into a positive feedback loop when the tension
in the strips reached a certain condition [6, 7].

2.2 Stribeck curve gradient

The coefficient of friction (COF) is a factor determined by the
characteristics of the interface between two surfaces. In par-
ticular, the COF is determined by the type of lubrication, the
lubrication characteristics, and the friction in the working en-
vironment (which is controlled by the lubrication). The COF
influences various factors, such as the rolling load, friction
between the strip and work roll, and wear on the work roll.
Therefore, because the COF is a very important factor that can
change according to the process environment, it is very im-
portant for predicting and controlling the COF.

Figure 2 explains the Stribeck curve. This curve depicts the
relationship of the COF with the viscosity, speed, and unit
load in processes controlled by the lubricants (e.g., rolling
processes). Lubrication can be divided into three types: (a)
boundary lubrication, (b) mixed-film lubrication, and (c) hy-
drodynamic lubrication. The lubrication type is determined by
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the lubrication conditions at the interface. The COF behavior
changes as the viscosity, speed, and unit load are changed
according to the lubrication conditions.

In a rolling process, the lubrication type is determined by
the process environment and strip conditions. In particular, a
rolling processing system is stable under hydrodynamic lubri-
cation; however, depending on the processing conditions,
chatter may increase if the gap between two interfacing sur-
faces becomes a mixed-film type of lubrication. This charac-
teristic can be determined by the slope of the Stribeck curve.
Mixed-film lubrication and boundary lubrication both have
negative slopes, while hydrodynamic lubrication has a posi-
tive slope. Thus, the slope of the Stribeck curve is one factor
that determines whether or not chatter develops [8].

2.3 Lubrication

The lubrication conditions in the strip and work roll are highly
important to rolling processes. The lubricant increases the re-
placement period of a work roll by reducing the wear, while
also protecting the work roll from constant high temperature
and high pressure. Whether chatter occurs can also be deter-
mined by the lubricant type and conditions. Often, an initial
lubricant has small emulsion particles; therefore, it can be
easily spread over the interfacing surfaces. However, lubricant

emulsion particles inside a lubricant tank can aggregate, cre-
ating unstable lubrication conditions that generate vibration
[9, 10]. Friction at the interface between a strip and work roll
depends not only on the lubricant itself but also on external
factors. Because worn-out particles caused by work roll wear
are present at the interfaces during the rolling process, the
lubricant contributes to particle lubrication as opposed to hy-
drodynamic lubrication [11]. Vibration occurs due to the ir-
regular COF caused by particle lubrication. To suppress the
vibration generated by the lubricant, the chemical composition
and type of lubricant may need to be changed [12].

In addition, there are many internal and external causes of
vibration during rolling processes. The above three factors
generate a vibration where the amplitude grows over time,
similar to what happens during strip manufacturing processes.

3 Numerical simulation

3.1 Numerical modeling

In manufacturing strips thinner than those produced by
existing processes, either the reduction ratio must be increased
or the initial strip thickness must be reduced. The proposed
process increases the reduction ratio of the rolling mill to
achieve this.

Table 1 describes the rolling process conditions according
to the presence of chatter. The process conditions are changed
from those in Case 1 to those in Case 2. Hence, chatter ap-
peared in areas where the vibration size gradually increased
over time. A 2D numerical analysis was conducted for the 52,
57, and 62% reduction ratios to analyze this phenomenon and
determine the changes in the rolling loads corresponding to
the increasing reduction ratio. Various rolling simulations
aimed at understanding strip displacement and residual stress
were previously conducted. Therefore, for a more efficient
calculation, this study performed an analysis assuming that
the work roll was a rigid body. This assumption was made
because the work roll strain was minimal compared to the
changes in the strips. We also assumed that the work roll
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was an elastomer in order to determine the effects of reducing
the stress distribution on the work roll surfaces. Figure 3
shows a symmetrical 2D model used for efficient calculation.
The augmented Lagrangian contact condition was applied to
the contact areas of the WR-strip and the WR-BR. Three ele-
ment meshes were then created along the thickness direction
of the strip. Similar to an actual rolling process, the WR was
rotated, and the rolling process was performed through WR
and BR contact by applying a rotation speed of 171 rpm to the
BR. A 2D-plane element with eight nodes was used to in-
crease the solution accuracy. In this analysis, 13,373 elements
and 12,495 nodes were used. The rolling process was simu-
lated by rotating a back-up roll.

3.2 Simulation of the previous rolling process

Figure 4 shows the distributions of the contact pressure and
shear stress on the work roll surface. The highest contact pres-
sure was detected at the center of the surface, while the size
and direction of the shear stress varied around the neutral
point.

Figure 5 shows the distributions of the contact pressure and
shear stress on the work roll surface. For the contact pressure,
a larger reduction ratio tended to produce a larger contact
pressure. For the shear stress, no significant difference was
observed between reductions of 52 and 57%, but the 62%
reduction showed a significant increase in shear stress.

The numerical analysis results demonstrate that the con-
tact pressure (per unit length) increased as the reduction
ratio increased. Considering that the occurrence of chatter
was determined by an increase in the load per unit length,
the probability of chatter occurrence can be inferred from
the Stribeck curve. By examining the above results (based
on the Stribeck curve theory), it can be concluded that the
interface conditions changed from (c) to (b) due to a con-
siderable increase in the contact pressure, as shown in
Fig. 2. In other words, it can be inferred that the initial
chatter occurred when the lubrication type at the interface
between the strip and work roll changed from hydrodynam-
ic lubrication to boundary lubrication. The above results are

also observed in general rolling processes, but the vibration
occurring during the idle rolling time between slabs is re-
moved in these general processes. Alternatively, in the
CEM process (where rolling proceeds without idle time),
the vibration amplitude increases continuously because the
vibration develops continuously.

3.3 Parametric study

Based on a numerical analysis of previous rolling process-
es, the tendency of the rolling load to increase as the reduc-
tion ratio increases during strip manufacturing was found to
cause the initial chatter (based on Stribeck curve theory).
Thus, if we can identify a trend in the rolling load distribu-
tion based on the rolling process parameters, we may be
able to suppress the chatter by reducing the rolling load
through changes in the rolling process parameters. A nu-
merical analysis was conducted to analyze the physical be-
havior according to the changes in the rolling process pa-
rameters prior to determining the vibration characteristics.
This was achieved by examining the surface stress distribu-
tion on the work roll through numerical analysis of the
changeable parameters (i.e., strip thickness, work roll radi-
us, and strip yield stress). Table 2 shows the parameter in-
formation used in the numerical analysis.

Figure 6 illustrates the variations in contact pressure and
shear stress. The contact pressure decreased as the diameter
increased because of the larger distribution of the rolling force
that resulted from the increased contact area. However, the
effect of the diameter on the shear stress was minimal. The
contact pressure increased as the initial strip thickness in-
creased because of the increased reduction ratio needed to
achieve the target thickness. Meanwhile, the contact pressure
increased as the yield stress increased, owing to the increased
load size, which initiated a plastic deformation. Alternatively,
the shear stress generated by the wear of the work roll varied
significantly as a function of the reduction ratio. However, the
other parameters with similar effects did not significantly in-
fluence the shear stress.

Fig. 3 Numerical model of the WR, BR, and strip

Table 1 Information on the rolling parameters and the chatter

Information Case 1 Case 2

BR diameter 1450 mm

WR diameter 650 mm

Strip yield stress 105 MPa

Thickness 6.48 mm

Reduction 52% 57%

Chatter X O

4462 Int J Adv Manuf Technol (2018) 94:4459–4467



1E+08

5E+07

-5E+07

-1.5E+08

-2E+08

2E+08

10 20 30 40 50 60 70
Node number of work roll

Sh
ea

r 
st

re
ss

 fo
r 

re
du

ct
io

n 
ra

tio
[P

a]

-2E+08

-4E+08

-6E+08

-8E+08

-1E+09

0

10 20 30 40 50 60 70
Node number of work roll

]aP[oitar noitcuder rof erusserp tcatno
C

-1E+08

0

1.5E+08

52% 57% 62% 52% 57% 62%

Fig. 5 Contact pressure and shear stress as a function of the reduction ratio

MX
MN

MN MX

Fig. 4 Contact pressure and
shear stress in the contact area

Int J Adv Manuf Technol (2018) 94:4459–4467 4463



3.4 Tracing the center position of the work roll

The center node position of the work roll was traced according
to various parameters to determine the effects of the work roll
on the vibration and stress distribution.

Figure 7 presents the center node position of the work
roll with respect to each parameter. The physical behavior at
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Table. 2 Information on the parameters used for numerical analysis

Parameter 1 level 2 level 3 level

Yield stress (MPa) 80 105 130

Diameter (WR) (mm) 600 650 700

Thickness (mm) 6.48 7.48 8.48
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the interface showed different results for the radius, thick-
ness, and yield stress. However, similar trends in the vibra-
tion characteristics with regard to the center node position
were observed. The results verified that the physical behav-
ior (i.e., contact pressure and frictional stress) relative to the
changes in the rolling process parameters did not directly
affect the vibration characteristics. Numerical analysis was
conducted by applying the COF negative gradient (bound-
ary lubrication), positive gradient (hydrodynamic lubrica-
tion), and constant conditions to the same rolling process
condition to verify the Stribeck curve effect. Meanwhile,
experiments using a lubricant must be performed to deter-
mine the gradient size [G]. The numerical analysis, which
was first used to determine the effects of the negative and
positive gradients on the vibration characteristics, was con-
ducted by setting arbitrary values. An equation applied in
the Panjkovic study was employed for the COF equation
applied to the contact area [8].

Figure 8 shows the vibration characteristics according to
the gradient of the COF and the reduction ratio. The contact
pressure increased (Fig. 5) with an increase in the reduction
ratio. However, the 52% vibration characteristics and the 57%
reduction conditions, where the chatter occurred, were similar.
The numerical analysis results for the varying COF slopes
revealed similar behaviors for the constant and positive slopes.

The physical behavior for the negative slope was initially sim-
ilar to that of the corresponding normal and positive slopes,
but the vibration amplitude increased over time. This result
indicated that the vibration characteristics were not directly
changed by the differences in the contact pressure or the shear
stress, which were themselves a result of the changes in the
rolling process parameters. Instead, the changes in friction
conditions at the interface, which resulted from the differences
in the contact pressure and the shear stress, affected the
vibration.

4 Discussion

4.1 Cause of chatter

To identify the causes of chatter, a numerical simulation was
conducted as the rolling process parameters were varied. The
simulation results verified that the contact pressure per work
roll area increased by between 8 and 10% during strip
manufacturing. From this result, the increased contact pres-
sure was determined to be a cause of vibration (based on the
Stribeck curve theory) [13]. In addition, the numerical analy-
sis with varying COFs confirmed that a simple increase in the
rolling force did not directly affect the vibration through the
trace of the WR center node. Instead, vibration was induced
by changes in the friction at the interface due to the increased
rolling loads. More specifically, the existing strip manufactur-
ing process involves a rolling process under hydrodynamic
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lubrication, in which the strip and work roll are completely
separated (based on the Stribeck curve theory); however, the
surfaces of the strip and work roll move close together due to
the boundary lubrication effects that occur during thin strip
manufacturing, resulting in intermittent contact between the
projections on the interfaces. This not only increases the COF
but also accelerates the work roll wear. Therefore, it is impor-
tant to maintain hydrodynamic lubrication at the interfaces.

4.2 Limitations

This study examined the possibility of chatter occurrence
caused by the increased rolling loads (based on the Stribeck
curve theory). However, since chatter has complex causes, it is
necessary to analyze other possible causes of chatter in addi-
tion to increased rolling loads. Since the specific numerical
values of factors that influence the COF have yet to be de-
fined, and since real rolling processing environments are not
ideal (in contrast to the numerical simulations), it is not rea-
sonable to compare the results from the numerical analysis
with actual rolling results. In addition to including unit load
factors, Stribeck curve theory also accounts for viscosity and
speed factors. In particular, because the viscosity factor is
related to the lubricant viscosity and iron oxide thickness, it
is necessary to analyze changes in the lubrication conditions
as a function of changes in the lubricant viscosity and iron
oxide thickness. Because these changes are not easy to iden-
tify through numerical analysis, COF changes must be ana-
lyzed experimentally.

5 Conclusion

A gradual increase in the vibration size of the chatter could
cause considerable damage to the rolling mills over time. This
chatter interrupts processes and limits the number of continu-
ous strip coils, thereby resulting in reduced CEM process pro-
ductivity. The various causes of chatter (i.e., the regenerative
effect, Stribeck curve, and lubrication) were investigated in
this study. Moreover, the causes of the changes in COF curve
gradient, where chatter occurred because of the contact pres-
sure resulting from an increase in the reduction ratio, were
estimated. A numerical analysis was also conducted for the
factors (i.e., reduction ratio, yield strength, strip thickness, and
work roll radius) affecting the increase in contact pressure in
the rolling process. Subsequently, the contact pressure and the
shear stress were analyzed, and the vibration characteristics
were identified by tracking the WR center node position. The
results revealed that the contact pressure increased according
to changes in the rolling process parameters, but the vibration
characteristics were constant. This result implied that an in-
crease in the contact pressure did not directly affect the vibra-
tion, but influenced the contact area of the WR and the strip.

We verified this through analysis of the vibration characteris-
tics by applying a negative gradient (boundary lubrication),
positive gradient (hydrodynamic lubrication), and constant
conditions to the COF of the contact surface, following the
Stribeck curve theory. The numerical analysis result indicated
that the vibration characteristics were identical when the COF
had a positive gradient and a constant, while the vibration
amplitude was gradually increased when the COF had a neg-
ative gradient.

In summary, this study investigated the causes of an in-
crease in magnitude of the vibration amplitude and a numer-
ical analysis was conducted. Consequently, we have verified
that an increase in contact pressure does not directly affect the
vibration, and functions that include the physical behaviors of
the COF of the contact area between the work roll and the strip
should be applied to analyze changes in the vibration
characteristics.

Funding information This research was supported by the Chung-Ang
University Graduate Research Scholarship in 2016 and Basic Science
Research Program through the National Research Foundation of Korea
( NRF ) f u n d e d b y t h e M i n i s t r y o f E d u c a t i o n ( N o .
2015R1D1A1A01057341).

References

1. Younes MA, Shahtout M, Damir MN (2006) A parameters design
approach to improve product quality and equipment performance in
hot rolling. J Mater Process Tech 171(1):83–92

2. Kiral Z, Karagülle H (2003) Simulation and analysis of vibration
signals generated by rolling element bearing with defects. Tribol Int
36(9):667–678

3. Mahnama M, Movahhedy MR (2010) Prediction of machining
chatter based on FEM simulation of chip formation under dynamic
conditions. Int J Mach Tool Manu 50(7):611–620

4. Hu PH, Ehmann Kornel F (2001) Regenerative effect in rolling
chatter. J Manuf Process 3(2):82–93

5. Krot PV, Pryhodko IY, Chernov PP (2008) Regenerative chatter
vibrations control in the tandem cold rolling mills. In 4th
European Conference on Structural Control. ECSC

6. Farley TWD, Rogers S, Nardini D (2006) Understanding mill vi-
bration phenomena. In Proc. of the Int. Conf. “Vibration in rolling
mills”. Inst. of Materials, Minerals and Mining, London

7. Heidari A, Forouzan MR (2013) Optimization of cold rolling pro-
cess parameters in order to increasing rolling speed limited by chat-
ter vibrations. J Adv Res 4(1):27–34

8. Panjkovic V, Gloss R, Steward J, Dilks S, Steward R, Fraser G
(2012) Causes of chatter in a hot strip mill: observations, qualitative
analyses andmathematical modelling. JMater Process Tech 212(4):
954–961

9. Reich R, Panseri N, Bohaychick J (2001) The effects of lubricant
starvation in the cold rolling of aluminummetal When using an oil-
in-water emulsion. Tribol Lubr Eng 57(4):15–18

10. Yang X, Li Q, Tong CN, Liu QH (2012) Vertical vibration model
for unsteady lubrication in rolls-strip interface of cold rolling mills.
Adv Mech Eng 734510

11. Maatta A, Vuoristo P, Mantyla T (2001) Friction and adhesion of
stainless steel strip against tool steels in unlubricated sliding with
high contact load. Tribol Int 34(11):779–786

4466 Int J Adv Manuf Technol (2018) 94:4459–4467



12. Shirizly A, Lenard JG (2000) The effect of lubrication on mill loads
during hot rolling of low carbon steel strips. J Mater Process Tech
97(1):61–68

13. Wang Q, Jiang Z, Zhao J, Fang M (2013) Multi-factor coupling
system characteristic of the dynamic roll gap in the high-speed rolling
mill during the unsteady lubrication process. Tribol Int 67:174–181

Int J Adv Manuf Technol (2018) 94:4459–4467 4467


