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Abstract

Abstract

The objective of this thesis is to gain a good understanding of the chatter phenomenon
incorporating the dynamic rolling model and mechanical system model of a rolling
stand in cold rolling. Although such systems have received great attention in the
academic literature, research to-date has not covered dynamic characteristics of the

multiple rolling body-bearing-support system due to its complexity and nonlinearities.

In this thesis, a steady-state rolling process model that includes the work hardening and
work roll flattening effect was developed based on the homogeneous deformation
theory with the relaxation of conventional assumptions. A dynamic model of the rolling
process was then formulated by taking into account multiple nonlinearities such as the
change in friction coefficient, rolling speed, roll gap (strip thickness) reduction and
reduction rate with respect to time. In linearisation of rolling force variations as stiffness
and damping coefficients, negative gradient of friction coefficient was introduced to
identify the negative damping effect in the dynamic roll gap. Also, dynamic rolling
force components were included in the analysis by the linearisation of variations of the
strip thickness and rolling speed at exit side and of variations of reduction rate with

respect to time.

In addition, a mechanical system model was derived through the inclusion of the
support bearings and surface contact between rolls. For the backup roll, a journal
bearing model was introduced to examine oil-film thickness change and a tapered roller
bearing model was adopted to model the work roll motion. In order to explain dynamics
in the surface contact between the backup roll and work roll, Hertzian contact theory is
incorporated into the mode-coupling theory. Finally, by coupling the dynamic rolling
process model with a mechanical system model including support bearings and surface
contact, a 6DOF mill vibration model for the analysis of vibrations symmetric to the roll

gap was developed.

In determination of stability in the derived cold rolling stand chatter model, stability
analyses were performed through the change in the friction coefficient and rolling speed

at a given friction gradient. Many different aspects of stability threshold curves (STC)

XXV
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have been obtained from the eigenvalues analysis of the system characteristic equation.
Influences of 10 rolling parameters such as the friction gradient, strip width, roll radius,
exit thickness, strain and strain-rate exponent, roll offset, bearing viscosity, length and
clearance on mill stability were thoroughly investigated. With the linearised stiffness
and damping coefficients at the given operating conditions, transient studies were

executed to prove the validity of the presented model.

Finally, in order to understand the effects of tension variations from the adjacent mill
stand, three different tension models were applied into the dynamic roll gap. By so
doing, the mill stability has been determined through the inclusion of transient
characteristics in the dynamic roll gap. In light of observation from the practical mill
configuration, simulation results suggest that chatter arises as the rolling speed increases
and friction coefficient decreases under the steady-state rolling conditions. When
tension variation applied, instability occurs as the inter-stand distance decreases and a

strip feed-in speed variation frequency matches to one of the system natural frequencies.
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CHAPTER 1. INTRODUCTION

This thesis presents the detailed investigation into the dynamic response of a rolling
stand in cold rolling to a variety of rolling conditions, and the study of the application of
the coupled mill vibration model. To date the vast majority of mill vibration research
has focused on the dynamic roll gap and simplified mill structure, with under- or over-
estimated transient responses predicted by these investigations. Through these
investigations nonlinearity inherent to a rolling mill stand is ignored and its respective
influence on vibration response is neglected, with an over-simplified mill vibration

model studying rolling force variations in the roll gap only.

With improved knowledge of the roll gap behaviour, the identification and investigation
of many nonlinear characteristics are possible and provide more accurate prediction of
the vibration behaviour of the tandem cold rolling mill. Research conducted herein fills
the gap between industry and academic knowledge of the performance of a rolling stand
through the application of multiple nonlinearities to the study of mill vibration response
under transient conditions using the roll gap variations and simulation scheme for a

rolling stand in cold rolling mill.

The impact of nonlinearities in cold rolling mill under various transient conditions —
including the hydrodynamics of journal bearing and tapered roller bearing, surface
contact mechanism between the backup roll and work roll, dynamic characteristics of
the roll gap model — is the main feature of this study. Through the examination of roll
gap response the most significant parameters to mill vibration during the rolling process

will be identified.

1.1. PROJECT STATEMENT

e The development of mathematical models of identifying the nature of chatter for the
prediction of its transient characteristics under the wide range of operating conditions,
including the linearisation and analysis of bearings, contact surface and roll gap

performance.
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Over 100 million tons of cold rolled steels are produced annually worldwide on multi-
stand rolling mills. These mills consist of a sequence of roll stands through which steel
sheet is rolled, successively reducing its thickness to the desired gauge and imparting
the desired surface finish. Modern application demands thinner gauge, greater gauge
precision, higher production rates and higher strip flatness and surface quality. The
prevention of rolling chatter becomes more and more crucial for rolling mills to produce

thinner and thinner product efficiently.

Chatter results from the interaction between dynamics of the mill structure components
and the dynamics of the rolling operation. Generally speaking, there are three types of
chatter occurring on rolling mills referred to, in a comprehensive review by Roberts
(1978), as "torsional", "third octave" and "fifth octave" chatter. Each type is
characterised by the frequency associated with the dynamic mechanism involved.
Among the three types of chatter, third octave mode chatter, in a frequency range of
120-300 Hz, occurs most suddenly with growing oscillations characteristic of a process
instability. The third octave mode chatter is likely related to rolling force since the
dynamic forces generated during the rolling process deform the mill structure, leading
to variations in the roll gap, rolling speed, rolling forces and the operating points of
supporting journal bearings. Consequently, under certain circumstances, particularly
when rolling ultra thin gauge where the rolling force is very high, these variations will
be exacerbated to cause mill system vibration. With the increasing rolling speed, the
build-up of vibration at the natural frequency of the mill rapidly reaches destructive
proportions. This self-excited chatter causes unacceptable gauge variations in the rolled
strip and surface finish, and is particularly damaging on products which demand high
surface quality and tight tolerances. As the mill speed increases, the vibrations and
thickness variation become more severe and tension fluctuations between stands often
result in strip rupture. Furthermore, associated sensitivity of the mill system to forced
vibration necessitates costly maintenance programs to maintain desired equipment
conditions, achieve high production level and required product quality. Therefore, the
rolling mill chatter is a serious problem limiting the throughput of metal rolling

operations, particularly thin strip rolling operation.

The prevention of rolling mill chatter requires an in-depth understanding of the

mechanisms that lead to the dynamic instability of the rolling process, particularly the
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mechanisms of coupled chatter in the vertical and horizontal directions of single-stand
(a rolling stand), and between multi-stand cold rolling mills. A thorough investigation
into the coupled chatter of single-stand mills needs to involve the modelling of major
components and rolling processes that include mainly (a) modelling of the dynamic roll
gap, lubrication and tension variations; (b) modelling of a rolling stand with support
bearings and flexible supporting structure; and (c) the integration of the dynamic

interactions between these sub-systems.

1.2. PROJECT OBJECTIVES

This project aims to develop comprehensive mathematical models for stability and
transient analysis of self-excited chatter of a rolling stand in cold rolling. Numerical
schemes will be developed for investigating thoroughly the roll gap model under a

steady-state operating condition. The key aspects of this research include:

1. Modelling the rolling process for predicting dynamic forces applied to work rolls by
strips taking into account variations in rolling friction, rolling speed, reduction,

reduction rate and tension;

_t\.)

Modelling the highly nonlinear journal bearings, including the determination of the
dynamic characteristics of the bearing housing support provided by the bearing
housing chock;

3. Developing integrated models of a rolling stand in cold rolling and solution schemes
for determining the stability regions of the systems under a wide range of operating
conditions;

4. Investigation into the effects of key system parameters on the chatter transients with

respect to the system dynamic states and operating condition variations;

W

Validating the developed mathematical models and numerical simulations from
practical observations, both qualitatively and quantitatively, on BlueScope Steel's

five-stand cold mills.
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1.3. PROJECT SCOPE

The scope of this project is limited to the following:

1. Physical modelling of the major components of a rolling stand in cold rolling using
conventional theories of the roll gap mechanism;

2. Free and forced vibration analysis of a coupled mill vibration model.

3. Time domain analysis of the rolling stand in relation to the symmetric roll gap and

transient response;

Aspects of research beyond the scope of this research are:

1. The impacts of temperature in the roll gap and bearing supports during the rolling
process;

2. Accurate friction model predicting and compensating dynamic characteristics of the
roll gap;

3. Investigation of roll gap control mechanism;

4. Extensive experimental validation of simulation results.

1.4. SIGNIFICANCE AND INNOVATION

1.4.1. Significance

This project will significantly advance the knowledge on the dynamics of cold rolling
mills and provide a theoretical base for improving the quality and productivity of flat
strip rolling processes. It will achieve a thorough understanding of the chatter
mechanism and its transient characteristics in a rolling stand in cold rolling mill under a
wide range of operating conditions. The outcomes will enable engineers to control the

cold rolling process with improved reliability, productivity, quality and capability.

The flat strip rolling process is widely used in the steel manufacturing industry.
Technological advancement in this area will bring enormous economic gains in terms of
improved productivity and reduced cost in equipment maintenance. The outcomes will

assist the industry in improving greatly the existing technologies in cold rolling process
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control and maintenance, and thus the productivity. The acquired knowledge and
technologies are also readily applicable to many complex systems of heavy duty

mechanical equipment, often seen in mining and transportation.

1.4.2. Innovation

The proposed integral model of the rolling stand in cold rolling mill is conceptually
innovative because it overcomes the simplifications made in existing models for chatter
studies. These simplifications include: (i) chatter in the direction perpendicular to strip
only; (ii) linearised and un-coupled journal bearing stiffness and damping; (iii) linear
stiffness and damping of the contact between backup and work rolls; and (iv) rigid
support of journal bearings from stand chuck. The new model integrates the major sub-
systems together through the nonlinear couplings between vibrations in the vertical and
horizontal directions caused by journal bearings and that between inter-stands due to
strip tension variation. The model makes it possible to investigate thoroughly the chatter
transients caused by variations in operating conditions, strip specifications and

equipment conditions.

The project is methodologically innovative because the proposed approaches include:
modelling the highly nonlinear hydrodynamics of journal bearings using the Reynolds
equation of lubrication; inclusion of the bearing support dynamic characteristics in
terms of equivalent stiffness and damping coefficients; coupling the motions of top and
bottom work rolls through the inclusion of the applied transient torque, forces in vertical
and horizontal directions resulting from the rolling process; and a procedure for
predicting the chatter stability of a rolling stand in cold rolling under a wide range of
operating conditions. Another innovative aspect is to develop new methodologies and
numerical solution schemes for formulation of the integrated system model, and the
transient response analysis of the mills with multiple nonlinearities and time-dependent

system configurations.
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1.5. PRESENTATION OF THIS THESIS

The surface contact mechanism and hydrodynamic bearing characteristics resulted from
the roll gap model are necessarily complex mechanical systems, detailed modelling and
analysis in this thesis require the application of fluid and friction theories, and rigid and
flexible multi-body mechanics to develop the coupled mill vibration dynamics. Specific
modelling and analysis methods are therefore introduced in Chapters in which they are
first applied, rather than as a methodology chapter so as to assist the reader in their

understanding of the procedure applied, and provide clarity.

Figure 1-1 shows the main topics of this thesis and how each independent topic interacts
with other aspects of research. It should be used to understand why this thesis is broken
down into the chosen format. The main topics of each chapter are introduced in the

following sections.
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Chapter 2
This chapter provides the framework for the research of this thesis. Initially the required
background information on relevant aspects of roll gap model and mill vibration is
presented to introduce topics for research. This is followed by a detailed literature
search into all relevant aspects of chatter and its effect, identifying the state-of-the-art in
rolling mill dynamics and major components. To complement this work brief
exploration of literature is performed in each relevant chapter to identify important

aspects of relevant research, as necessary.

Chapter 3
Effects of rolling parameters on cold rolling mill are presented in this chapter using
conventional rolling theories and its limitation is described in order to develop the new
dynamic model. Moreover, many different aspects of stress-strain curve are examined
including the full-range of stress-strain curve as well as strain and strain-rate exponent.
Tension variation models are introduced for the estimation of the rolling force and

investigation of the influence of tension variation at entry side.

Chapter 4
Mathematical and analytical models of the roll gap dynamics for a rolling stand in cold
rolling are developed in this chapter using conventional theories of the roll gap and
deformation resistance of materials. These models are applied to Matlab environments
to investigate the response to basic inputs for the characterisation of subsystem
dynamics and force variations under the steady-state conditions. Furthermore, due to the
offset between the backup roll and work roll, friction force components are defined by
the assumption of metal-to-metal contact between two rolls and lubricated surface in the

work roll.

Chapter 5
Chapter 5 is devoted to the development of a coupled mill vibration model with the
general assumption symmetric in relation to the roll gap. This chapter specifically
considers the influence of the dynamic roll gap model without the use of a tension
variation model for determining stability through eigenvalue analysis. Simulations are

then carried out under the steady-state operating comditions by identifying the dynamic
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characteristics of support bearings and surface contact. Finally, rolling force in multi-

stand tandem cold rolling mill is calculated under the given deformation profile.

Chapter 6
Stability analysis has been performed in the chapter, especially for the determination of
stable and unstable region during the rolling process. Specifically, owing to relative
motion between the work roll and strip, stability threshold curves (STC) have been
determined through the change in the friction gradient in the dynamic roll gap. Many
different aspects of stability threshold curve (STC) have been calculated from the small

change in key rolling parameters which are significantly affecting mill stability.

Chapter 7
For the validity of the determined stability threshold curve (STC), Matlab programming
codes have been modified to provide the transient responses under various operating

conditions.

Chapter 8
In the final chapter the linear transient study of Chapter 7 is extended to include fully
transient response with three different tension variation models. Mill stability is highly
dependent on the dynamic characteristics of support bearings as well as the roll gap. In
principle, stability needs to be determined from the fully transient responses as the
states of support bearings and roll gap are varying with the rolling process. Therefore,
this chapter introduces the tension variation models to the dynamic roll gap model and
transient characteristics of a rolling stand are identified considering the oscillation of the
neutral point and strip thickness at entry side. In this way, the limitation of linear
stability analysis would be overcome although it costs too much time for a single

calculation.

Chapter 9
The concluding chapter reviews and summarises each of these chapters, presenting
important and novel results of this thesis as well as identifying the important areas for

extending this research.
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Chapter 2. BACKGROUND INFORMATION AND
LITERATURE REVIEW

It is important to understand how mathematical models of a stand and dynamic rolling
process are established. Chatter is generally understood to arise in high speed tandem
cold rolling mills, not only as a result of the interaction between the mill structure and
rolling process but also as a consequence of the dynamic relationship between the
adjacent mass elements. As such, it is necessary that the dynamic behavior of the rolling
stand and roll gap be determined in accordance with the resulting force variation. The
dynamic chatter model is then created by coupling the established models taking into
account associated variables. In this chapter, in order to understand the nature of mill
chatter through the literature review, the background research into mill vibrations and

its limitations of work done are extensively introduced.

2.1. INTRODUCTION

In past decades, chatter studies of cold rolling mills have been extensively performed in
academic and industrial fields, covering many different types of roll gap models
focusing on the plane deformation in the roll bite profile (Von Karman et al., 1925;
Orowan, 1943; Bland and Ford, 1948). Only recently dynamic rolling models related to
the study on the reduction of transient vibration during the rolling process have gained
an intensive attention. In order to achieve the stable rolling during transient periods
Arimura et. al. (1970) investigated the impact of nonlinearities affecting rolling force
and torque as variables i.e. variations of thickness, rate of change of the roll spacing,
roll bite length, and tension. The purpose of this survey is therefore to identify current
trends in simulations and analysis of tandem cold rolling mills and respective

components, exploring the background into each of these nonlinearities.

Modelling of cold rolling process — The models used to describe the cold rolling
process have been developed and constantly improved during past decades. With the
trend of rolling thinner and thinner strip, more accurate rolling models such as steady-
state roll gap model, dynamic rolling process model and Automatic Gauge Control
(AGC) mechanism have been developed to assist the rolling process. For instance, due

9
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to higher rolling force with thin gauge rolling, the roll gap model under investigation
needs to take into an account accurate friction model, yield stress model and roll
flattening effect. A large amount of literature has been published these days, including
the contributions made by many leading academic and industrial researchers. Many
studies (Swift, 1952; Johnson et al., 1983; Wagoner and Wang, 1983; Smerd et al.,
2005) investigated the deformation mechanism of the thin strip in cold rolling and
discussed the effects of initial thickness and yield stress of rolled materials. Yuen et al.,
(1998; 1999; 2003) developed real time hybrid mathematical models for predicting
accurately the rolling parameters, by considering the elastic and plastic deformation of

the strip and the elastic deformation of work roll in the roll bite.

Dynamics of single stand mill and major components — Substantial research has been
conducted and reported on the chatter of single-stand cold rolling. Tamiya et al., (1980),
Tlusty et al., (1982), Pawelski et al., (1986) and Yun and Ehmann (1998) among others
recognise that the roll bite geometry may vary from conventional models particularly
when the chatter vibration period is close to the roll gap transit time. However, most
studies modelled chatter in the vertical direction only, using lumped masses, linear
springs and damping elements to represent the dynamic mill system, as evidenced by
the work reported by Meehan (2002). Based on the simplified model and through
analysis and experiment, Meehan developed a criterion that quantifies the third-octave
rolling chatter stability and suggested that, in addition to low roll stand damping, low
roll stand natural frequency, and low slip sensitivity to tension stress, the dominant
factors for chatter also include high roll force sensitivity to tension stress and
geometrically wider or thinner strips. In the last 10 years, attention has been paid to
effects of nonlinearities on chatter within the dynamic system of cold rolling. Based on
the results obtained by Yun et al., (1998), Hu and Ehmann (2006) considered the effect
of plastic deformation of homogeneous and inhomogeneous strips on nonlinear chatter
in rolling. Lin et al., (2003) developed a nonlinear model for describing the dynamic
interaction between work rolls and strips and the initiation of fifth octave mode chatter.

Previous studies show that the mill system modelled with four or five degrees of
freedom provides very good quantitative prediction for frequencies of the first few
modes of vibration in the vertical direction. However, these reported studies commonly
use rather simple roll gap models and contact models to kinetically couple the work

rolls and backup rolls. The journal bearings, which are most often used to support the

10
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backup rolls in cold rolling mills, are also commonly modelled with linearised stiffness
and damping coefficients, often only in the direction perpendicular to the rolled strip.
Even more importantly, the nonlinearity and dynamic coupling between horizontal and
vertical motions of journal bearings, and the dynamic compliance in the bearing housing
chock supporting structures were not considered at all. As a result of this
oversimplification in modelling, the nonlinear and coupled vibrations in both horizontal

and vertical directions of cold rolling stands have been significantly overlooked.

Integrated dynamics of sub-systems of single- and/or multi-stand — In comparison to
the above reviewed areas, far fewer thorough studies in this area were reported. As
early as 1985, experimental studies reported by Paton and Critchley (1985) showed that
the work rolls vibrate in the horizontal direction as well as in the vertical direction.
Their work suggests that tension oscillations in the strip become large during chatter
and have a relationship with the vertical motion of the roll stack due to roll force
induced variations. Only in recent years, theoretical investigations (Yun et al., 1998; Hu
et al., 2006) focused on the nonlinearities and coupled chatter that is caused mainly by
tension variations. However, the nonlinear dynamics of supporting bearings and
complex dynamic compliance of the mill stand were not considered in the presented

studies.

In addition to the findings in Paton and Critchley (1985), vibration measurements taken
at the five-stand cold mill of BlueScope Steel Research in 1991 provide strong evidence
of the nonlinear and coupled chatter in both directions (Yuen et al., 1998). Vines (2005)
recently reported that USS-POSCO Industries tandem cold mill experienced an
abnormally high rate of roll changes due to “bearing-chatter” and the problem went
away once the bad bearings were replaced. Other observations provide further evidence
of the dynamic coupling. These include: (i) high variation in rolling forces; (i1) variation
in friction in rolling and in strip tension; (iii) variation in rolling speed; (iv) lubrication;
and (v) deflection of mill stand caused by about 10 MN rolling forces. All of these
factors can be related to operating conditions in a highly nonlinear manner: the load
(rolling force and work roll condition); backup roll speed (strip speed); backup rolls'
positions relative to bearing housing (chatter itself); and bearing support motion (stand

chock vibrations).

11
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In order to gain an in-depth understanding of the effects of the above mentioned factors
on the dynamics of tandem cold mills, it is in no doubt that new modelling methods
need to be developed. The new model will take into account not only the dynamic
coupling between mill stands caused by strip tension variation, the force coupling
between driving systems and rolls, but also the dynamics of nonlinear journal bearings
and mill stand structures. Hence, based on the determined initial conditions, the stability
region and the chatter transients of a rolling stand in cold rolling under a wide range of
operating conditions can then be investigated thoroughly using the new integrated

system model.

This chapter therefore covers the state-of-the-art in tandem cold rolling mill literature,
its components and applications. The primary sections of this chapter focus on
introducing the mill structure and its major component before undertaking research into
chatter simulations and control of the tandem cold rolling mill, and identification of
limitations in current literature. From the identification of these limitations research is
expanded into modelling of bearing supports, contact surface between the backup roll
and work roll, studies of nonlinearities in the roll gap model and other relevant research

into the current state-of-the-art for mill vibration modelling and control.

2.2. COLD ROLLING MILL MODELLING METHODS

Chatter phenomenon in cold rolling is a particular type of self-excited vibration as a
result of the interactions between the rolling process and mechanical dynamics of the
mill stand. Thus, a chatter model can be generally formulated as a consequence of the
interactions between the dynamic model of the mill stand and rolling process. In this
section, two mill mechanical models (Meehan, 2002; Kimura et al., 2003) for both
single-stand and multi-stand rolling mills are introduced for identifying chatter

characteristics.

Although there have been some work employing vibration modes to represent the
mechanical dynamics in cold rolling, extensive studies of both mechanical and dynamic
models still need more attention. Up to date, almost all models of the mill stand are
linear lumped parameter systems with all the masses vibrating along the longitudinal

direction only, which is perpendicular to the rolling direction of the material. In order to
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further simplify complexity in analysing the coupling effect of mill stands, it is
frequently assumed that the structure is symmetrical with respect to the strip so that the

number of degrees of freedom of the model could be reduced by a factor of two.

Yun and Hu (2000) employed a new dynamic model by using the Tresca friction factor
approach instead of Amontons-Coulomb friction law and developed a dynamic rolling
process model to relax assumptions and simplifications made in many works. However,
they ignored the interaction between the backup roll and work roll, and bearing supports

and focused on the lumped mass on the work roll vibration.

Therefore, in order to relieve assumptions and simplifications made in many works, this
research investigates the nature of chatter, which is related to vibrations in the
horizontal and vertical direction, introducing the bearing dynamics and contact surface

mechanism between the backup roll and work roll.

2.2.1. One DOF Mechanical Model

A spring-mass-damper model with one-degree-of freedom, which is the most widely
adapted and simplest, is a very good example to represent the dynamics of the mill
stand structure (Tamiya et al., 1980; Tlusty et al., 1982; Pawelski et al., 1986; Yun et al.,
1998; Lin et al., 2003; Hu et al., 2006, etc). A main reason of utilising this simple
system is due to the fact that the primary concern lies in the vertical vibration of the roll.
Moreover, the horizontal vibration of the roll is ignored owing to the limitation of
intensive calculations. In general, it is assumed that the system is symmetric with
respect to the centre-plane of the roll gap. As shown in Figure 2-1, the strip
continuously travels through the roll gap and the material deforms in a way that the
work roll is assumed very rigid and squeezes the strip with plastic deformation.
Therefore, the work roll shifts to upward and downward as rolling force is generated
from the deformed strip and acts on the work roll.

This single degree-of-freedom system can be expressed by applying Newton's second

law of motion in terms of the roll vibration as:

s . var var - WR
My Ywr = —K_\'y Ywr = Cn Ywr T '3 (2-1)

dyn.y
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WR
T F dyn.y

Rolling Direction

Figure 2-1: One DOF mechanical model

where my,;, is the lumped work roll mass, C\" is the damping coefficient, and K" is

the spring constant.

The dynamic rolling force £, is used to express the force variation in the roll gap

dyn.y
rather than the force variation per unit width. Since it is assumed that the structure is
symmetrical with respect to the roll gap in the center plane of the strip, the vertical

displacement of the roll, y,, , is related to the roll gap spacing at the center line as:

e | (2.2)

This single-stand model coupled with the dynamic rolling process can be used to
identify the instability or chatter caused by the positive, negative damping and

regenerative effects in the roll bite.

2.2.2. Multi-DOF Mechanical Model

With the help of fast computational methods, a vibration system with four or five
degrees of freedom has been developed in order to represent a four-high tandem mill
stand (Chefneux et al., 1984; Yarita, 1984; Johnson and Qi, 1994; Meehan, 2002; Chen
et al., 2002; Kimura et al., 2003). It consists of five mass elements, including the top

and bottom backup and work rolls in addition to the mill housing, as represented in
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Figure 2-2. The spring constant K is linearised to represent the elastic deformation

resistance of the work roll flattening when a rolling force variation is applied.
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Figure 2-2: Model of a four-high mill (Five Degrees of Freedom)

As shown in Figure. 2-2, the displacements between mass elements are only free to the

vertical direction when there is a dynamic force variation acting on the rolls. The
relative motions between the mass elements and the force variation F," can be

dyn.y

expressed by a set of second order differential equations:
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MyeVsn ==K\ Yn =Ky (V5r = Vi)

My = —Ky (Vm = Vin )~ Kow Yo —Fomy

MV = —Ks (Vwr = Yoz ) = KwYur + Fam, (2.3)
My = =Ks (Vor = Ywa) = Ko (Vor = Yon )

rnBHy'BH =—K;ypy _K4 (yBH "yBR)

The rolling force variation is directly applied as an external force to the system rather
than a spring because of highly nonlinear characteristics between the work roll and strip.
Thus, the mill system is significantly oversimplified as translational block rather than a

roll vibration including cross-coupling rotations.

Also, as shown in Figure 2-3, Chen et al. (2002) developed asymmetrical mass-spring-
damper system with six degrees of freedom in order to identify the regenerative chatter
which is known as one of the most serious vibration phenomena. For brevity, equations
of motions of the system are not listed in this section. However, it seems to the Author
that stiffness and damping coefficients of the system have not been discussed enough to
provide information where these are resulted from although equations of motion of the
system are reasonable. On the other hand, damping coefficients are not listed how these
significantly affect the mill stability even though the interaction of damping coefficients
between the housing and work roll as well as between the backup roll and work roll

exists. Also, in the z direction, the combination of the spring in the roll gap is not clear.
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Figure 2-3: Asymmetrical mass-spring-damper system with six degrees of freedom
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Almost all of the vibration analysis in rolling is focused on delivering the main cause of
chatter but chatter is simply assumed to occur along the vertical direction, which is
perpendicular to the mass flow direction of the strip. Even though these vertical
vibration models have been adopted in many research fields, it is very limited because
all the stiffness and damping coefficients do not result from the analysis of bearing
supports and chatter is generally initiated with the close interaction between two

translational motions.

Once the incorrect system coefficients are used to identify the chatter characteristics in
the rolling process, the overall process would yield in inaccurate results. However, with
particular care, it can be applied in a simulation program to study the dynamic response
of the tandem cold rolling mill in the frequency domain. Here it should be mentioned
that torsional vibration is not considered here as the torsional chatter occurs at the very
low frequency range of 5-20Hz and rapidly dies out in high-speed rolling process (Yun
et al. 1998).

2.3. RELATIONSHIPS BETWEEN INTERSTANDS

Arimura et al. (1970) considered that tension stresses at both entry and exit are the
consequence of inter-stand interaction when each stand is connected in tandem
configuration although there are independent variables influencing the single-stand mill.
As shown in Figure 2-4, the variation of stress at entry of (i)th stand is proportional to
the integral of the difference between the exit speed of (i-1)th stand and the entry speed

of (i)th stand, according to Hook's law.

Yun et al. (1998) and Hu et al. (2006) suggested that the vibration at the current stand
(Stand i) leads to a variation of the strip speed at entry through inter-stand interactions
between (/)th stand and (i-1)th stand. This influences the forward tension of the
upstream stand (Stand /-1) and causes gauge variations. After a small time delay,
tension variations enter the current stand. Furthermore, the inter-stand interactions
between (i)th stand and (i-1)th stand influence the dynamics of (i-1)th stand and cause a
tension variations between (i-1)th stand and (i-2)th stand, which further affect the gauge

variation in (7-2)th stand. The gauge variations of (i-2)th stand enter (i-1)th stand after a

18



CHAPTER 2. BACKGROUND INFORMATION AND LITERATURE REVIEW

time delay and (7)th stand after another time delay. These kinds of interactions can be

traced back on and on and lead to a wave train effect.
(i-7)th Stand (H)th Stand (i+I)th Stand

3

(1) o . efnyy = = ¥ (1+1)

\ vg,(:-i}"’“"’ e i
1)

i1 1

=|= v]

Strip

aa

o

Figure 2-4: Relationship between inter-stands in the tandem cold rolling mill

That s,

E ¢, \ .
tv,var,l i E Z‘; ( Vc,var,l e vx:varJ—I )dt (24)
t.\',va = -g. j(: (ves/a.r,/ Wl vx,var,l )df (25)

where £ is Young’s modulus of the strip and D;.; is the distance between (i)th stand and

(i-1) stand.

Another important relationship between consecutive stands is presented by Arimura et
al. (1970) introducing the Laplacian operator s to identify how the strip thickness
variation from one stand affects the next stand. This plays an important role in

regenerative effects. The transfer function representation of the relationship between
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strip thickness variations at entry of (/)th stand and that at exit of (i-1)th stand can be

written as:

dh,, =e"dh,,, 2.6)

dhe«l—l = e_SA,_l dhc.l—l (27)

where Aj is the time delay that can be expressed as:

A = Dy (2.8)
v

2.4. CHATTER SIMULATIONS, MODELLING AND CONTROL

2.4.1. Types of Rolling Chatter

Based on the observation of unstable vibrations in the tandem cold rolling mill, it is well
known that three typical types of chatter have been recognised. To effectively reduce or
eliminate chatter or shudder in mill operations, it is first necessary to understand
resonant frequencies and nature of chatter. As reported by Tamiya et al. (1980), Tlusty
et al. (1982), Chefneux et al. (1984), Yun et al. (1998), Chen et al. (2002), Farley et al.
(2006), there are three predominant types of mill vibrations, these can be classified as:
torsional chatter, with a natural frequency lying in the 5-20 Hz range; third-octave mode,
ranging from 125-300 Hz; and fifth-octave mode, with natural frequencies in the 500-
1000 Hz range. Torsional chatter is associated with the drive system, while third-octave

and fifth-octave mode chatter are related to the translational oscillations of the roll stack.

2.4.1.1. Torsional Chatter

In the main drive system of a tandem cold rolling mill, shaft torsional vibration is often
generated when a motor and a roll are connected with a flexible shaft. In the high-speed
mill operation, torsional vibration known as torsional chatter usually occurs only as a
result of malfunctioning of motor speed-control circuits or as result of third-octave
mode chatter. Torsional chatter associated with the drive train causes very small

fluctuation in the gauge of the rolled strip and texture on the strip surface.
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Belli et al. (2004) presented the model of the kinematic drive chain and that of the
material deformation in the roll bite. They identified resonant natural frequency (16.7
Hz and 17.6 Hz) in terms of the torsional vibration. In order to reduce unstable vibration,
they suggested that the kinematic chain needs to be modified by adopting a top spindle
with a stiffness and inertia larger than the stiffness and inertia of the bottom
spindle.Zhang and Tong (2006) proposed the linear quadrant (LQ) based speed
controller including load compensation. In order to achieve vibration suppression and
disturbance rejection, the extended state observer (ESO) is used to estimate not only the
states but also load torque. They concluded that the proposed controller guarantees
stability when mechanical parameters are changed and its validity and superiority is
verified in comparison with the conventional PI controller and the state feedback

controller based on a reduced-order state observer.

2.4.1.2. Third-Octave-Mode Chatter

Third-octave-mode chatter is the most destructive vibration problem encountered in the
high-speed thin rolling mills. It occurs most suddenly and vibrations approach to
instability reaching its maximum amplitude within just a few seconds. It results in
severe and undesirable gauge variations of the rolled strip and very pronounced tension
fluctuations between stands. In some extreme conditions, it may even lead to strip

breakage and rolling mill damage.

Tamiya et al. (1980) have reported that this type of chatter phenomenon is a self-excited
vibration, rather than externally excited, due to the phase difference of strip tension
when the influence of change in tension on the change of the strip thickness becomes
large. Based on their observation, Tamiya et al. (1980) suggested the following methods
to avoid chatter: (i) increase the length between stands, and (ii) increase the damping
effect in the screw-down system to reduce the strip variation. Tamiya et al. (1980) also
recommended an alternative method which is to use lubricants that are scarcely affected
by the fluctuation of tension. In light of this, the following considerations have been
taken into consideration: (/) the ratio of hydrodynamic lubrication to boundary

lubrication and (i7) the strength and stability of the boundary film.
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Tlusty et al. (1982) developed a vertical mill vibration theory with two degrees of
freedom incorporating the inter-stand tension to obtain rolling force components in cold
rolling. In addition, they presented a standard for instability of the system and described
the effects of the rolling speed, strip width, contact length and tuned dampers on the
limit of stability as a means to identify self-excited vibration, as designated by a
negative damping from the derived rolling force components. Due to the periodic
variation of the inter-stand tension, they showed that the mill system experiences
negative damping effects and causes vertical oscillations of the work roll, taking the
variation of the rolling force by a 90 degree phase difference while the periodic
variations of the contact length and rolling speed produce a positive damping effect.
However, calculations used for determining variations of rolling force and tension in

their study were oversimplified and can provide only the limited vibration modes.

Yarita et al. (1984) examined both a four DOF linear system and a one DOF system
with a time dependent rolling stiffness. The four DOF system describes the motion of a
four-high stand; the motion of the two work rolls and the two backup rolls. The natural
frequencies of the four DOF systems were determined numerically. In addition, a
heuristic model of a one DOF system with variable stiffness was introduced. This was
transformed into a Mathieu's equation and a stability criterion was deduced using
classical techniques. They further concluded that chatter occurs when the tension
fluctuation frequency coincides with the system natural frequency or when coupled with

inadequate lubrication.

In order to increase productivity and decrease in rejection due to chatter in 5-stand
tandem Ferblatil mill, Chefneux et al. (1984) investigated third-octave-mode chatter by
taking into account the successive engagement between inter-stands. Interactions
between inter-stands where the exit thickness of the strip leaving the (7)th stand is the
entry thickness of the strip at the (i+])th stand after the appropriate transit time, and
instantaneous interaction, where any disturbance altering the forward slip of the strip
leaving a roll bite has an immediate effect on strip tensions at adjacent stands. The mill
sensitivity they obtained are: (i) the tendency to chatter increases as the rolling speed
increases, (i7) tension between the last two stands must be held at the lowest possible
value, (7ii) friction coefficient in the last stand must be not too low, (iv) rolls must be in

good condition, (v) sudden changes in the mill during rolling process must be avoided.
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According to experimental observation, this enabled a mill to safely increase its
operating speed by 15 per cent without encountering chatter and resulted in an increase

in mill productivity of 15%, a 38% decrease in chatter.

The vibrations of any oscillatory system may be reduced if sufficient damping exists,
regardless of the mode of excitation. In this respect, Paton and Critchley (1985)
developed methods for increasing damping in the case of third-octave mode chatter by
using tuned dampers installed on the top backup roll chocks. They advocated that
variation of inter-stand tension is the primary factor which induces variation of the

vertical rolling force and therefore, the vertical oscillation of the roll stack.

Pawelski et al. (1986) also presented a vertical model which predicts the influence of
the rolling parameters on the susceptibility of a mill to self-excited vibrations. This
model treats the harmonic oscillation of the work rolls at given frequency and amplitude
to calculate rolling force as functions of time, neglecting the dynamic characteristics of

the mill stand.

In recent years, Yun et al. (1998) developed a new dynamic model taking into account
both the variations of the roll gap and the rate of change of the roll gap. In order to find
its effects on rolling process variables, the dynamic model employed the Amontons-
Coulomb friction law for obtaining rolling force and toque as a function of the strip
thickness, tension, friction and flow stress. Simulations to compare the measured rolling
force to the predicted rolling force were performed for identifying the phase difference
between the strip thickness and rolling force variations. They further developed a uni-

modal chatter model and a multi-model caused by the tension variation at the entry side.

Kimura et al. (2003) attempted to understand how the rolling conditions can be related
with vibration phenomena through numerical simulations. Firstly, they constituted a
theoretical model to simulate the vibrational behaviour of a five-stand continuous
rolling mill, and evaluated the stability of the mill vibration, introducing a disturbance
to the static rolling conditions. The results of the calculation show that the vibration is
greatly influenced by rolling speed and friction coefficient. With increase in rolling
speed, the mill vibration tends to be self-excited. Also, the results have shown that

optimal ranges of the friction coefficient exist in which the vibration is damped and the
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mill is stable against the disturbance. Secondly, they proposed a simple self-exited
vibration model and the stability index for further understanding of the phenomena.
Thus, an analytic approach is made to predict the stability of the rolling process. With
this model, they have shown that the rolling force and the delay of the response to the
change in the roll gap have a major effect on self-excited vibration. These phenomena
were explained using self-excitation model with a five degrees of freedom. The results
indicated that the stability of a rolling mill system is affected by the phase difference
between the vertical motion of rolls and the force response. Therefore, they thought that
the stability of a tandem cold rolling mill is determined by the rolling conditions,
especially the friction coefficient. Neither too high nor too low friction coefficient

stabilises the self-excited vibration in a tandem cold rolling.

Hu et al. (2006) combined a linearized rolling process model and a mechanical dynamic
model to study the third-octave and fifth-octave-mode chatter, which is a result of the
relative motions between the work and backup rolls. The interaction between work and
backup rolls was expressed in terms of the constant contact stiffness and damping
coefficients. A unidirectional (vibrations allowed only perpendicular to the strip) two
degree-of-freedom linear mechanical model was employed to represent the vibration of
work and backup rolls. A stability criterion for the third-octave and fifth-octave mode
chatter was given by analysing the characteristic equation contributed through the

combination of the rolling process and mechanical model.

2.4.1.3. Fifth-Octave-Mode Chatter

Fifth-octave-mode chatter causes chatter marks on the backup roll barrel and prints via
the work roll onto the strip surface with a spacing between 10 and 40mm. According to
Farley (2006), the markings are generally parallel to the roll axis and often have
uniform intensity across the backup roll barrel. The vibration frequency associated with
fifth-octave chatter is usually in the range 500 to 1000 Hz and involves the two work
rolls moving in-phase and vibrating between the two backup rolls. The backup rolls
move in off-phase to the work rolls. The relative motion between the work roll and
backup roll damages the backup roll surface during the rolling process. It is reported

that this type of mode belongs to a family of fifth octave modes, all capable of
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damaging the backup roll or leaving the chatter marks, through relative motion between

the backup roll and work roll.

In previous study, Johnson and Qi (1994) formulated two and four DOF systems to
examine chatter phenomenon. From the system matrix, they found the frequencies of
the two modes which represent fifth-octave-mode chatter that produces sheet
corrugations and the other two modes being third-octave-mode chatter that leads to

gauge variations.

Fortunately or not, it is being understood that fifth-octave-mode chatter does not affect
the variation of the rolled strip and is detrimental to the rolled products or mills.
Furthermore, it is said that it is not generally difficult to suppress this mode of chatter.
In order to suppress fifth-octave mode chatter, the effective method appears to be the
removal of various sources of external forced vibrations, especially of damaged

rotational parts of the rolling mill.

2.4.2. Single-Stand Chatter Model

Yun et al. (1998) formulated single-stand chatter model by coupling the rolling process
model with the mechanical model (surface contact mechanism between the work roll
and backup roll) and by considering the interactions between stands (roll gap variations),
as shown in Figure 2-5. The inter-stand tension effect was included to incorporate the
pay-off and pick-up reels. It was assumed that the pay-off and pick-up reels do not
introduce any velocity variations, meaning that the exit velocity variation of the pay-off
reel at (i-1)th stand and the entry velocity variation of the pick-up reel at (i+1)th stand
disappear. In a single-stand chatter model, the inter-stand tension variations of 90
degrees were purely generated only by the entry and exit velocity variations by the stand

itself.
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Figure 2-5: Single-stand chatter model

Variations of force components were represented by positive damping imposed by the
plastic deformation of the strip in the roll gap and by negative damping introduced by
the back tension variation, respectively. In addition, the rolling contact stiffness was
also calculated by the strip deformation in the roll gap, which increases the natural
frequency of the stand. Based on this chatter model, the single-stand negative damping
effect and the effects of these quantities have been analysed by Hu et al. (2006)

introducing a synthetic block diagram of tandem cold rolling mill.

2.4.3. Multi-Stand Chatter Model

Chatter phenomena are usually observed before and after final stages of the rolling
process on tandem cold rolling mills. It is commonly understood by researchers that the
tendency of chatter, which generally occurs at the fourth or fifth stand, is due to the
instability caused by tension and force variations between inter-stands. So as to identify
the influence of roll gap variations between inter-stands on overall system stability, a
multi-stand chatter model (Yun et al., 1998; Hu et al., 2006) including dynamic roll gap
variations, was established based on the single-stand chatter model, as shown in Figure
2-6. In order to identify the nature of chatter between inter-stands, the inter-stand tensile

stress variation has been calculated by using equations (2.4) and (2.5).
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The dynamic chatter model below consists of two stands and each stand has four state
variables for a total of eight state variables. As the front tension variation of (i-1)th
stand is equal to the back tension variation of (i)th stand, the number of independent
state variables of the system have been reduced to seven. The same procedure can be
applied to construct a state space model of a tandem cold rolling mill consisting of more
than two stands. It has been noted that the time delay term, A;, which plays a critical role
in unstable vibration, appears in the square matrix of a state space model. In essence,
this is a set of delay differential equations (DDE), which require much more complex

stability criteria to perform stability analysis.

(i-1)th Stand (i)th Stand
Structural Structural
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(BR and WR) (BR and WR)
A
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dh,,_, Rolling dh, A, dh,, Rolling dh,,
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Figure 2-6: Multi-stand chatter model

These two chatter models are an excellent example to represent the synthetic block
diagram of tandem cold rolling mills; the concept firstly introduced by Tamiya et al.
(1980) is intended to identify the effect of inter-stand tension on self-excited vibration

caused by phase difference of tension.

Therefore, this research will develop a new dynamic chatter model not only identifying
the coupling effect between the associated variables in the roll gap but also investigating
the effect of tension variation terms developed by Tlusty et al. (1980) and Yun et al.

(1998). Also, considering the change in roll gap area, a new tension variation model and
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its significant influence on mill stability will be discussed. The negative damping effect
will then be investigated based on a rolling stand chatter model. Of course, if the tension
variation terms are neglected between stands, two chatter models can be used to explore

the single-stand negative damping mechanism due to the friction gradient as well.

2.4.4. Stability Analysis for Chatter Model

In determination of the onset of instability, stability analysis is often utilised to exhibit
the system stability based on a given chatter model of the rolling process (Tamiya et al.,
1980). It is a critical procedure to obtain the corresponding output (natural frequencies
and mode shapes). A necessary and sufficient condition for the vibration system to be
stable is that all the poles of the system transfer function must have negative real parts.
In other words, all the poles should lie in the left-hand s-plane otherwise the system

becomes unstable where all the roots are not in the left-hand plane.

The Routh stability criterion, one of the most popular techniques for assessing stability
of a linear time invariant (LTI) system, has been employed to determine whether the
presented model provides a stable solution or not. After examining Routh's array,
stability is determined through examining the first column of the calculated array. For a
stable system, the criterion requires that there be no changes in sign in the first column.
Due to its simplicity, this method provides the number of roots of the characteristic
equation in the right half plane without necessarily computing the values of the roots,
and is valid for all types of bounded inputs such as impulse, step or harmonic

disturbance.

For the system matrix described in a state space form, stability can be determined from

the characteristic equation given by:

det(sT-A)=0 (2.9)

where I is the identity matrix and A is the system matrix.

In order to determine stability of the presented system, Routh criterion can be applied to
identify any unstable roots in equation (2.9), as demonstrated by Tamiya et al. (1980).

Alternatively, the roots of the characteristic equation can be directly calculated by
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computing the determinant. Unfortunately, system matrix (A) generally results in very
complex function of the rolling process parameters due to its nonlinearities. This makes
either calculating the eigenvalues or applying the Routh criterion impractical. On the
other hand, in addition to the steady-state rolling condition, the system matrix can be
evaluated for each setting of different rolling conditions as the positions of rolls and
variations of the dynamic roll gap are varying with the rolling process. After that, the

eigenvalues of the system matrix can be found numerically without any difficulty.

Initially, Tamiya et al. (1980) employed the Routh criterion to assess the stability of the
characteristic equation from the chatter model. Tlusty et al. (1982) developed the second
order characteristic polynomial to determine if the system is stable or not. The
requirement for a stable second-order system is simply that all the coefficients of the
damping and stiffness terms should be positive. They concluded that chatter is due to
periodical variation of the inter-stand tension leading the variation of the rolling force
by a 90 degrees phase. At this instant, the periodical tension variation represents
negative damping and causes unacceptable gauge variation in the roll gap, while
variations of the contact length produce a positive damping effect. In order to maintain
the system as stable, positive damping is introduced by the periodic variation of the
contact length. This should be larger than the negative damping initiated by the back
tension variation at the entry side. As a result, they described the effects of various

process parameters on the limit of stability.

In a similar way, Meehan (2002) presented a dynamic model for investigating third-
octave-mode chatter. Based on a feedback mechanism incorporating simplified models
for the roll stack dynamics, strip and inter-stand dynamics, a stability analysis was
performed to obtain a criterion for the critical rolling speed at which chatter begins to

grow.

Hu et al. (2001; 2006) established fifth-octave-mode and third-octave-mode chatter
stability of single-stand and multi stand mills by formulating analytical stability criteria
in terms of relevant rolling process parameters. For fifth-octave-mode chatter, it was
shown that fifth-octave-mode chatter generates vibrations mostly on the backup rolls
and thus the high-frequency between the backup roll and work roll produces an

unpleasant noise when it occurs. They concluded that fifth-octave-mode chatter is not
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directly related to the strip thickness variation but associated with the noise and the mill
system will more likely becomes unstable due to third-octave-mode chatter. For third-
octave-mode chatter, on the other hand, model matching and mode coupling

mechanisms were analysed.

In stability analysis of a single-stand mill, the model matching effect was assessed by
applying the Routh criterion on a second order linear system, which is similar to the
work done by Tlusty (1982). In a similar way, the Routh criterion was applied on a
fourth order system to access mode coupling stability. Sign changes in the Routh array
elements were studied instead because of complexity of the coefficients of the
characteristic equation. They pointed out that third-octave-mode chatter was initiated by
the negative damping effect due to the existence of mode coupling at a higher operating

speed.

In determination of stability in a multi-stand tandem mill, stability was calculated by
applying strip tension variations caused by inter-stand interactions. In order to access
the effect of the multi-stand negative damping on multi-stand mill stability, variations in
Routh array elements were studied by investigating the first column of a sixth order
polynomial. This mechanism explicitly provides the explanation of self-excitation in the
tandem cold rolling mills and leads to the most detrimental effects associated with third-
octave mode chatter. However, they failed to directly relate the rolling process
parameters, such as the nominal tension variation setting, variations of the friction
coefficient with respect to the rolling speed, equilibrium of support bearings, etc, to the

instability of the mechanisms.

Nonetheless, the choice of the appropriate method is very case specific, and the analysis
and evaluation of this type of characteristic equation is generally rather tedious. Zhao
and Ehmann (2006) adopted the integral criterion because it offered slight advantages,
such as numerical evaluation of the integral instead of symbolic evaluation. As a result,
a stability chart, similar to stability threshold curve (STC) in this study, that relates the
friction factor and the critical rolling speed was created. It demonstrated that vibrations
in a tandem cold rolling mill can be unstable due to the regenerative effect, even if the

individual stands are stable in the sense of negative damping.
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2.5. DISCUSSION

The development of a single-stand chatter model is fundamental to investigate the
negative damping mechanism in cold rolling, which is the consequence of the
interactions between the rolling process and the mill structure. Although many chatter
models have been formulated by coupling the dynamic model of the homogeneous
rolling process and various mechanical models of the mill stand, the coupling
relationship initiated from the mill structure such as hydrodynamics of support bearings

has been consistently ignored.

Multi-stand chatter models, on the other hand, are more suitable for studying the multi-
stand negative damping and the regenerative effects, since they take into account the
interactions between two stands, such as tension variations and strip thickness delay
transportation. The simplified multi-stand models, however, also does not take into
account the mill structure borne vibration. Therefore, it may not be suitable for
identifying the origin of unstable vibration, i.e., the accurate prediction of resonant

natural frequency range, which is often referred to as chatter or shudder.

In the modelling of the dynamics of mill vibration between the inter-stands, the rolling
speed is assumed constant, which is the same as in the steady state condition. Yet, the
entry and exit velocities of the strip change during the dynamics of the rolling process.
So, the constant speed model may not be able to predict accurately the position of the
entry point when the strip thickness varies. However, a roll gap model to form an
analytical or numerical solution, which is capable of finding the position of the entry

point in the deformed roll, would be the more reliable than any other.

Finally, the stability analysis of the negative damping or regenerative mechanism is
required to be dependent on the state in order to obtain closed form solutions existing
between the upstream and downstream stands. This means that tension between stands
also changes with other associated variables. In order to model the chatter mechanism
with more than 2 stands, additional state-dependent variables are needed. As such, it
would be very difficult to model the chatter mechanism and the determination of
stability analysis of such system would be too computationally intensive. Instead, in

order to determine stability threshold regime based on the linear system, a single-stand
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chatter model will be formulated by ignoring the tension variations between stands
because tension variation model so far developed is assumed to be harmonic. Tension
variation model will then be included in the fully transient study only as it is highly
dependent on both the state and time during the rolling process. Also, so as to simulate a
chatter model only in a single-stand cold rolling mill, especially at 4™ stand which
chatter commonly takes place, a more feasible way will be presented comparing tension
variation models to the current tension variation model since computational time can be

reduced more efficiently than multi-stand chatter model scaled up to more than 2 stands.
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CHAPTER 3. EFFECTS OF ROLLING PARAMETERS

3.1. INTRODUCTION

Many different models of the homogeneous or in-homogeneous rolling process, based
on the roll gap profile, are presented in literature (Orowan, 1943; Bland and Ford, 1948;
Yuen et al., Qiu et al., 1999; Tan et al., 2008, etc). Some models relax certain
assumptions made in the simplified model, by considering the influence of the material
strain hardening effect and the elastic deformation of the work roll. The simplified
model needs to provide proper explanation of the physical and mechanical properties of
materials being investigated. In order to formulate the explicit quasi-static or dynamic
model of the rolling process, a fundamental understanding of rolling process for various
parameters is required. Accordingly, all the factors of interest, which may affect system
stability, need to be discussed so that the chatter model for a dynamic rolling process

can be formulated.

3.2. ROLL BITE PROFILE (GEMETRY OF THE ROLL GAP)

Based on the equation of the mass conversation principle, which means the incoming
mass flow of the being rolled material is all the time same as the outgoing mass flow of

the strip, the mass flow through the roll gap may be represented by:

vh=v.h =v. h =v,h 3.1)

The basic rolling process is illustrated in Figure 3.1. A continuous strip with thickness

h, and width W passes through the roll gap between two work rolls with a velocity v,,
and exits with thickness A, and velocity v, . The radius of the undeformed work roll

is R, , the strip thickness at the neutral point is 4, and the roll peripheral velocity is v, .

For the radius of the undeformed rolls of the order of one hundred times the strip
thickness and for a W/h ratio greater than ten, it can be assumed that the exit width is

also W . The plastic deformation thus becomes a plane strain problem.
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Figure 3-1: Roll bite profile during steady-state rolling process

When rolls are rotating in a steady-state condition, the x -axis can be defined to be
along the line of symmetry and runs from the centerline of the rolls towards the entry. It
was usually assumed that the exit plane coincides with the centerline of rolls, but this
would become invalid once the rolls begin to vibrate. Based on the observation on
industrial rolling mills, the work rolls can vibrate in both horizontal and vertical
directions (Paton and Critchley, 1985) as the bearing oil film changes during the rolling
process. It is then reasonable to take both vibrations into consideration when
constructing the rolling process model. As shown in Figure 3-1, the top work roll may

vibrate in both x and y directions with velocity of x and y, respectively, while the
bottom work roll vibrates in-phase along the x direction but opposite in y direction

with top roll. "In-phase" vibrations in the y direction would have little effect on the

force equilibrium of the deformation process (Tamiya et al., 1980), but would rather
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move the strip up or down with the work roll pair. If the movements in the x direction
are different at top and bottom, however, the deformation process will become too

complicated for an analytical solution to be found.

In order to provide a suitable deformation process in the roll gap, this assumption can be
regarded as valid since two work rolls (top and bottom) are the same and symmetric to
the centre plane of the strip. Thus, the degrees of freedom of the work roll vibration can

be reduced to a factor of 2 when ignoring torsional vibration.

It was usually assumed that the roll surface can be treated as a parabolic curve so the
calculation can be simplified without losing much accuracy (Yun et al., 1995). With the
two translational motions of the rolls, a parabolic approximation (Underwood, 1950) for

the strip thickness within the roll bite may be represented as:

2
X

h(x)zhl,+ (3.2)

WR

The approximate roll bite length may be formulated as:

L(x)=\R,(h —h)=\R,Ah (3.3)

where Ak =(h,—h_) is the reduction of the strip thickness with the deformed roll radius

R, of the work roll.

The parabolic approximation is more or less restricted to the case where the roll bite
length is several times larger than its thickness. Under the condition referred to as
"homogeneous deformation”, the horizontal stresses and vertical stresses along the roll
gap may be assumed constant. Also, the analysis is restricted to stable rolling where it is
required that the magnitude of the surface velocity of the roll is greater than the entry
speed of the strip but less than the exit speed of the strip. This ensures a 'neutral point',
where the strip velocity equals to the roll surface velocity with respect to the roll gap. At
the entry side prior to the neutral point, the work roll rotates faster than the strip velocity

and friction tends to reject the material and prevent it from entering the roll gap. After

35



CHAPTER 3. EFFECTS OF ROLLING PARAMETERS

the neutral point the strip velocity moves faster than the roll surface and friction pulls

the strip out of the roll gap, meaning that the direction of the friction is reversed.

Finally, under the steady-state rolling condition, strip thickness is determined by the

trigonometry.

h=h +2R,,(1-cos¢) (3.4)

3.3. ELASTIC FLATTENING OF THE WORK ROLL

In the conventional rolling theories, the work roll was assumed to remain rigid, or to
undergo no elastic deformation. In the compressive rolling of relatively soft materials,
the assumption of rigidity is reasonably valid but in the rolling of thin, hard strips, and
in dry temper or lubricated cold rolling, the rolls are significantly flattened so that the

arc of contact is considerably longer than that of rigid rolls through the roll gap.

Before Hitchcock (1935) developed the concept of the roll neck bearing, the roll
flattening effect has been neglected due to the complexity of a varying roll radius. In an
analytical model of the rolling process, the error generated by this simplification can be

mostly corrected by using the effective radius of the roll R, instead of the undeformed

radius R, . The effective radius (deformed roll radius) changes over applied load along

the arc of contact when the compressive pressure acting on the roll surface changes.
This roll flattening model greatly reduces the complexity of the roll flattening model,
yet it advances the accuracy of the estimation of rolling force without requiring too

much additional effort.

In deriving the above equation, Hitchcock assumed that the pressure distribution
between the roll and strip is of an elliptical form and thus the deformed roll profile still
remains circular during the rolling process and the effective deformed roll radius can be

expressed as:

R =R, |1 16(1-*)F, R, |1+ (3.5)
= = + — = . + .
d WR E ‘ h WR 1h
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where ¢ is the Hitchcock constant, R, is the undeformed roll radius, Ak is the
reduction or draft of the strip and £, is the roll separating force (specific rolling force

with unit of N/m). A simple estimation of roll flattening ratio is given in Figure 3-2.
This model gives a rough estimation of the roll flattening and can be easily used in

conjugation with the rolling process model to provide a more accurate calculation of

rolling force.
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Figure 3-2: Roll flattening ratio (R% ) depending on materials used

WR

However, it should be noted that Hitchcock theory unfortunately fails to estimate the
deformed roll radius when its reduction and the coefficient of friction is very small
because of inability to find exact solution for those conditions. Thus, it may need to be

estimated correctly if one uses Hitchcock concept in very thin roiling such as foil rolling.

Bland (1950) proposed that Hitchcock’s aforementioned assumption is reasonable and
can be used with confidence only for the case of a thick strip rolling. When the strip

thickness decreases, the rolling force required for attaining an exact reduction increases.
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This is due to the increase of the yield stress in the roll gap which will be discussed next
section. Also, with the increase of the strip thickness, required rolling force will be
decreased. Therefore, it should be noted that rolls are deformed into a non-circular
shape in case of rolling of a thin hard material, indicating that the use of Hitchcock’s

formula may cause unsatisfactory results.

In order to reduce the overestimation of the roll flattening, a more complicated and
accurate model which takes the dynamic rolling condition into account is proposed by
Gohar (1974). After that, Chang (1994) concluded that Gohar's model gives a better
estimation of roll radius deflection than those calculated by Jortner et al. (1960) and

other researchers.

Pawelski (1986) assumed that the effective radius of the work roll is constant along the
contact arc between the work roll and the strip and remains the same even when the
total rolling force changes to simplify the analysis of the rolling process. The work roll
is assumed to be a very stiff spring in the mechanical model of the deformed roll profile.
When rolling force increases or decreases, the strip thickness accordingly changes
including the displacement caused by the movement of the work roll. Using these
assumptions, the accuracy of the dynamic model of the rolling process is significantly

improved, yet, still resulting in a solvable analytical model.

3.4. FRICTION MODEL

In general, friction is required for ensuring the surface contact in compressive rolling, in
such a way that the work roll draws the strip into the roll bite by means of friction.
However, friction has to be carefully controlled in the rolling process as the rolling
force and torque rise with the increasing friction. In cold rolling, it is generally
understood that the coefficient of friction usually ranges from 0.01 to 0.1, depending on

the strip materials, surface finish of the rolls and lubricants applied.

As reported by Robert (1978), chatter typically occurs at the last few stands (4" stand)
in tandem cold rolling mills during high speed rolling of hard and thin strips. Generally,
the friction coefficients for these stands are very small in modern production mills,

around 0.01~0.03 (Meehan 2002 and Kimura et al., 2003), indicating extremely good
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lubrication in the roll bite. In this case, friction force is far lower than the shear strength
of the strip material. Some case studies show that the friction force is always less than
the shear strength of the strip material when the friction coefficient is less than 0.1. It is
important to make sure that the friction does not exceed the shear strength of the strip
material. Since the traditional usage of the friction coefficient is widely adapted both in
academy and industry, the friction coefficient model is employed to simplify the

computation of the dynamics of the rolling process as well as to facilitate comparisons.

Tan (2008) summarised a number of friction models used in plasticity, such as the
Amontons-Coulomb friction model (ACM) (e.g., applications by von Karman, 1925 and
Kudo, 1960), the constant friction model (e.g., reviewed by Schey, 1983), the general
friction model by Wanheim and Bay, 1974 and Bay, 1987), the absolute constant
friction stress model by e.g., Orowan (1946), Alexander (1955), Tan et al. (1998),
Levanov friction model (Levanov, 1997), Anand friction model (Anand, 1993), the

empirical model by Tan et al. (2002).

For some rigid contact bodies with elastic deformation, Amontons-Coulomb friction
model can be modelled with extreme accuracy (reviewed by Dowson, 1979 and
Bowden and Tabor, 1954). For plasticity problems, some friction models have been
used to "successfully” evaluate applied loads, material flows and deformation, as
reviewed by such as Schey (1983), Ginzburg (1985), Tan (2002). However, none of
these friction models has been applied to satisfactorily predict the distribution of local

contact stresses in flat rolling, especially for the neutral point/plane.

The accuracy of the conventional theory of rolling partly results from ignorance of the
material velocity. Rolling speed affecting rolling forces has been experimentally
observed by a number of researchers. Azushima (1978) examined coefficient of friction,
surface qualities, and oil film thickness using a high-speed test mill, and observed that
oil film thickness decreases with increasing reduction, but increases with increasing
rolling speed; the magnitude of the coefficient of friction decreases with increasing
rolling speed. Matsui et al. (1984) conducted high-speed rolling tests up to 1500m/min
and pendulum type of friction test and showed that with increasing rolling speed, mean
peak rolling pressure decreases, oil film thickness increases. Azushima and Miyagawa

(1984) experimentally investigated lubricant behaviours in cold sheet rolling and
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showed that the influence of the roll speed on the coefficient of friction is significant:
values of the coefficient of friction decrease with increasing roll speed. Lin et al. (1991)
conducted experiments in cold strip rolling and showed that with increasing rolling
speed, the values of the forward slip increases, the friction coefficient decreases,
whereas torque increases slightly. The effects of the reduction, roll speed, lubricant-type
and viscosity on the roll separating forces, forward slip and resulting specimen surface
roughness during the cold rolling of aluminium have been studied by Zhang and Lenard
(1992). The forward slip, the friction coefficient and roll separating force decreased
with increasing lubricant viscosity while increasing speed was found to lower the
friction coefficient. The above paragraph mistakenly quoted by Tan et al. (2008),
especially for the forward slip with the increasing rolling speed, is corrected by the

Author.

Most recently, Tan (2007) has developed a new friction model — the dynamic friction
model and has successfully applied it to establish solution to the plane-strain
compression. The basis of this model was combination of sliding mechanics with fluid
mechanics. In this hybrid model (a) Amontons-Coulomb friction model and the
definition expression of viscosity have been jointly taken into account and (b) the
friction stress is related to not only the flow stress and dimension of material, but also

material velocity.

Friction in a real forming process depends on many parameters. However, the
researchers have attempted to propose friction models by means of simple laws and
relationships. The most common friction models employed in academic and industrial
studies are the classical Amontons-Coulomb friction model and the friction factor
model. The Amontons-Coulomb friction model assumes that friction stress increases in
proportion to normal pressure with proportionality constant called the coefficient of
friction. Amonton's law is one of important friction models that can mathematically be

expressed as follows:

T =up (3.6)
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where 7 is the friction stress, u is the coefficient of friction and p is the normal

pressure. This law is valid for elastic contacts as well as for forming process with low

interfacial pressures, i.e. p/o, <1.5 where o, is the flow stress of the work-piece.

The friction factor model, on the other hand, assumes that the friction stress is a

function of roll pressure and friction factor.

T =mk (3.7)

where m is the friction factor and £ is the material shear strength. It appears that this
model is better suited for most metal forming process, and especially for the rolling
process since it requires the conditions of high loading and plastic deformation of the
strip. The value of m is generally less than 1 and is chosen from empirical data for a

given process.

The general friction model, which is a combination of two models mentioned above, is

stated by the following relationship:

T, = mak (3.8)

In this equation « is the ratio of the real contact area to the apparent contact area.

In addition, in order to explain the exact surface condition and overcome the limitation
of friction model, several friction tests were also suggested for different bulk and sheet
forming processes (Wanheim et al., 1974). However, due to the complex calculation of
the abbreviations of certain quantities depending on sticking or slipping conditions, the
most common friction models which are employed in mill industry are the Amontons-
Coulomb friction model and the friction factor model as mentioned in the previous

section.
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3.5. ROLLING SPEED

Referring to equations (3.1) and (3.2) from Figure 3-1, the arbitrary strip velocity within

the arc of contact may be represented as:

=t (3.9)

Y =y, = (3.10)

Rearranging equation (3.10), and solving for the location of the neutral point yields the

following expression:

% /RM’R (vche _vl(’ht ) (31 1)

n
vV

R

where the negative sign is discarded as it indicates that the location of the neutral point

is defined outside of the arc of contact.
Here, it needs to be mentioned that the difference between the strip speed and rolling
speed through the roll bite causes slips in the roll gap to change the roll properties. If the

work roll rotates with harmonic oscillations, the average rolling speed can be

approximated to v, as shown in Figure 3-3. Then rolling speed can be approximated as:

v, =, sin(wr)+7, (3.12)

Throughout this study, however, the rolling speed v, is used as an addition of an

average rolling speed v, and motor speed v,, instead.
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\ 4

Entry Exit

Figure 3-3: Rolling speed change in the roll gap

3.5.1. Variation of the Peripheral Rolling Speed of the Work Roll

According to Arimura et. al (1970), the variation of the rolling speed may be

represented as a function of roll torque variation as follows:

v/\’,v;n‘ = Av}( = Q(‘;vﬁr (3 1 3)

where Q is the torque characteristics of the driving motor and G, is the variation of

the roll torque.

From equation above, the variation of the rolling speed causes torsional vibrations of
the roll and motor spindles whose frequency ranges from 5 to 20 Hz as reported by
Tamiya et al. (1980). However it is small compared with the frequency of third-octave-
mode chatter as its resonant frequency generally falls within the range of the third
musical octave (125 — 300 Hz). Its effect on the roll is negligible and has little loss of

significance (Yun et al., 1998).
Therefore, it can be considered that variation of the peripheral roll speed is not

significant during third- and fifth-octave mode chatter. Thus, the equation above

becomes:
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=0 (3.14)

R var

3.5.2. Forward Slip

According to the principle of mass flow conservation, the speed of the incoming and
outgoing strip is, respectively, slower and faster than the peripheral speed of the roll.
For this reason, forward slip (Schey, 1983) is usually determined from experiment by
first making scratch marks on the surface of the work rolls parallel with the roll axis at

two different locations at a distance, /, apart, as shown in Figure 3-4. Therefore,

forward slip during rolling can be defined in terms of exit speed of the strip and the

surface speed of the roll as:

(3.15)

The usual and best way of monitoring forward slip is to mark the roll surface with two

parallel lines a known distance (/,) apart and measure the distance between the

impressions of those lines of the rolled strip. The formula can be defined as:

§ =g (3.16)

where / is the distance between the two imprints, is then used to calculate S, .

Thus, the relative velocity between the work roll and strip can be rewritten by using

forward slip ratio.

(v —vk)zS‘/vk (3.17)
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s8ss0csBeseEB LR R

Figure 3-4: Measurement of forward slip

Similarly, the exit speed of the strip is faster than the strip entry speed due to the
reduction in the roll bite. The effect of the backward slip on the roll gap can be
expressed as:

v, =(1+5,)v, (3.18)

where S, is the backward slip.
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3.6. FLOW STRESS

3.6.1. Yield Criterion (Orowan, 1943)

3.6.1.1. The Plane Problem of Plasticity

In the case of a plane-strain problem, the stresses can be calculated without any
knowledge of the deformation. The state of stress at any point of the body is completely
determined by three stress-components, e.g., by the horizontal pressure, the vertical
pressure and the shear stress in a vertical or horizontal plane (the shear stresses in
perpendicular planes are equal). The stress distribution, therefore, is determined by three
independent functions of the two coordinates x and y. To determine these three
functions (horizontal pressure, vertical pressure and shear stress), there are three
conditions: the equilibrium condition for a volume element in the vertical direction (i.e.,
the condition that the vertical forces acting upon the volume element must vanish); the
equilibrium condition in the horizontal direction; and the condition of plasticity. By
means of these three equations, the three stress-components are completely determined

without any reference to the deformation.

3.6.1.2. The Stress Distribution in a Plastic Slab Compressed between Plates

A fundamental theorem of the classical theory of plasticity, discovered by Hencky in
1923, presents that the stress distribution can be determined using a case of "plane
problem" where there is a direction in the deformed body along which none of the
variables (stresses and strains) changes. This is the case in rolling if there is no lateral
spread. Soon after Hencky (1923) published his theorem, Prandtl (1923) found the
mathematical solution of a two dimensional case of plastic deformation if the
approximate distribution of stress over a cross-section of the rolled stock in flat rolling

can be derived without spread.

The case treated by Prandtl is that of a plastic slab compressed between two parallel
plates as shown in Figure 3-5. The problem being a plane one, we have to imagine the
plastic slab and the compression plates extending into infinity in both directions

perpendicular to the plane of the figure. Using rectangular coordinates x and y with the

origin in the middle between the compression plates, let s(x.y) be the vertical. 7(x. y)
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the horizontal pressure and r(x, y) the shear stress in vertical and horizontal planes, A

the distance between the plates, and k the yield stress in uniaxial constrained

compression. ¢ is a constant determined by boundary conditions and defined as

¢* =+k/h(L) where vertical pressure becomes zero for x =+L. According to Prandtl

(1923), the stress distribution is then given by

k
f=C+— 3.19
K hx ( )
t:cur%x-/mh—4y3/h2 =s—ky1-4y? /K (3.20)
k
T=— 3,21
P4 (3:21)

A 4

RERRERE

Figure 3-5: Plastic slab between parallel plates

Figure 3-6: Non-parallel compression plates

However, the simple case treated by Prandtl differs in several respects from that of a

material compressed between the rolls. The surfaces of the rolls are neither plane nor
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parallel, and the being-rolled strip may slip on the rolls, instead of sticking in the roll
gap. This problem has been treated by Nadai (1931) who applied Prandtl's mathematical

method to polar coordinates, as shown in Figure 3-6.

As shown in Figure 3-7, replacing the rectangular coordinate (x, y) into the circular

coordinate (¢,6).i.e. y by 6 and h by 2¢, the shear stress can further be defined by
e i MS (3.22)
¢

where 7 is the shear stress at the surface contact, ¢ is the angle of the arc of contact and
6 is the subtended angle between the line connecting the point P and the plane of

symmetry.

Figure 3-7: Representation of the roll contact angles between cylindrical rolls

3.6.2. Plastic Deformation in the Roll Gap

3.6.2.1. Strain-Hardening

From the equation (3.7), the formulation of the yield stress has been introduced by

many researchers (Prakash et al., 1995) for the plane-strain cold rolling. Using the
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Eulerian formulation, the strain-rate tensor which is normally used as a measure of

deformation is defined by:

ov
g, Y ] (3.23)
2\ ox, ox

Here v, is the component of the velocity vector with respect to the Cartesian
coordinate x,. For an isotropic rigid-plastic material, the deviatoric part S, of the stress

tensor o, is related to £, by the relationship (Malvern, 1969)
S, =2k¢, (3.24)

The hydrostatic part or pressure p has to be determined from the constraint that the rate
of volume changes ¢, is zero. For materials yielding according to the von Mises

criterion, the proportionality factor x is given by

The second invariant of ¢, is called the effective strain rate and o, (the flow stress in

tension) is assumed to be independent of £ and temperature.

When the loading is proportional, the flow stress of an isotropic strain-hardening

material can be expressed in terms of the effective plastic strain £ , which later can be

obtained by integrating £ along the particle path /.
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S IT
£=| £di (3.26)

3.6.2.2. Full Range of Stress-Strain Curve

However, in order to obtain the full range of stress-strain curves for steel alloys, the
nonlinear stress-strain behaviour is acknowledged in the American (ASCE, 1991),
Australian (AS/NZS 4673, 2001) and South African (SABS. 1997) standards for cold-
rolled stainless steel structures which define the stress-strain curve in terms of the

Ramberg-Osgood expression (Ramberg and Osgood, 1941).

P =i+g,,[—“—] (3.27)

Equation (3.27) was originally developed for aluminium alloys but has proven for other
nonlinear metals including stainless steel alloys for cold rolling. It involves the initial
Young’s modulus (£y), the proof stress (o,) corresponding to the plastic strain ¢,, and a
parameter (n) which determines the sharpness of the knee of the stress-strain curve. In
the design of aluminium and stainless steel structures, it has become industry practice to
use the 0.2% proof stress (dy,) as the equivalent yield stress. For this proof stress, the

stress-strain relationship takes the form,

g=i+0.002( - J (3.28)

It has also become standard practice to determine the parameter (») using the 0.01% and

0.2% proof stresses which leads to the following expression,

n =L(20_)_ (3.29)
In (0'0 2/ 00.01)

Equation (3.29) ensures that the Ramberg-Osgood approximation matches exactly the

measured stress-strain curve at the 0.01% and 0.2% proof stresses. It generally provides
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close approximations to measured stress-strain curves for stresses up to the 0.2% proof

stress.

In developing a model for the part of the stress-strain curve between the 0.2% proof
stress and the ultimate tensile strength (g,), it is noted that the stress-strain curve in this
range is similar in shape to the initial part of the stress-strain curve up to the 0.2% proof
stress. This observation suggests a linear transformation of the stress and strain and the

use of the Ramberg-Osgood expression (equation. (3.28)) in the following form,

F=—+¢g [—f—] for o >0, (3.30)
! O-u -

E=£-¢), (3.31)

0 =0-0,, (3.32)

The exponent (m) is obtained by trial and error using the stress-strain curves reported by
Rasmussen (2003). Recognising that the exponent is dependent on the ultimate tensile

strength in relation to the 0.2% proof stress, the following expression was obtained as:

m=1+3.522 (3.33)

The full-range stress-strain curve can be written out in full as follows:

n
o o .
—+0.002| — for c <o,
E, Oy '
&= . (3.34)
o—-0 o—0

°’+gu(———¢] +&,, for o>0,,

E o, —0 . .

02 u 0.2

where » and m are given by equations (3.29) and (3.33), respectively.
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In most loaded steel plates or columns, the strains are small when reaching the ultimate
load for all practical ranges of length. It is therefore possible to base the design on the

Ramberg-Osgood curve and achieve close agreement with experimental strengths.

3.6.2.3. Simplified Stress-Strain Curve

Material forming through flat rolling is one of the typical dynamic plasticity problems.
In production, the contact stresses at the interface of roll and work-piece during rolling
do significantly influence on productivity, product cost, product quality, and tool life
cycle, etc. To properly analyse a process of rolling, correct evaluation of the contact

stresses in the roll gap is essential for process design and product development.

Von Karman (1925) considered that the yield stress of the deforming metal would vary
with the temperature and the speed of deformation but assumed it to be constant across
the roll gap. Orowan (1943) recognised that the yield stress would vary as it deformed
due to work-hardening, strain rate variation and temperature changes. It is now known
that the magnitude of these effects depends on the history, composition and
microstructure of the metal. Swift’s stress-strain law (1952) adequately illustrates the

versatility of the new formulation of the classical rolling solutions for hot or cold rolling.

The exclusion of the derivative d(2k)/d¢ from the reformulated roiling theories

allows greater freedom in choosing an appropriate form for the yield stress function. A
polynomial curve fit to the static and dynamic yield stress behaviour has been readily
incorporated into the computer solution (Freshwater, 1996). The new methods of
solution are therefore applicable for both hot and cold rolling where the yield stress is a

function of strain, strain-rate, temperature and microstructure.

A great deal of effort has been made to model and measure distributions of the contact
stresses. For example, Lenard et al. (1984; 1992) measured distributions of both the
normal pressure and the friction stress in various rolling processes such as hot rolling,
warm rolling and cold rolling of Al 1100. Until now, distributions of the contact stresses
at the interface between the work roll and work-piece were experimentally measured
with success. However, theoretical prediction in distribution of the local contact stresses

has never been satisfactorily achieved due to the lack of suitable friction model.
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First, the flow stress curves are anlaysed by Fields-Backofen equation, which is the

common formula for most metal materials (Gronostajski, 2000)
£’ (3.35)

where o is the base yield stress of the material, y, is the strain hardening exponent,
and y, is the strain rate sensitivity exponent. This equation is the most common formula

to describe the stress-strain relationship and it can well express the work hardening
phenomenon by the strain hardening exponent and the strain rate sensitivity exponent,
which is the important parameter to influence the drawability of metal strip. So, the
formability of AZ31 magnesium alloy sheet can be well expressed by the parameter in

this equation.

The flow stress is given by the following formula that is commonly used:

o, = 0,6 (—g—} (3.36)
|9 g!'n'/

For most metals, the dependence of o, on £ can also be modelled by a power law:
o, =0, (1+Bg)" (3.37)

Here B and y, are material-dependent coefficients determined from the results of

experiment. Since the material is assumed to be rigid-plastic, the plastic strains are
equal to the total strains and hence the adjective ‘plastic’ is dropped hereafter when

referring to strains.

This is often called Swift’s stress-strain law for the yield function. It is adequate to

demonstrate the versatility of the new formulations of the classical rolling solutions for

hot or cold rolling. The form assumed for the yield stress function 2k(¢) was not

limited by the inclusion of the derivative d(2k)/d¢ in the coefficient terms of the
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controlling differential equations in the roll gap. Thus a wider range of functions may be

used to represent the yield stress characteristics.

3.6.2.4. Effective Stress-Strain Curve

[t is important to note that the flow stress is a parameter which specifies the resistance
of the material to plastic deformation. It is fundamental to the determination of the force,
torque and power required to roll the strip. The flow stress depends on the properties of
the material, and also depends on the temperature, heat treatment, strain and strain rate.

One model of the flow stress which may be appropriate for cold rolling mill can be

defined by the equation:
o, =0,(1+Be)" £7¢" (3.38)

where o, is a base value for the flow stress, 7' is the temperature, ¢ is the strain, ¢ is

the strain rate, and B, y,, ¥, and p, are constants.

In order to use the dimensionless strain rate, £, is given as to be 2000 s™ in this study

as the range of strain rate is limited between 1000 and 2000s'. The temperature

influence is neglected because there is little temperature change in the cold rolling.

Also note that the strain rate needs to be expressed by taking the ratio of the roll gap

strain rate ¢ to reference strain rate £, which was used in determining o, .
S
- g,qap
B =} =i (3.39)
Erer )

3.7. STRAIN EXPONENT AND STRAIN-RATE SENSITIVITY

Strain rate is defined as the rate at which the strip is strained as it is deformed plastically.
In general, the higher the strain rate, the higher the resistance to deformation, and the

higher the effective yield stress of the material.
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Strain rate effects have the potential to contribute to the chatter phenomenon in two
ways. Firstly, as the mill is operating at a high rolling speed, strain rate is higher and the
yield stress increases. Secondly, as the work rolls vibrate, there will be variations in the

effective strain rate of the material in the roll gap.

For a component of length '/,

g-:(_d_g)zi I-|d _1d (3.40)
dar ) di\ 1 Jar 1 dr

The total amount of strain applied to the strip as it moves through the roll gap can also

be written as:
f::ln(—f’-) (3.41)

Alternatively, it is stated that the cumulative strain on the strip element passing through

a roll gap is expressed as:

2 (h) (3.42)
g=—1=In| =+ 3.42
V3 \h \

The difference between the two preceding equations is a constant term introduced to
take account for the plane strain condition in the roll gap, that is, the assumption that the

width of the strip element does not change.

Various equations have been proposed to model the strain rate. If it can be assumed that

the roll gap profile is locally circular with minimum gap /, and deformed roll radius R,

then the roll gap at a distance x from the point of minimum actual gap may be

represented by:

h(x)=h +>— (3.43)
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The strain rate at point x with corresponding roll bite angle ¢ to the apparent centre of

the deformed roll profile may be expressed by:

1 dh 1 dhdx

ThE) i () d de .

Also, strain rate may be expressed in terms of the roll bite angle, measure with respect

to the apparent centre of the deformed roll radius.

PO N e (3.45)

h(g)di ~ h(g)dg dr
Taking the derivative of equation (3.4) from the roll gap can be expressed as:

I 2R, sin ¢ (3.46)
dg¢

And the apparent angular velocity dg/dt can be related to the actual angular velocity

d@/dr as in the following:

Gaisil (3.47)

di R, di R, 60

d

where N is the peripheral rolling speed of the work roll in unit of rev/s and @ is the

angle subtended by the actual work roll axis. Therefore, in angular terms, strain rate as a

function of the angular location in the roll gap can be written as:

et Bp gt g Sem SN

h(9) R, 60 (348)

Strain rate at a given state may be expressed as:

56



CHAPTER 3. EFFECTS OF ROLLING PARAMETERS

=R (3.49)

Also, due to work hardening in the roll gap, the effective strain rate expressed in terms

of strain rate is given by noting that,

gt _Lv (3.50)

Equation (3.50) is equivalent to the form of strain rate presented by Qui et al. (1999) as:

- ﬂtan¢.

£=—r—s
3

3.8. TENSION

To investigate the stress distribution from the entry and exit sides, it is assumed that the

entry thickness A, is constant in a sense that the undesired motions of the work roll and

strip do not affect the rolling reduction during the rolling process.

It is possible to assume that the entry speed v, is constant and the exit speed v, is the

result of the interaction between the work roll and strip. Considering the circumferential

speed of the work roll, the exit speed v_ can be written as

v, =Ry, (,+6) (3.51)

X

Under the steady-state operating conditions (no-slip happens), which means that the
neutral point exists within the certain point of the arc contact; the variations of the

circumferential speed R,,» becomes negligible during rotations. It follows

correspondingly that the velocity variation of the rolled strip at an arbitrary or neutral

point is given by
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The neutral or delivery thickness %, needs to be determined within the length of arc of

contact when calculating the back and front elongations. The variation v, . can then be

integrated into two components for the back and front sides at the neutral or delivery

point. Therefore, variations of inter-stand distance can be expressed as:

AD, = [(v,) dt = [”n’;wfﬂ di = “}‘7_9 (3.53)
0 b 0 € b €

AD, = [(v,.u,) i = [ ’”ZQJ a = 1ken (3.54)
0 0 n / n

Stresses at both entry and exit sides are in fact the results of inter-stand interaction in a
tandem mill configuration. Applying Hooke’s law for expressing the back and forth

strip tension stresses yields:

y :BL_AD" (3.55)

E
= KD 3.56
= (3.56)

where (AD ), sis the elongation from back and front sides of the strip.

However, equations (3.55) and (3.56) are only related to torsional vibration due to the
angle caused by variation of rolling speed and would require more degrees of freedom

to find analytical solution for cold rolling.

3.8.1. Variation of Strip Tension by Arimura and Tlusty

Tlusty (1982) came up with an estimate for the magnitude and phase of rolling force
components. He developed a criterion for assessing whether the negative damping effect

exceeds the positive damping effect, leading to amplification of the oscillation. Under
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Tlusty's assumption of no roll deformation, strip velocity at the entry side can be

expressed as:

y, = (2—) h = [—Z—j(h +2Xsin(or)) (3.57)

where X is the amplitude of the work roll, @ is the forcing (operating) frequency and

time 7 is a variable along the roll gap.

Tension is applied on the strip between stands, and it deforms the strip plastically. The
deviation of the inter-stand tension is determined by integrating the difference between
the variation of the outgoing strip speed at one stand and the variation of the incoming

strip speed at the next stand as presented below (Arimura et al., 1970):

E 1
tc var./ == evarg ’,\' var, /- dt (358)
. Dr«l I[(v ‘ ' i )
E 1
[\'.\‘dl'l = B~I(1’¢a\'ar.l+| i v\' var,i—1 )d, (359)

10

Therefore, the strip is subject to a variable amount of elongation AD where D is the

inter-stand distance.

AD(t)= J'(vu_vau—-vx‘vam_,)dt: x sin(a)t)dtszV* (1-cos(ar)) (3.60)

0 e

' 2Xv j
0

Note that

1

_[O’ sin (ot )dt = [—lcos(a)t)} - —]—(1 —cos(wr))

® o @

The variable elongation rises from zero at time =0, to a maximum value when =,
and then back to zero. Thus, the variable elongation leads to a variation in tension 7, ; in

the strip between inter-stands, where tension is being expressed as a positive quantity.
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AD 2EXv,
=t tE—=t,+
D Dah,

(1-cos(ar)) (3.61)

Applying Tlusty's simplified rolling force model, the variable component of the rolling
with tension variation can be identified. Note that equation (3.61) is for both upper and

lower rolls and it should be divided by 2 for one side.

At time =0, cosine term becomes +1, which represents the gap spacing increases.
Therefore, tension is increasing as the elongation of the strip on the entry side is

increasing, and the rolling force is starting to decrease.

At time wt=n/2, the gap spacing is at its maximum extent. The elongation and tension

are rising, and the rolling force is falling significantly.

At time wr=n, the work roll is moving towards each other and the elongation and entry

tension reach at maximum value, and the rolling force reaches its minimum.

The phase of this cosine term "leads" the original presumed oscillation by 90 degrees.

3.8.2. Variation of Strip Tension by Yun and Hu

Under conditions by Tlusty's model and many others, when the work roll is oscillating,
the mass flow is assumed to constant. The previously performed result based on the
linear scheme is also assumed to constant. For dynamic analysis of cold rolling mill,
some modifications are necessary. The relationship between the mass flow at the entry

and exit sides of the roll gap may be now expressed as:

dA

h =vh +— 3.62
vh =vh o+ (3.62)
A(1) = A +2ADX sin (1) (3.63)
L;—I;I =2ADX wcos(wt) (3.64)

where A represents the cross-sectional area of the roll gap.
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The variable speed of the strip at the roll gap entry may now be expressed as:

v, =hl(vxhx +2Xv, sin (o) +2ADX o cos (o1 )) (3.65)

{4

and the variable elongation can be expressed as

AD(1)= J-(ve_va” ~V, ari )dt L jsin(a)t)dt - Mjcos(wt) dt
3 h. % h % (3.66)
=t (1-cos (o1))+ Lt sin(r)
hew e
Therefore, variation of the entry tension can be written as:
t,=t, + EADQ =1,,+ fa))(;* (1 —COS (a)t)) 4 %LA—Dsin (1) (3.67)

The variable of tension fluctuation may change the magnitude of rolling force and the
roll gap spacing will be changed accordingly. Thus, it will lead vibration response to

shift 90 degrees in-phase or out-of-phase with 40-300M/Pa of tension.

It seems to the Author that the vibration responses due to the tension variation have the
same phase in response to the roll gap disturbance and operating frequency cannot be
treated as an input function for the mill vibration analysis. Nonetheless, the above strip
tension stresses define the connections between mill stands which are very useful when

studying inter-stand relationships that might give rise to the chatter phenomenon.
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3.9. SUMMARY

This chapter has focused on the effects of rolling parameters providing detail
explanations how the rolling process works in the roll bite profile. In doing so several
key rolling parameters regarding the influence of the roll gap were discussed. Even
though rolling chatter has been investigated in various ways, our understanding is still
limited because of the complicated nature of the rolling process itself. For instance,
elastic flattening of the work roll is not valid when the rolling force caused by the
deformation resistance is too high or when the reduction and friction coefficient is very
small. Moreover, friction model employed in this study does not precisely take into
account hydrodynamic effect in the lubricated roll gap because of its complexity even
though there is a large amount of friction model presented to describe the dynamically
lubricated contacts. On the other hand, the deformation resistance and tension variation

model are quite varied depending on the assumptions made in individual studies.

Among the existing models of the rolling process, some are too simplified to precisely
capture the characteristics of the rolling process, while the rest of them are too
complicated to allow for an analytical solution. Up to now, only very few are capable of
dealing with dynamic behavior in the practical rolling process. Therefore, in Chapter 4,
it will be discussed for the improvement of the rolling process model, which should be
able to accurately predict the rolling force and be simple enough to have an analytical

form.
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CHAPTER 4. STEADY-STATE ROLLING FORCE AND
DYNAMIC ROLLING FORCE IN THE MODIFIED ROLL
GAP MODEL

4.1. INTRODUCTION

This chapter mainly deals with the derivation of the steady-state and dynamic rolling
force and its formulation is basically based on the roll gap model resulting from Bland
and Ford approach (1948). In cold rolling, there are many factors which are affecting
rolling conditions such as the roll radius, friction coefficient, rolling speed, reduction,
reduction rate in the roll gap and tension between inter-stands. In the earliest of rolling
theories, rolling mill is designed for squeezing and compressing the strip, which is
rather thick material such as copper and aluminium with less hard strength. Therefore,
utilizing the conventional roll gap model to the state of the art mill technology is rather
limited when using very thin strip. Nonetheless, a roll gap model is at the heart of any
rolling mill set-up system. The roll gap model basically calculates the rolling force and
torque on each stand based on the known strip reduction, friction coefficient, tension
yield stress. The prediction of the rolling force must be very accurate so that the roll gap
positions and work roll speeds can be set appropriately to achieve the target strip

thickness as soon as possible after the strip has threaded through the cold rolling mill.

However, surface conditions are always fluctuating due to the change in friction and the
accelerated rolling speed even though mill is accurately set to roll the strip. During the
rolling process, rolls are also experiencing the deformation such that the roll gap is
changed due to the deformed roll radius. The change in roll radius also allows the
coefficient of friction to increase or decrease depending on the rolling speed and the
lubrication of oil. Without the accurate control of surface condition in the roll gap, this

will cause unstable vibration in the end.

Therefore, this chapter will develop the new method of expressing the mill vibration
based on Bland and Ford approach (1948). According to the conventional roll gap

model, rolling force and torque are a function of the entry/exit strip thickness, yield
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stress, tension and friction coefficient. In fact, rolling force and torque is also dependent
upon the rolling speed as the strip deforms plastically with strain and strain rate effect.
In Chapter 4, therefore, in order to overcome the limitation of rolling force and torque
calculation theory, the effect of the strain and strain rate on work hardening in the roll

gap is also presented.

The calculated roll separating force basically contains two parts; frictional and
deformational rolling force. If the disturbance in the roll gap occurs, resonant natural
frequencies will be shifted due to the change in roll gap profile. Among factors shifting
the natural frequency, there will be the variations of the roll gap thickness, the rolling
speed, the coefficient of friction, the roll radius and the reduction rate, i.e., the rate of

the change in roll gap thickness (with respect to time).

Therefore, this chapter specifically explains the formulation of the dynamic rolling force
due to the variations of the roll gap profile; how these variations influence the roll gap
profile and what parameters significantly cause unstable vibrations or chatter in a rolling

stand of cold rolling mill.

4.2. STEADY-STATE ROLLING FORCE

4.2.1. Normal Pressure at the Entry and Exit Sides

Starting with the classical work of Siebel (1924, 1925) and von Karman (1925), many
attempts have been made during the 1920s to obtain an approximate method of
calculating roll pressure from the geometrical and physical data of the roll gap profile.
Most prominent among them are Orowan (1943) and Bland and Ford (1948) who
developed the well known gap model. Their roll gap model assumes that, for the
purpose of the calculation, the being rolled gap is considered as consisting of thin
vertical segments perpendicular to the direction of rolling, with no shear stress but only
normal pressure acting between the neighbouring segments, and the plastic deformation

of the segments is assumed to be a homogeneous compression.

The objective of this section is to review the roll gap model used to estimate the steady-
state rolling force and torque. Furthermore, it will be described how the roll gap model

is closely related to rolling parameters. Its derivation of equation for calculating the
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normal pressure distribution curve will be dealt with for identifying the dynamic rolling
parameters, which is not a constant during the practical rolling process. The following
theories are cited from the literature (Orowan, 1943; Bland and Ford, 1948) and re-

edited by Author for convenience.

As shown in Figure 3-1 again, based on the roll gap geometry in terms of surface

contact angle (¢ ) rather than the roll gap length ( R, sin ¢ ), horizontal rolling force is

defined as:

% =2sR, cosg(tang+ u) =2sR, (sing + pcosg) (4.1)

where for the exit side, upper sign should be used, while the lower sign is appropriate
for the entry side. Equation (4.1) is a variational form of the well-known von Kérman

equation (1925).

Note that the above equation is identical with Orowan's homogeneous compression
theory. This equation contains two unknown functions, i.e., the horizontal force f and
the normal pressure s on the roll surface. To find horizontal force and the normal
pressure, it is further assumed that the normal pressure s is approximately equal to the

vertical pressure.

Equation (4.1) containing s and f is given by the plasticity condition of approximation
since principle stress p = f/h. In fact, the state of stress in a strip between the rolls is

not uniaxial. However, if there is no lateral spread, there is also another horizontal
pressure parallel to the roll axes; ignore this as it vanishes in practically unimportant

case of free lateral spread. Both p and ¢ are constant within a vertical plane of the

strip if the assumption of homogeneous compression is made. The horizontal pressure

p then can be calculated by dividing the horizontal force f by the gap thickness % of

the surface contact.

Thus,
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s=p+0'=l;—+0' (4.2)

Now remove f from equations (4.1) and (4.2), convert the resulting differential

equation for s into a convenient form for integration. Using the conditions at entry and
exit to determine the integration constants, explicit equations are obtained for s as

follows:

s=cxox—xet (4.3)
d

where o is the yield strength. s, ¢ and H are defined by the equation below.

S, =0, (4.4)

X

ho|_Ri|_L
c-(ax—tx)/(a_‘,x}—e—]— - (1 - J (4.5)

AN d X

R, R
H =2 |—2 arctan| |—- 4.6
E w54 “

Substituting back into equation (4.3) and denoting s on the exit side by s*, the normal

pressure at the exit side can be solved and written as:

h t
S+ = 0_(1 1 ]e"’H (47)
Similarly on the entry side, the normal pressure can be expressed as:

s = fﬁ(1 —t—"Je"(H“_H) (4.8)
h o

where ¢, and /_ indicate back and front tension expressed as a pressure and s~ denotes

s on the entry side. In particular, when no front or back tensions are applied,
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st =—e" 49
" 4.9)
and
5 = Z—he”(”f”’ (4.10)

In order to obtain the pressure distribution, equations (4.7) and (4.8) can be solved in an
iterative way. Since the strip thickness decreases and the yield strength increases when
the strip travels from the entry to the exit side of the roll gap. However, since the
product of the strip thickness and yield stress is not constant along the surface contact in
the roll gap when rolls are oscillating, it may not be reasonable to assume that the

product of two variables remains as denoted by Yun et al. (1998).

The reason is due to the deformation resistance of the material. When the material is
compressed within the roll gap with a certain rolling speed, the strip is deformed
plastically due to work-hardening. In most rolling theories, work-hardening is related to
the strain exponent only but in fact, it is also affected by the strain rate sensitivity which
is affected by the rolling speed. A detailed explanation will be given in Section 4.2.3 to

see if the deformation resistance is a function of the strain and strain rate.

4.2.2. The Equation for the Neutral Angle (Point)

When calculating the rolling force or torque, it is of importance to determine the neutral
point as it affects the roll gap as one of the most crucial variables. The neutral point
contains interesting properties where the normal roll pressure reaches to its maximum
and, at this point, the rolling speed is equal to the strip speed. Moreover, it is a critical
point where the friction changes its sign with respect to the entry and exit sides. Using

the subscript # to denote the neutral point, it can be defined as:

st =50 (4.11)

Substituting from equations (4.7) and (4.8),
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O-nhn 1— tx e,UH,, - O-nhn 1__t¢_ el‘(Hv‘Hn) (412)
h-\' O-X hL‘ O-e
from which
uo1 ||l .
H ="t niZ%| % (4.13)
2 2u |h 1— L,
O-e
/n denotes logarithm to base e. When no tensions are applied
h
g Lk (4.14)
2 2u \h
and from equation (4.6)
"
¢’n — h" 1an( _IZ‘.,X_I__’L (415)
R, YK, 2

The neutral angle ¢, is given by combining equations (4.13) and (4.15) when tensions

are applied, otherwise by equations (4.14) and (4.15).

Note that this theory had been developed for rolling model with having a high reduction.
The strip rolling sample was also based on high conductivity copper with low yield
stress. Therefore, the theory has limitations for the very thin cold rolling which cause
high yield stress in the roll gap. So the evaluation of the presented theory may not be
suitable for certain rolling conditions, for example, less than 0.2mm thickness and also

less than 0.007 friction coefficient.

4.2.3. Flow Stress

The deformation resistance model for the flow stress, o, , is expressed as:
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oy =0, (1+2)" (') (4.16)
With ¢ and £ being the strain and dimensionless strain rate:

€=iln[L] and ¢ :____4v(¢)L
V3L a(g) “r " J3h(4)R,

where o, is the base yield strength, ¢ is the strain, £" =¢_, /£, is the dimensionless

.~ 1s the strain rate reference, y; is the strain

strain rate, £, 1is the strain rate, £,
hardening exponent and y, is the strain rate sensitivity exponent, which is the important
parameter to influence the process of metal sheet. L is the deformed length of arc
contact in the roll gap and R; is the deformed roll radius. Table 4-1 shows many
different types of constitutive deformation models for various materials, as reviewed by

Alexander et al. (1988), Johnson and Cook (1983), Gronostajski (2000).

Table 4-1: Constitutive models for deformation resistance in metals and alloys

Alexander's empirical model (1988) for copper and aluminium

i 7 Op (MPa) Al A: " Y2
o, =0,(1+ 4g)" (1+ 4¢°)"
9775 96.8 150 0.2 0.0
Johnson-Cook (JC) Model* (1983) for 1006 steel and 4340 steel
: Ay (MPa B, (MPa) A, m
o, =(4, +Be)" (I+A2 logé')(l—?;’"') i ) l 4 :
350 2735 0.022 0.36 1.00
; Az MPa 32 (/'V[Pa A3 my
o, =(4, +B,e)" (1+A1 logé')(l—Tn”':) i) : .
i 792 510 0.014 0.26 1.03
Swift's Model (1952) for mild steel
Og (MPG) Al A: }’1 ))2
, 740 0.01 - 0.23 -
o, =0,(4, +¢)"
Op (MPG) A] Az Y1 V2
811.4 0.002 - 0.24 -
Modified Swift's Model for mild and hard steel (reviewed by Gronostajski, 2000)
W e \D2 oo (MPa) A, Az b3l V2
o,=0,(4+¢) (5 )
600 1.00 - 0.26 0.08

*T =(T-T,)/(T,-T,) where T, is the homologous temperature, 7' is the current absolute temperature,

r

T is the reference temperature and 7, is the melting temperature.
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For the determination of deformation resistance model to be used in the cold rolling
process, Figure 4-1 presents stress-strain curves for the elastic-plastic and plastic
deformations, respectively. Among them are modified Swift's model (1952) used for
forming a high-strength steel as indicated by a full-range (elastic and plastic range)
stress-strain curve (2003). Strain hardening exponent and strain rate sensitivity have
been further investigated to "successfully" evaluate material flows and deformation by

Wagoner and Wang (1983).

In Figure 4-2(a) and (b), it is illustrated based on the industry observation that friction
coefficient mainly determines the magnitude of friction hill while rolling speed shifts

the deformation hill.

1200‘" T 1 I T F

-
Q
=
o © 1006 Steel | |
é 8 S, | ~—s— Modified Swift Model 1 ¢/, o
B 4o e | —a— Modified Swift Model 2 &' i
) Al | |
E; | === = Conventional Swift Model ||
9 ; Alexander's Empirical Model I
2004 Copper JEEEEE Johnson-Cook (JC) Model 1 (1006 Steel) -
;? \ ----- Johnson-Cook (JC) Model 2 (4340 Steel) 1 |
w = Ramsberg-Osgood Model I
0o I I I i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Strain, [g]

Figure 4-1: Many different types of stress-strain curves used in rolling process

[Alexander et al. (1988), Johnson and Cook (1983), Gronostajski (2000)]

70



CHAPTER 4. STEADY-STATE ROLLING FORCE AND DYNAMIC ROLLING FORCE IN THE MODIFIED ROLL
GAP MODEL

s(x)4 (@) s(x)4 (b)
Friction hill
Friction hill
g, \ 5
Deformation hill Deformation hill
- > > X
l*— Entry Exit —>| ]4— Entry Exit —>|
X, 0 X, 0

Figure 4-2: Exaggerated curves for illustrating the rolling pressure distribution change

in determining () friction hill and (b) deformation hill [Roberts (1978)]

In order to identify those trends, as shown in Figure 4-3, four different sets of rolling
pressure distributions calculated for the key rolling parameters are presented. Figure 4-
3(a) describes the effect of tension applied on the pressure distribution and tensions
given on both sides reduce the peak rolling pressure up to 19.3%. Figure 4-3(b)
indicates the influence of reduction by keeping the exit thickness constant. More
interestingly, friction coefficient and rolling speed have more significant effects on the
rolling pressure distribution curve than the others, and peak magnitude rapidly increases
as the friction coefficient and roll speed increase at the given conditions. In particular,
rolling force is varying with the change in friction coefficient and increases up to 11.4%
when the friction coefficient increases to 0.025 from 0.020. In Figure 4-3(d), rolling
force also varies with the change in rolling speed and increases up to 1.1% when the
rolling speed changes from 1200 to 1300mpm, i.e., the change in rolling speed of about
1.67m/s. The rate of change of rolling force depending on the increase of rolling speed

may differ from the practical experiment set-ups.

On the other hand, the neutral point tends to move towards the entry side for the change
in friction coefficient while its position also shifts to the entry side for the change in roll
speed, as shown in Figure 4-3(c) and (d), respectively. Note that without the relevant
relationship between the friction and roll speed, the position of neutral point cannot
properly be traced along the arc of surface contact in the roll gap. Therefore, in this
study, it is assumed that a neutral point reasonably maintains its position even though it

is moving within the roll bite.
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Figure 4-3: The pressure distribution curves based on Bland and Ford theory; (a) with
and without tension applied to the strip, (b) reduction change, (c) friction coefficient

change and (d) rolling speed change

4.2.4. The Estimation of the Rolling Force

To determine an explicit solution for the steady-state rolling force, the normal pressure
distribution curve by Bland and Ford theory (1948), based on Orowan theory (1943), is
considered during the steady-state rolling process. By doing so, the rolling force can be
calculated by the integration of the pressure distribution under the given roll profile.
The roll force per unit width, Fy,, is the integral of the vertical pressure, g, along the arc

of contact as in the following:

. 4
F,=["qxRd¢=R,| qd¢ (4.17)

Using approximation that the normal pressure s is equal to the vertical pressure g,

rolling force at the steady-state condition can be calculated as:
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@:Rﬂ{ﬁ&ﬂ¢4ﬁ@w} (4.18)

where s is the pressure distribution caused by the surface contact between the work roll

and strip. s and s denotes pressure curve on the entry and exit sides. R, is the
deformed roll radius calculated by Hitchcock theory (1935) and W is the strip width. £,

stands for the resultant rolling force without having any dynamical disturbance and is
pointing at the neutral point where the rolling pressure becomes maximum. The

horizontal and vertical rolling force can then be defined by the trigonometry as below.

F, = F,sing, (4.19)

F, = F,cosg, (4.20)
Thus the resultant rolling force can be combined using trigonometry again.

2 4

F,=\F:+F} (4.21)

Table 4-2: Key rolling parameters for the calculation of the steady-state rolling force

Entry/Exit Thickness, Width, Roll Radius [mm], Reduction [%],
Young's Modulus (MPa) and Yield strength (4/Pa), Entry/Exit tension (MPa)

h, hy w Ryg Ry r E 00 Tay
0.40 0.30 1,224 300 676 25.0 210 700 90
Work- Deformed Neutral Snced Rolline Force

Strain Hardening Roll Radius point [Z/S] Friction [ A/%N]

Constant [mm] [Rad]

& Y 8 Ry A Vi Ky Fy Fy
0.3322 0.26 0.08 733.2 0.0039 20.00 0.02 0.031 8.01

Parameters used for the calculation of pressure distribution curve and rolling force are
shown in Table 4-2. By so doing, the rolling force can be calculated by the integration
of the pressure distribution under steady state conditions. With the given reduction of

25% flowing out of the roll gap, the steady-state rolling force is estimated around
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8.0MN. For more details of rolling force calculation procedure, Appendix I is provided

with two integration methods evaluated by Simpson's rule and iterative method.

4.2.5. Re-consideration of the Neutral Point (Angle)

A neutral point where the normal pressure is at a maximum is determined by an integral
form for pressure distribution curve from entry to exit side of the strip. In this study,
neutral point, often referred to neutral angle, is defined by two intersect lines from the
integration by Bland and Ford approach (1948). It can be represented by the roll gap
parameters such as the reduction, coefficient of friction, deformed roll radius, yield

stress and tensions and is usually given as the function below:
¢” - f(¢'Ah’ Rl/’o-}"lz’..\"ll’l\()) (422)

Note that it is assumed that the friction coefficient is constant along the roll gap. Let us
have a close look at the movement of the neutral point as shown in Figure 4-4 below.
Under the given steady-state condition, the neutral angle given by the change in friction
coefficient may move along the deformed arc of contact surface unless the coefficient of
friction reduces to less than 0.007 at which it lies beyond boundary limits. The
assumption taken is that other rolling conditions remain constant even though a work

roll deforms.
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Figure 4-4: Displacements of the neutral point calculated by Bland and Ford theory

4.3. DYNAMIC ROLLING FORCE COMPONENTS

In the roll gap, the resultant rolling force can be described as a function of roll gap

parameters in order to represent the variation of force components. The following

implicit expression for the resultant component of the dynamic rolling force F,”, may

be written as:
Fynn = f (Hosvishoshsoy. 1., ) (4.23)

where u, is the coefficient of friction, v, is the rolling speed, A is the roll gap

spacing, Ii_ is the reduction rate with respect to time, L is the length from the

centerline of the roll to the strip entry plane.

All these variables have close relationships resulting in variations of force components.
Considering independent parameters ( x,, v, /., i) only, it may be useful for further
linearisation. From the relationship with the roll gap parameters, the implicit expression

for the variation of the rolling force as a function of the friction coefficient, rolling
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speed, strip thickness and the reduction rate in the roll gap can then be expanded using

first-order Taylor series expansion.

FLZ'/:R = ( aaE'e Jd,uso + ( ZZK J dh, + ( ka ] dv, + ( ZZR ]dfl( (4.24)
s0 R c

c

During the cold rolling process, the friction coefficient variation in the first term of the
RHS in the above equation (4.24) is largely due to the rolling speed variation and it is
coupled implicitly in terms of vibration analysis. In order to identify the coupling in
explicit form in the direction of two translational motions, equation (4.24) needs to be

rewritten as:
WR var var - g
Fa_‘yn,R = Ku (xWR > wa) + C:, (xu'/e s Virr ) (4.25)

where K and C indicate stiffness and damping coefficients in the dynamic roll gap,
superscript 'var' represents components resulting from variations of the friction
coefficient, strip thickness, rolling speed and reduction rate, and subscript 'ij' refers to x-

and y-directional components, respectively.

4.3.1. Dynamic Rolling Force Components Resulting from Negative Gradient

Friction Coefficient with Rolling Speed

The frictional sliding force results from the inter-relationship between the friction
coefficient and rolling speed. The first term in the RHS of equation (4.24), however, is
unknown as the lubricant characteristics under the deformation condition, the roll and
strip surface topology is not readily available. Instead, Yuen et al. (1998, 1999, 2003)
correlated the variation of the friction coefficient with the rolling speed based on mill
data. This was performed by estimating the friction coefficient from the measured
rolling force. Yuen et al. (1998) also presented the friction formulae according to the

rolling speed and roll wear with different grades of steel.

Based on the above, this thesis introduces a negative gradient of friction coefficient with
rolling speed to represent the lubrication condition due to rolling speed, which can also

be expressed in terms of the relative velocity between the work roll and strip speed at
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the exit of the roll bite (assuming the forward slip remains unchanged). A linearised
equation to describe friction in the roll bite is given for the effect of negative gradient

friction in the mill vibration model as shown in Figure 4-5.

Firstly, the coefficient of friction can be linearised to an initial condition value and

gradient ¢ in mixed-film lubrication region (Qiu et al., 1999) from Stribeck Curve.

Hy =Hyy— A (Vs - wa'/e) (4.26)

where g, is the sliding friction, g, is the coefficient of friction at the steady-state

condition, «_ is the gradient of friction with unit [;;17] , v, 1s the strip velocity at the
s

exit and v, is the work roll velocity.

IUSI = ILISU 2 as (VS i VWR)

Coefficient of friction (1)
5 |/

> i,
Relative velocity (Vg =V, )

Figure 4-5: Variation of the friction coefficient with relative velocity

Secondly, if the strip is moving at the same speed as the work roll, the relative velocity
of the strip is thus zero. However, the cumulative velocity of the strip is continuously
affected by the oscillation resulting from the forward slip. In order to represent the
variation of the friction coefficient with rolling speed, it is assumed that the forward slip
and gradient of friction is constant. Therefore, the variation of the friction coefficient

due to vibrations can be given by:
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/u\-O.var = aA\ )'CWR (427)

Also, note that the relative velocity between the work roll and strip can further be

defined using forward slip concept.

(s = Fpr ) = S (4.28)

where S, is the forward slip.

Note that the sign is changed. Thus frictional component of dynamic rolling force given

by the first term of RHS in equation (4.24) can be re-written as:

; OF, |[ Ou, , .
EZ:’JH = (B_RJL a/:so )dvR = Claro@ Xy (4.29)

s0 R

where OF), / 0u,, is the variation of rolling force to the change in friction coefficient

which can be obtained from the modified roll gap model and is denoted by

3
(' var( °*

ou,, / ov, represents the gradient of friction coefficient o, and X, is the

velocity of the work-roll, respectively.

4.3.2. Dynamic Rolling Force Components Resulting from the Reduction,

Reduction Rate and Rolling Speed Change

From second to fourth terms in equation (4.24), the resultant component of the dynamic
rolling force can also be linearized. In order to determine the component of coupled
terms with associated variables, rearranging the above equation using chain rule at the

neutral point yields:

| OFw 99 \ g +| CEx 90 | g4y 1| OEr 99 | 4 (4.30)
dyn, R2-R4 fa R (&
o o¢ oh, o¢ v, o¢ oh
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where the partial derivatives 0F), /0¢ in each component term may be obtained from

the integration of the area of the pressure distribution at the neutral angle.

However, expanding equations at the neutral point can be incorrect since the rolling
force is located at the centre of the deformed roll according to Hitchcock roll

deformation (1935).

Thus, three terms in the RHS of equation (4.24) can be expanded as the dynamic

components of rolling force at the exit side of the work roll due to the reduction,

reduction rate and rolling speed change.

h,
o 5

(b)

Figure 4-6: The roll bite geometry: (a) when rolls are in steady-state conditions and (b)

when rolls are oscillating along the roll contact surface

\ , |
Fyy e = f %JM +L?F’* )AvR +(85” ]Ahc (4.31)
\ oh, o oh

Providing that the roll vibration is coupled with the horizontal and vertical motion, the

variations of the above dynamic rolling force still remain uncoupled due to the absence

of the coupled force components.
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Referring to Figure 4-6, under the steady-state condition, strip thickness along the

arbitrary roll gap profile is determined by trigonometry.

h=h +2R,, (1-cosg) (4.32)

where s, =h_ at exit side when the roll gap experiences with elastic recovery.
On the other hand, under the dynamic disturbance, variations of the strip thickness

between the two work rolls Ak, are simply calculated from the relationship 2(Ay,, ).

However, according to industry observations, it is reported that the mill stand behaves
as a spring although it is very large and stiff. In order to represent the roll gap opening
and elastic elongation of the mill stand in an appropriate manner, the strip thickness

between the two work rolls 4 is often achieved by using gauge-meter principle known

as Automatic Gauge Control (AGC). Thus variation of strip thickness on the exit side

can then be defined as:

QAR (4.33)

+ m

Ah, = AS, -

where Ah_ is variation of the roll gap spacing, governing the exit strip thickness. AS; is

variation of the dynamic roll displacement where its magnitude is equivalent to the

vertical motion of the work roll y,,. O is the rolling force variation per the change in
exit strip thickness based on the strip plastic deformation. M, is the elastic mill

modulus (4.0MN/mm). The rate of change of the roll gap spacing and dynamic roll
displacement can be calculated from equation (4.33) as (Ay,,/Ah)=1+(Q/M,).

Therefore a dynamic rolling force component given by the second term of RHS in

equation (4.24) can be rewritten by:

B =(6—F-][—@h—]y (434)
e
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Another condition at the exit plane may be used to determine an expression for the roll

bite length x,, at the neutral point (Bland and Ford, 1948). Note that rolling speed v, is

same as the strip speed at the neutral point where roll pressure is a maximum. Consider
a small disturbance at the neutral point, ie., a very small change of rolling speed

compared to that of strip velocity, ie., Av, = Ax,,/cosg, . Note that the vertical

component of peripheral rolling speed becomes zero at the exit side. Thus, a dynamic
rolling force component given by the third term of RHS in equation (4.24) may be

expressed as:

FWR (a_Fg_] Xyp (4.35)

dyn,R3
ov, Jcosd,

From the geometry in Figure 4-7, if the velocity triangle is uniform along the roll bite
during the rolling process, a neutral point along the roll surface contact may be used to

determine the relationship in terms of a velocity triangle.

fang, = —2 = - (4.36)

WR

where ¢, is the neutral angle or point, x, is the roll bite length from the exit side to the
neutral angle. R, is the undeformed roll radius from the centre of origin and the
horizontal component of work roll velocity Av, is Av,cosg,. Thus, the reduction rate

can be defined as:

Ah, =2Av,sing, (4.37)
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Ywr

Figure 4-7: The roll velocity triangle at the neutral point

Note that the reduction rate Ak, = 2Ay,, as proposed by Yun et al., (1998). This means

the rate of change in reduction with respect to time, Ahﬂ, is equal to two times Ay, .

Therefore, throughout this paper, the dynamic roll velocity is adopted as below.

. Ah
AVyr :’EL‘ (4.38)

It follows that the velocity of the work roll from equation (4.38) can be defined as:
Ay, = Avysing, (4.39)

Lastly, a dynamic rolling force component given by the fourth term of RHS in equation

(4.24) can be rewritten as:

. oF, ).
Fores =] = | (4.40)
6)’»1*1%
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In order to prove the validity of the equation (4.36) from the geometry of the roll gap,

Simple check can be performed using time derivative of x, = Rtang,,

Rg,
cos’ g,

j‘-bci:d_Rtan(zﬁn +R———d(tan¢")

dt dt dt

¢.H = R tan n +

where cos’ ¢, ~1 with very small angle.

Rearranging,

: o i, — R¢
Rtang, =x — R¢, or tang, = L—E—&

If R~ —i‘— and ¢, ~0 as torsional vibration is not considered here, then we still have

equation (4.36).

Based on the fact that the above expansion holds true with the negligible error,

rearranging relations from equations (3.34), (3.35) and (4.40) yields as:

- oF, \( on oF,\ i, oF, ).
F (szle:z-/m = b Ywr - g Ywr (4.41)
oh, \Gy WR Ov, )cosg, -

During the rolling process, the variation of the coupled dynamic rolling force as a

function of each variable may be rewritten as:

IR L R
5 = Koa1Vur + CoanXwr + Coara Vi (4.42)

dyn,R2—-R4

where K, is the stiffness component of the dynamic rolling force due to the variation
of the vertical displacements (0F,/dy,,) . C,,, is the damping component of the

dynamic rolling force due to the variation of the horizontal velocity (0F, / v, ) and
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C,,., 1s the damping component of the dynamic rolling force due to the variation of the

dynamic roll gap (0F, /dy,,) -

4.3.3. Dynamically Coupled Vibration Model (Explicit Formula)

In previous section, dynamically coupled rolling force components in terms of
vibrational displacement and velocity are determined for characterising the dynamic
mill vibration model. All components of the dynamic rolling force can be re-arranged as

follows:

WR WR WR WR WR
den‘l\’ - den.Rl + F({WLRZ + Fd_yn,R3 + den,lM (4 43)

=,C Xy + Kot Vg + CoanXir + Coara Vi

Note that so far the estimated rolling force is the resultant force which can be resolved
into the horizontal and vertical components. The cross-coupled components of the
linearised spring and damper are as follows. The horizontal component of stiffness is

zero as we only consider the vertical compression of strip and ignore the spread of strip

width.

K™'=0and K'*'=0 (4.44)

The vertical components of stiffness have a significant influence as the strip is highly
compressed with rolling force and also experiences a change of yield strength, as

reviewed by Gronostajski (2000).

K" =K, sing, and K™ =K cosg, (4.45)

varl

The damping components due to relative motion between the work roll and strip during

the rolling process can be linearised as:

varl __ o~ : varl __ wvarl __ varl __
C, =C,,sing,, C7=0,C" =C,,cosg, and C/" =0 (4.46)

The damping components caused by variations of rolling speed are decomposed as:
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C* =C,, tang,, C**=0,C™ =C,,, and C"? =0 (4.47)

varl varl

Lastly, the damping components due to the reduction rate in the roll gap are as in the
following.

C-:‘aﬂzo’ C;’:H = C Sin ¢n 2 C-;’:ﬁ = 0’ C:’:’3 = Cvarz COS¢” (448)

var2

At the neutral angle, the horizontal and vertical components of the dynamic rolling force

are determined as:

WR _ o WR : _ il - . . \ s
F - den,R sin ¢n s (a.'CV'arOXWR i KvarlyWR + CvarleR i Cvar?_yWR )S]n ¢n

dyn,x s (4.49)

— gvarl - varl var2 wvar3 »
=C,. Xyp + ny Vg TCo Xyg +ny Ywr

WR _ -WR - . N ¢ &
den.)‘ - Pd_m‘l( Cos ¢n . (a‘vaaIOXWR + K\'arIyWR e (‘ varleR i CvarZyWR ) cos ¢n (4 50)

var2

__ oovarl - varl (a3 -
=C) Xy + K Yy +C L Xy +CL7 Ve

The linearisation of the dynamic rolling force as springs and dampers is given in Figure

4-8. For clarity, cross-coupling terms of springs and dampers are not illustrated in here.

Upper Work Roll

Rolling
Direction
T E g T P T R -~ Symmetry

Lower Work Roll

Figure 4-8: Linearisation of dynamic spring and damper in the roll gap
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4.3.4. Discussion

In Section 4.3.3, a linearised mill vibration model is established for mass elements
assuming small variations about a steady-state operating point of the same order as
normal vibration. In Section 3, rolling force components changing dynamic
characteristics of the cold rolling mill have been linearised by taking into account small
variations of reduction, reduction rate, friction coefficient and rolling speed. For the
purpose of vibration analysis of a cold rolling mill the presented model is coupled to
motion of adjacent mass element and closely associated with system conditions
including rolling parameters in Table 4-2. In order to identify how these force variations
in the roll gap affect the mill system, simulation codes are developed. As shown in
Figure 4-9, dynamic variations of stiffness and damping coefficients in the roll gap are
calculated through the change of rolling speed at friction coefficient in the range of
0.010-0.035; Figure 4-9(a) presents variations of rolling force depending on the small

change in friction coefficient from 0.010 to 0.035. The magnitude of 0F), / Ou,, presents

small differences in low speed range regardless of friction coefficient change. Its
variations in high speed range are more significant suggesting the system may easily fall
into unstable vibration. For the given friction gradient, the first term acts like a negative
damping. Figure 4-9(b) shows variations of rolling force depending on small change in
rolling speed from 10m/s to 35m/s. OF, /0Ov, varies with a high difference in high
friction range with respect to the rolling speed and affects system stability as positive
damping (Tamiya et al. 1980; Tlusty et al. 1982). However, in higher rolling speed
range, positive damping eftect resulted from the rolling speed reduces considerably.
Figure 4-9(c) indicates variation of rolling force depending on the strip thickness

change. 0F, /0y, initially varies with a significant magnitude and settles at a high

rolling speed around 35m/s, which explains why it does not significantly change
stiffness coefficients in the roll gap even though the rolling speed increases over 35m/s.
Finally, Figure 4-9(d) displays variations of rolling force depending on the reduction
rate change (Yun et al. 1998; Hu et al. 2006) and has a significant effect on the roll gap
compared to Figure 4-9(b). In Figure 4-9(d), positive damping effect decreases with the
increasing rolling speed while negative damping effect increases with the increasing

rolling speed in Figure 4-9(a).
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Figure 4-9: Force variations in the roll gap depending on the change in the key rolling

parameters (a) friction coefficient, (b) rolling speed, (¢) reduction and (d) reduction rate

However, it should be noted that, in the range of friction coefficient over 0.030,
variations of rolling force do not fit with the linear scheme any more as system
characteristics also change with the state (position) of the bearing and roller. As a result
of simulation, it is identified that rolling force variations have an interacting relationship
in the roll gap which may affect system stability. Determination of stability regime
through the change of friction coefficient and rolling speed will be methodically

discussed in Chapter 6 of this thesis.

As afore mentioned in previous section, these force variations act like springs and
dampers in the dynamic roll gap, and thus shift natural frequency range and change the
system characteristics in the cold rolling stand. Of course, there are many system
parameters that may alter dynamic characteristics of the cold rolling system. However,
this study is focused on system characteristics that can be altered by the change of
reduction, reduction rate, friction coefficient and rolling speed while the change of other

parameters remains constant.
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4.4. FRICTION FORCE

According to the friction definition in physics (Tipler, 2004), friction is the resistance of
moment at the interface between two bodies, or two elements, or two particles or two
things. Material moment in rolling is always in a single direction or in the rolling
direction. If friction resists the material moving, the friction direction has to be opposite
to the material moment direction, or rolling direction, for the whole deforming region.
Thus, the friction force is resisting force against the rolling force. The roll gap has
friction forces due to the surface contact at two sides, i.e., bottom surface between the
work roll and strip and top surface between the work roll and backup roll. For the upper
part only, all the force components at surface contact are given in Figure 4-10. The
backup roll and work roll have 6mm offsets with surface contact. Owing to the offset
between two rolls, contact angle of two rolls is tilted with the oblique. Neglecting the

roll deformation of two rolls, the tilted angle can be calculated as:

. Olffset
B = tan™ [ 4 ) (4.46)
e (Rme + RH'R)

When the work roll is oscillating with the small change of rolling force, the neutral
point moves inward or outward in the roll gap and surface contact angle of two rolls

changes, accordingly.

Therefore, due to the change of the surface contact region, friction force is affected by
oscillation of rolls. Specifically, friction direction in the work roll is given in Figure 4-
11. Once the work roll driven by motor is rotating in a counter-clock-wise direction, a
friction component in the bottom surface of the work roll resists the rolling and another
in the top surface of the work roll is against the backup roll rotation. On the other hand,
the backup roll at the surface contact with the work roll will be accelerated by the
friction force and its rotation is purely initiated by the friction force against the roll

contact.
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FI
JB Backup Roll
\ o Vg

6mm Offset

i

Figure 4-10: Roll stack model based on the force components in the surface contact (a

upper backup and work roll)

Work Roll

Figure 4-11: Friction force components at the work roll surface
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At a certain steady-state condition, friction is uniform along the contact of arc length as
lubrication of oil is continuously supplied onto the roll bite. Thus, frictional force on the

roll surface, therefore, can be defined by:

Fo = po\F;+F (4.47)

For the frictional force in the vertical direction, its magnitude is less than 1 per cent
compared to the horizontal force as the resultant rolling force acting on the neutral point
is almost in the vertical direction. As shown in Figure 4-11, as frictional force changes

sign at the neutral point, the horizontal friction force in the roll gap becomes:
N 4 b4
Fo .= poF =R WU s d¢+L s d¢J (4.48)
: @ v

On the other hand, the other frictional force from the surface contact between the

backup roll and work roll, ', , is simply written as g F}; . Note that the direction of two

frictional forces is opposite to each other and friction coefficient in the metal-to-metal
contact is assumed to be 0.1. Therefore, considering the offset and force direction
between two rolls, horizontal friction force between the backup roll and work roll

becomes:

Fr.=uF cos(f~4,) (4.49)
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CHAPTER 5. MILL VIBRATION MODEL WITH A 6DOF
SYSTEM

5.1. INTRODUCTION

This chapter mainly deals with linearisation scheme used for developing a proposed
mill vibration model with assumptions and simplifications. In the determination of
linearised stiffness and damping coefficient in the support bearings and surface contact,
it is considered a cold rolling mill at the 4™ stand is operating at a steady-state condition
at the friction coefficient of 0.02 and rolling speed of 20m/s. With the given rolling
force from the roll gap model presented in Chapter 4, the journal bearing analysis has
been performed in order to find the bearing forces and equilibrium states in the
lubrication film and the separate analysis for the tapered roller bearing also has been
carried out for the purpose of identifying bearing characteristics. Then, coefficients of
stiffness and damping are calculated at these steady-state conditions. Surface contact
between the backup roll and work roll, on the other hand, has been linearised by
utilising Hertz contact mechanism. It should be noted that current study is only valid for
small change in rolling parameters as all the calculated coefficients are changing with
the roller's position as well as lubrication conditions in the roll gap. Nonetheless, it
seems to Author with confidence for standard mill vibration analysis that this approach
is still appropriate to identify characteristics of the cold rolling mill. In Chapter 8, in
order to overcome limitation introduced in this study, a new concept for a fully transient
model will be taken into consideration as all the stiffness and damping coefficients
resulting from those support bearings and dynamic roll gap are varying with state,
which significantly varies with the displacement and velocity of the backup roll and

work roll.

5.1.1. Design of Cold Rolling Mill for a Rolling-Stand
In Figure 5-1, the complete assemblies of a rolling stand in cold rolling mill are
presented in order to provide the fundamental understanding of how the system looks
like and works at the given condition. Note that some of minor details are not drawn

here for the purpose of the general overview. In this thesis, the overall system can be
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condensed to Figure 5.2 as the main concern is to identify the coupled dynamics in a
cold rolling mill. Figures 5.3 to 5.5 show the individual displays of half-stand cold

rolling mill in terms of viewpoints.

ped ieddn

—
Q
£
o
~
el
2
v &

Figure 5-1: Assembly of a rolling stand in cold rolling mill: (a) backup roll bearing
housing chock, (b) work roll bearing housing chock, (¢) backup roll, (d) work roll, (e)
mill Stand, (f) strip and (g) hydraulic cylinder
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Upper part

A i s

Figure 5-2: Assembly of the upper part of a rolling stand: (a) backup roll bearing
housing chock, (b) work roll bearing housing chock, (c¢) backup roll, (d) work roll, (e)

journal bearing, (f) tapered roller bearing, (g) gasket (cover)

Figure 5-3: Perspective view of the upper rolling stand in cold rolling mill
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4

Figure 5-4: Side view of the upper rolling stand in cold rolling mill

Figure 5-5: Front view of the upper rolling stand in cold rolling mill
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5.2. VIBRATION MODEL OF A ROLLING STAND IN COLD
ROLLING MILL

In order to develop a mathematical model describing the coupled mill vibrations, the
dynamic mill vibration model presented in this study includes x- and y-translational
displacements of the bearing housing chock, backup roll (BR) and work roll (WR). All
force components of each mass element have highly nonlinear characteristics. In order
to linearise these force components as stiffness and damping coefficients, the following

assumptions and simplifications are made.

S.2.1. Assumptions and Simplifications

The assumptions made in the classical theories of rolling presented by Orowan (1943),
Bland and Ford (1948) are considered to hold true. For the dynamic analysis in rolling
process, further considerations are given as follows:

(1) It is considered that the bearing housing chock, backup roll and work roll oscillate
with bi-directional (x and y direction) degrees of freedom. The strip continuously
passes through the roll gap, and thus the change in rolling speed and friction
coefficient may cause severe noise and vibrations in the translational motions.

(2) The upper and lower parts of a mill stand are assumed to be symmetrical with
respect to the roll gap. The dynamic conditions of both parts of the individual stand
are considered to be exactly identical (in fact, there exist some differences between
structural features of upper and lower rolls). Consequently, the upper part of the
rolling stand is only analysed.

(3) Work roll (WR) and backup roll (BR) are supported by tapered roller bearings and
journal bearings, respectively. Variations of displacement and velocity of rolls alter
the dynamic force component and thus change natural frequency range.

(4) Surface contact between the backup roll and work roll can be linearised by using
Hertzian Contact theory, and the collective effects resulted from the bearings are
represented by the linearized stiffness and damping coefficient, as shown in Figure
5-6.

(5) It 1s also assumed that the collective frictional force and rolling force acting in the
roll bite are applied at the neutral point. Thus, by the relationship of Fz,=us/N., the
frictional force Fj, is considered to be proportional to the force N that is normal to

the strip surface.
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5.2.2. Mill Vibration Model

Force components for the upper part of a mill stand are shown in Figure 5-6. To derive
the equation of motions, it is important to separate the forces into the x- and y-
directional components in the dynamic mill vibration model. Then the equations of
motions can be constructed by using force components only. Notations for symbols

used are given in Table 5-1.

My X gy = =Fy + Fyey (5.1)
My Ve = Figy = Fey + Fyey (5.2)
MypXgp = Frpp — Fyy —F cos(B-¢,) (5.3)
My Vg == F + = F,sin(f~-4,) (5.4)
Mypyp = Fy + Ffy — Frpyy — F cosg, + F cos(f-¢,)+Fyr. (5.5)
MypVww = Fy —F) — Fg, + Fo sing, + F, sin(f—-¢,)+ Fy,\ (5.6)

Table 5-1: Notations of symbols for a given free-body-diagram

My s Mgy, My, Lumped mass of the bearing housing chock, BR and WR [4g]
FHCH Reaction force from the mill frame [V]
F HeV Screw-down forces on top [V]

Fro s Eoy s Fagy s Frpy | Bearing forces resulted from support bearings [N]

kPl Horizontal and vertical rolling force in the roll gap [N]
B Surface contact force components between BR and WR [V]
o Resultant rolling force [V]

FHQ Frictional force in the sliding surface of the housing chock [N]
ch ; Fﬂ. Frictional forces in the BR and WR, respectively [N]

Fﬁx . Fﬁy Dynamic rolling force [V]

¢,, Neutral point/angle in the roll gap [Radian)

yéj Contact angle transferred between two rolls [Radian]

v, Rolling speed [m/s]

Xpr o Vo > Xpr s
- Coordinates of the cold rolling mill system [m]

Yars Xwr > Ywr

JB , RB Refer to the journal bearing and tapered roller bearing, respectively
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FH('V
\
\ !
FJBV
yBH
FH('H 1
| - L Xy

F ’ i
FH( jfT JBH

Bearing Housing Chock

(a)

i ot
FR.BH

Work Roll

FM'I( FWR

dyn R dyn,x
[T -

(b) ()
Figure 5-6: Free-body-diagrams of lumped mass components; (a) bearing housing

chock, (b) backup roll and (c¢) work roll
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Force components in equations (5.1)-(5.6) have non-linear characteristics and may be
determined experimentally. In order to identify the vibrational features in the cold
rolling mill, it is necessary to linearise these force components by assuming small
variations of the same order as normal vibration about a steady-state operating point.
Consequently, all force components (except friction force and dynamic force
components) will be expressed in terms of stiffness and damping coefficients,
respectively. Weights of mass elements are not considered and origin of the coordinates

is assumed to be at the centre of each mass.

Rolling
Process

e t" WR
.
L
v‘ﬁr
F:X:‘ where [, j =X,y
(@) (b)

Figure 5-7: An extended schematic of dynamically coupled cold rolling mill (6DOF)

First, a mass-spring-damper system with 12 degrees of freedom is shown in Figure 5-
7(a). The mass of system consists of the horizontal and vertical motion, respectively. By
symmetry, the present study will focus on the motion of the upper part of a mill stand
which is the essential part to understand the physical phenomena in a rolling stand
system. Thus, as shown in Figure 5-7(b), this model can be reduced to a six DOF mass-
spring-damper system due to the symmetry in relation to the roll gap. The simplified
system consists of three masses, corresponding to the bearing housing chock, backup

roll and work roll. Each mass also contains spring and damper elements with the two
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translational degrees of freedom. The vibration model of the rolling mill stand can then

be modelled as a linear lumped parameter system.

From the given free-body-diagram (Figure 5-6) and schematic (Figure 5-7), the
equations of motion governing the vibrations of the mass element can be obtained by

applying Newton’s second law of motion:

. BH BR BR
Mgy Xpy ==Ky Xgy — ke, (xBH xBR) kn (yBH yBR) 5.7)
. BR BR ’
_cxx Xpy — Cry (xBH _xHR) Cyo (yRH Vir
.. BH BR BR
My Yy = k c Veu — k (xBH xme) k» (yBH yBR) (5.8)
BR BR )
C” Yoy —Cpy (¥BH xBR) Co (yBH yBR)+FH(j/

Cont Cont
o k.. ( Xpr ~ Xy ) - kxy (yBR ~ Vwr )

BrXpR = _kxﬁxR (xme Xy ) kBR (.yBR You )
c (yBR yBH ) ( ik (xBR o XWR ) "C;;)m (yb'R —yWR) (5-9)

= C.Z-R (xBR )
4,)

—F, cos(B-

n

BR BR Cont ( ont
My Vgr = k ( BR "xHH)_k b (yHR ~ Ve )—k\'x (xme _'xWR) (yh’k Vu/e)
Cont Cont

. BR()”BR XBH) e (yHR J}BH)’C;,« (XBR_xWR)_C_u» (yHR _yWR) (5.10)
—-F,sin(f-¢,)

WR WR i Cont o Cont .
My Xy =~k Xy — kxy Vir — ¥ (xu'_/e "-"B.w) k (.)/WR }me)
WR - WR A o ,Cont . e _ Cont - e -
“Coux Xwr —Cy VYwr ~Cxx (-"uf/e xh’k) Cy (}' WR .V/s/e) (5.11)
~ L WR
i [‘/w Cos ¢r1 + F/L COS (ﬂ = ¢n ) * Fd\n x

VIR WR Cont Cont
My Yy = k Xyp — k y Ywr — k_)’.\' (xu/e xme) k (yWR —yBR)

WR - WR - Coni { = ; Co .

—Cp Xyr —C,, » Vg Crxw (xWR . xBR) 4l (yme yBR) (5.12)
: g WR

+F, sing, +F sin(f-¢,)+F,,,

where k' and ¢ represent the stiffness and damping coefficient of the system resulted
from the bearing housing, backup roll and work roll; superscript » denotes BH, BR, WR

and Cont, and subscript i and j each indicates x or y, respectively. F,'" and F*

dyn x dvn,y

the dynamic rolling forces caused by the roll gap being investigated.

Note that the force components in the screw-down on top, surface contact, journal

bearing (Rezvani and Hahn, 1993) and tapered roller bearing (Lim, 1990), respectively,
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have been linearised as the stiffness and damping coefficients under the steady-state
rolling conditions. The force components acting on the surface contact are also

linearised using Hertzian contact theory (Roark, 2002).

Equations (5.7) to (5.12) can then be rewritten as:

[M]X +[C]X+[K]X =F,, (5.13)
where [M], [C] and [K] can be expanded from equations (5.7) to (5.12) and F,, is the

frictional and dynamic rolling force components. The linearisation of stiffness and

damping coefficients will be discussed in next section 5.3.

Throughout this study, friction is uniform along the contact of arc length as long as
lubrication of oil is continuously supplied onto the roll bite. Frictional force changes
sign at the neutral point, as shown in Figure 4-11. On the one hand, the direction of
frictional force is tangential to the rolling speed. One frictional force on the roll surface
between the strip and work roll, therefore, can be defined by the assumption (5) in
Section 5.2.1. On the other hand, the other frictional force on the surface contact
between the backup roll and work roll, Fy, is simply written as u.N' where u. is the
friction coefficient in the metal-to-metal contact and N’ is the normal force between two

rolls. Note that the direction of two frictional forces is opposite to each other.

100



CHAPTER 5. MILL VIBRATION MODEL WITH A 6DOF SYSTEM

5.3. LINEARISATION OF FORCE COMPONENTS

5.3.1. Linearisation Scheme

A common way of dealing with a nonlinear system equation is to linearise it about a
certain operating point resulting in small but insignificant errors. This section mainly

presents the linearisation scheme for the afore-mentioned force components.

5.3.2. Bearing Housing Chock

Bearing housing chock are assumed to be very stiff, meaning, that one or more strongly
damped mode is present. Stiffness coefficients for the vertical vibration analysis are
listed by Kimura et al. (2003). Besides, these values can be approximated from the ratio
of transferred force variation to vibrational displacement. Here, under the given rolling
force variation of 150kN at the steady-state condition, it is assumed that variations of

displacements of bearing housing chock are less than 0.5um.

5.3.3. Cross-Coupling Effect in the Journal Bearing

Bearings include one of the most essential components in the cold roll mill. Their
influence on the rotor dynamic performance and stability of the machine (cold rolling
mill system) cannot be ignored. Many of the problems we face with machinery today
can be attributed to the design and application of the bearings. An understanding of how
bearings work and some knowledge of the basic principles that highlight their operation
is therefore essential for making the in-detail design that best matches the operation

requirements in question.

Bearings support the applied load and weight of the rotating shaft by developing a
hydrodynamic pressure in the fluid film formed by the shaft and the bearing surface.
The pressure profile in the oil film is characteristic of the journal bearings. This gives
rise to an attitude angle formed by the line of centers (line connecting the center of the
shaft and the center of the bearing) and the load vector. This characteristic is indicative
of the presence of cross-coupling in the bearing. The load, which in this case is due
primarily to the rolling force, is acting directly upward on the journal bearing.
Integration of the pressure profile results in a net force that balances the rotor. This

force generated in the film is accompanied by a shaft displacement with a component
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that is along the load direction (direct) and a displacement that is orthogonal to the load
direction and is shifted in the direction of rotation (cross). This cross-coupling effect
influences stability of all rotating machinery where a fluid is rotating with the shaft in a

small annulus.

This phenomenon is unique to rotating machinery and is not present in other non-
rotating structures or mechanisms. It is this cross-coupled stiffness force that promotes
self-excited, sub-synchronous vibrations and instability in rotating machinery. In fluid
film bearings this is referred to as oil whirl where the shaft will whirl at a frequency that
is equal to a fraction of the running speed frequency. This sub-synchronous component
tracks the running speed until it locks on a natural frequency where its amplitude will
increase rapidly and results in oil whip. The frequency of the sub-synchronous
vibrations in the oil whirl region is dependent on the L/D ratio of the bearing. The

higher that ratio is, the closer the sub-synchronous oil whirl is to half running speed.

Rotational Bias Effect in Journal Bearings

~ Bearing

Line ot

Centers

~ Rotor

L X
_~— Fluid Film

Pressure

Profile

Counter Clockwise Rotation Clockwise Rotation

Figure 5-8: Rotational Bias Caused by Cross-Coupled Stiffness Coefficients

It is also worth noting that the cross-coupling in the journal bearing tends to always
move or push the shaft to the opposite side of the fluid film. Therefore, this cross-
coupling effect (k,,y and k x) is always biased by the direction of rotation as shown

in Figure 5-8. The term rotational bias is often used to describe this phenomenon
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(Khonsari and Chang, 1993). All these terms are often used to describe this
destabilizing force (generated from the cross-coupled stiffness), which acts in the same
manner as direct damping but in the opposite direction to direct damping, thus the term
negative damping. Positive damping dissipates energy and in this manner it reduces
vibrations and whirl amplitude, while the negative damping adds energy to the dynamic

system and therefore increases vibrations and amplitude of motion.

5.3.3.1. Oil Film Force Calculation in a BR

Approximations of oil film forces of the dynamically loaded bearing are presented in
Reference (Adiletta et al., 1995; Rezvani and Hahn, 1993) as well as many other studies
(Holmes, 1960; Khonsari and Chang, 1993; Wang and Khonsari, 2006). In this study,
long bearing solutions (modified short bearing approach) by Rezvani and Hahn (1993)

are adopted to calculate oil film bearing forces in the BR.

{F/’HH F,',_”,.} = f(xrc/= Vet %rer> Vvers Rops Loys M5 Ciys a)hh) (5.14)

where F'jzy and F'jpy is the pressurised oil film forces in the horizontal and vertical
direction, subscript 'rel' indicates relative motion of the bearing housing chock and roll
and 'bb' represents backup roll bearing (Refer to Table 5-2). Therefore, stiffness and

damping coefficients with cross-coupled terms are calculated in the following:

aF/,BH a};.‘/’BH

o, oy ol
[K A‘R] =la ngly 8 1)7/"; = [ LR k'é;e (5.15)
a‘xrel ayrcl | )
OF OF
. o, 0 anil s
[C HR] = aFf;:, a};’/f; = { BR C'BR (5.16)
—SY | . . ¥ W
ax.rv/ ay rel

The journal bearing model introduced in this study is intensively investigated and
validated with a different model (Shigley and Mischke, 1986; Adiletta et al., 1995). For
more detail information with respect to its validation and characteristic result, refer to
Appendix II.
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Table 5-2: Journal bearing parameters used for calculations

. . Bearing .. .
Bearing Bearing Viscosity .. Rotational
radius [mm] | length [mm] cle[a;:':’l]lce [Pa-s}] Fecentricity Speed [RPM]|
Ry Ly Chp n Epb Dpp
400 800 400 0.04 0.872 29.6 (CW)

5.3.4. Mean Bearing Forces of the Tapered Roller Bearing in a WR

Roller bearing or rolling element bearing is much more efficient in delivering or
supporting the work roll than the journal bearing as the force applied onto the rotor is
distributed effectively rather than pressurising the oil-film in the journal. Thus, many
industries are installing the tapered roller bearings for alleviating the huge magnitude of
force exerted on the rollers (Timken bearing catalogue, 2001).

In Reference (Harris et al., 2007; Gargiulo, 1980; Lim, 1990), a comprehensive bearing
stiffness matrix is proposed which clearly demonstrates a coupling between the
translational motions by using the mean bearing displacement vector. A symmetrical

bearing stiffness matrix for a WR is defined as:

2 4 At
OF ppry  OF g
- N PRZ WR)
) A
[K j o Cé\'m Oo,\m i i k,\'.\' er (5 1 7)
wr |~ ! =y all =1 gwr WR ;

OFpey  OFpy | |k K,

o, oo

xm ym

where F'rgy and F'rpy is the mean bearing forces in the horizontal and vertical direction,
0 indicates the mean bearing displacements, subscript /' represents x or y. Therefore,

tapered roller bearing stiffness coefficients are given explicitly as:

kM =nK, cos’ a, Y oy cos’ (5.18)
]
R w N 5 .
ky =k = > K, cos’ a, Y Sy sin 2y, (5.19)
- ]
k' =nK, cos’a, Y o' sin’y, (5.20)
7]
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where subscript /' indicates the jth rolling element, the cross-coupling is identical and

these bearing stiffness coefficients are only dependent on the translational

displacements unless the rotational displacements are significant. Here we assume no

damping in the WR as it is negligible compared to that of the journal bearing and roll

gap. Also, note that other rotational stiffness coefficients are ignored.

Table 5-3: Tapered roller bearing parameters used for calculations

Bearing | Bearing | Bearing |[Number of Loac! Rolling Rotational
. . deflection
radius length | clearance | rolling | Exponent element speed
(mm] | [mm] [um] | element COBSANt | ngle [ded]|  [RPM
[MN/m]
Rub Lwh Cu b Z n Kn ay Wyyp
150 150 50 50 10/9 300 15 133.33 (CCW)

The tapered rolling bearing model used in this study, unfortunately, does not
sufficiently provide detail information about bearing force approximations as it is
assembled into two-row or four-row configurations. Nonetheless, bearing stiffness
coefficients obtained from this model still are in series combinations in terms of
vibrations if any thrust force in the direction of the work roll length does not
significantly affect the roller's positions but cancels out each other due to the opposite
arrays of roller elements in the tapered roller bearing. For more detail information with

respect to its validation and characteristic result, refer to Appendix III.

5.3.5. Load-Displacement Relations between a BR and WR

Surface contact relationship between the BR and WR has been intensively investigated
in many studies (e.g., Chefnuex et al., 1984; Robert and Qi, 1994; Lin et al., 2003).
However, systems so far are only free to oscillate in the vertical direction only and
horizontal coupling is consistently ignored. Therefore, the deformation between the
backup and work roll contact is described in two translational directions using linear

elasticity by Hertz contact theory. The relative displacement A between the centers of

two rolls of the same material due to a compressive load per unit length f from the roll

gap model is well known and given by Roark and Young(2002) as:
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w 2/ (1-v )[g+ln[o.78125E(DBR+DWR H (5.21)
d nE 3 ﬁ,(l—Vz)

where A is relative motion along the axis of loading of two points, v is Poisson’s ratio,

E is modulus of elasticity. It is assumed here that the roll (BR and WR) length L is large
as compared with D, where i = subscript WR and BR such that Hertzian contact theory
is applicable. Subscript 'i/' refer to xx- and yy-directional degrees of freedom,

respectively. Taking the derivative form of the relative displacement with respect to

applied load yields:
dA, :2(1_1/3) ___1+1n 0.78125E(Dy, + D, (5.22)
d, 7E |3 £,0=v)

[t is noted here that the load f in equation (5.22) is to be substituted by the resultant
rolling force Fj; in the derivation that follows. The effective stiffness coefficient due to

surface contact between the upper backup roll and work roll can be defined as follows:

dF, wkE

[ S 1]
-1, ln( 0.78125E(D,, + D, H

¢ = = 5.23
b dAI ( )
F (-7

) 2(1-1'2)[
13
L

In order to obtain the useful coupling between the BR and WR, consider the spring and

damper system illustrated in Figure 5-9. ¢, is called neutral point/angle where the work

roll speed and strip speed are same, € is the subtended angle at the surface contact
between rolls, and ¢ is the rotational angle (7/2-6). The stiffness matrix for this system
may be written by using linear transformation below. Note that with ¢=0, stiffness
matrix becomes U, again. For damping matrix, it applies to the same rule. However the
damping in the surface contact is very small and thus ignored with minor errors. This
can be further explained from the fact that the elastic deformation is modelled under the
steady-state condition, and surface is in metal-to-metal contact such that damping is

insignificant.
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Figure 5-9: Mode coupling between the contact surface of BR and WR

Table 5-4 shows the stiffness and damping coefficients resulted from the steady-state

rolling. Damping coefficients in the BR are significant in the cold rolling mill while

those in the bearing housing chock and WR are ignored.

Table 5-4: Stiffness and damping coefficients calculated for a cold rolling mill analysis

Stiffness [MN/mm] damping [MN-s/mm] coefficients for the bearing housing chock

k BH k BH k BH k BH BH CBH CEH c BH
31.00 0.0 0.0 32.30 0.0 0.0 0.0 0.0
Stiffness [MN/mm] and damping [MN-s/mm] coefficients of contact surface between BR and WR

k Cont k Cont k Cont k Cont C(‘um Cont ,Cont Cont
21.78 -0.029 -0.029 34.33 0.0 0.0 0.0 0.0

Stiffness [MN/mm] and damping [MN-s/mm)] coefficients of a upper BR

k BR k BR k B'R k BR cBR c I‘fR c BR c BR

29.32 7.63 88.87 158.21 0.89 1.31 2.03 6.79
Stiffness [MN/mm] and damping [MN-s/mm] coefficients of a upper WR

k WR k WR k WR k WR CWR CWR c WR R

3.07 -0.12 -0.12 3.38 0.0 0.0 0.0 0.0
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5.4. CALCULATIONS OF ROLLING FORCE IN STANDS

In chapter 4, dynamic force components have been derived in order to identify the
coupling effect in the dynamic roll gap and also have been linearised as stiffness and
damping coefficients in terms of vibrations. Furthermore, in previous Section 5.3, under
the steady-state condition, force components of bearing supports and surface contact are
linearised as stiffness and damping coefficients, respectively. These linearisation
schemes are valid only when the support bearings are rotating in a steady-state
operation. This is due to the state and speed dependency of the bearing supports. If the
steady-state condition is guaranteed in the bearing supports even though small
disturbance occurs in the roll gap, free and forced vibration analysis can further be
performed to determine the relationship between the rolling speed and friction
coefficient through investigations of eigenvalues and eigenvectors from the linearised

matrix form. For more detailed analysis and results will be given in Chapter 6.

5.4.1. Rolling Force Calculation Schedule

For the calculation of rolling force in a consecutive stand, the homogeneous rolling
process model given by equation (4.18) is required. The developed roll gap model is
dependent on the rolling speed and friction coefficient if other parameters do not change
under the steady-state condition. Table 5-5 shows the rolling force calculation results
for the individual stand. The magnitude of rolling force is varied quite a lot depending
on the reduction per cent, tension, friction coefficient, work roll radius, rolling speed.
Noticeably, the roll radius is deformed more than two times compared to the
undeformed roll radius at Pass 5. As a consequence, the estimated rolling force

increases due to the elongated contact length between the work roll and strip.

[t is worth it a while that the contact length in the deformed roll gap decreases
depending on the reduction and tension. As denoted by equation (3.5), the Hitchcock
(1935) roll deformation affects to the magnitude of rolling force in the case of thinner
and harder strip rolling. Of course, it should be mentioned that the roll deformation fails
to converge at the rolling case such as the strip thickness less than 0.1mm and friction

coefficient less than 0.07.
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Moreover, in order to provide more understanding of how the rolling force is calculated,
Figure 5-10 demonstrates a good example of iterative calculation for the Pass 4 and
iteration has been set to 20 steps so as to estimate accurately rolling force, contact
length in the roll gap and deformed roll radius. It is evident that all three parameters are
converging quickly within 7 iterations and slow down when approaching the

convergence points.

Table 5-5: Rolling force calculation for each stand in a tandem cold rolling mill

Stand Pass 1 Pass 2 Pass 3 Pass 4 Pass 5
Entry Thickness 4,, (mm) 1:35 0.90 0.60 0.40 0.30
Exit Thickness A, (mm) 0.90 0.60 0.40 0.30 0.24
Reduction (%) 33.33 33.33 33.33 25.00 20.00
Back Tension 1,, (MPa) 100 120 120 | 90 (44kN) | 90 (44kN)
Front Tension ¢, (MPa) 100 120 120 90 90
U“g;g"ig:?wg?; 1;11;011 300 300 290 300 300
Friction Coefficient 4, 0.025 0.023 0.022 0.020 0.018
Rolling Speed v, , (m/s) 6.67 10.0 15.0 20.0 23.67
Deé‘ﬁfs‘iR"Z ‘gj ”1})"“ 0.400 0.459 0.513 0.733 0.947
Rolling Force (MN) 9.49 8.83 8.52 8.01 7.18
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Figure 5-10: Iterative rolling force calculations: (a) resultant rolling force, (b)

deformed contact length, (¢) deformed roll radius
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CHAPTER 6. STABILITY ANALYSIS OF A ROLLING
STAND IN COLD ROLLING MILL

6.1. INTRODUCTION

This chapter specifically focuses on stability analysis of a coupled mill vibration model
resulting from the force variations in the dynamic roll gap, surface contact and support
bearings studied in Chapters 4 and 5. For the determination of system stability regime,
all the stiffness and damping coefficients have been linearised from the journal bearing
analysis of the backup roll as well as from the tapered roller bearing analysis of the
work roll. This linearisation scheme however can result in cumulative error in
estimating the accurate bearing forces when the bearing is rotating in a steady-state
condition and even whirling at the unstable vibration mode. The main reason for this
error is that bearing forces are varying with the positions and relative motions of
support bearings during the rolling process. In this chapter, therefore, we ignore the
bearing faults/defects resulting from the bearing wear and lack of lubrication, and only
consider the steady-state rotating condition such that the stiffness and damping

coefficients of bearings can be used in stability analysis.

In order to build a fundamental understanding of a rolling stand in a cold rolling mill,
tension variations between stands will not be considered because the coefficients of
stiffness and damping are calculated under the steady-state rolling condition. Most
significantly, tension variation models, so far presented by Tlusty et al., (1982) and Yun
et al., (1998) are assumed harmonic and tension stresses are determined by the
sinusoidal function rather than rolling states. Due to the inability to linearise tension
variations during the rolling process, the stability criterion will be presented in this

chapter without considering effects of the front and back tension variations.

6.2. MODEL COMPARISON

6.2.1. Damping Coefficient in the Dynamic Roll Gap

As presented by Tlusty et al. (1982) and Kimura et al. (2003), the effects of the damping

coefficient in the roll gap due to the rolling speed are best explored in a rolling stand of
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cold rolling mill. Recalling the damping formula of a variable force component

depending on the rolling speed yields (Tlusty et al. 1982; Kimura et al. (2003):

WR,, X @ cos (o)

v

X

C'l = (O-X _t-f )var

Tlusty

6.1)

C. =~ WU (6.2)

Kimura
2v

R

In order to identify the negative damping effect in the roll gap, Tlusty et al., (1982) also

presented the formula as follows:

) WXy, E\[R,, (h, —h, ) cos(wr) (6.3)

var Ih )

C»Z

“Tlusty = (O—x _tx

A cosine term in equation (6.3) precedes the sine term of the harmonic vibration and
harmonic force "leads" the vertical vibration by 90°. They suggested that such a force

variation represents negative damping and may cause self-excited vibration.

These damping coefficients are well employed in a dynamic roll gap analysis in order to
identify the positive or negative damping effect from the characteristic equation of the
chatter model. For the second order differential equations of motion in the dynamic roll
gap, therefore, the damping force component can be approximated as:

(C

“Gap

~C, )X >0 (6.4)

where X are the velocities of the mass elements, C,. is the positive damping in the

Gap
bearing support (resulted from the mill structure) and the dynamic roll gap, and C are

negative damping in the roll gap as indicated by Tlusty et al., (1982) and Kimura et al.,
(2003), respectively.

This concept is first introduced by Tlusty et al., (1982) although the model is very

limited to certain rolling conditions. In order to better understand the damping model
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presented in equations (6.1) and (6.2), it is necessary to evaluate the force variations
with respect to various rolling conditions. In comparison to the current damping
coefficient presented in equations (4.44) and (4.45) of Chapter 4, however, it is almost
impossible to validate the estimated damping coefficient as the used rolling parameters
and the resistance deformation of the material differ from other models. Nonetheless,
the calculation results provide a similar trend of the damping coefficient in the roll gap.
As an example, the estimated damping coefficient using equation (6.1) varies with the
amplitude and frequency used, and the value cannot be evaluated without knowing the
amplitude of work roll. The value for equation (6.2) is estimated around 6.8 MNs/m.
The rough approximation of the material damping coefficients depending on the rolling
speed is due to simplifications of the roll gap model. According to the calculation of
damping coefficient by Zhao et al., (2008), it is confirmed that the damping coefficient
decreases with the increasing rolling speed in a nonlinear fashion as demonstrated in

Figure 6-1.

60 -

&)}
o
1

C.or (MN-s/m)
S

w
(=
T

1 I L I |
20 25 30 35 40 45 50

Vg (M/S)

Figure 6-1: Variations of damping coefficient depending on the rolling speed (Zhao et
al., 2008)

In Figure 4-9(b), it is also shown that rolling force variations with respect to the small
change in the rolling speed decrease with the increasing rolling speed, indicating that
force variations in the dynamic roll gap result in positive damping effects. In other

words, the calculation result demonstrates that C  is very sensitive to the change of

rolling speed and proportional to the inverse of the rolling speed.

113



CHAPTER 6. STABILITY ANALYSIS OF A ROLLING STAND IN COLD ROLLING MILL

In addition to the effect of rolling speed, As reported by Tlusty et al. (1982), they
concluded that variations of inter-stand tension also affect the rolling force and result in
an increase of a negative damping effect. According to the investigation of Yun et al.,
(1998), on the other hand, it is understood that negative damping effect resulting from
the back tension variations affects the rolling force variation and has a significant
influence on the overall magnitude of the strip thickness variation. However, it is not
clear how the force variation is combined for the purpose of the calculation of damping

coefficient.

6.2.2. Stiffness Coefficient in the Dynamic Roll Gap

As indicated by Tlusty et al., (1982) again, the force variations due to the change in the
roll gap spacing represent the stiffness coefficient. Therefore, these variations are added
to the roll gap as a form of elastic force and increase the natural frequency of the
coupled rolling mill system. The calculated force variations act as a spring rather than a
damper in the dynamic roll gap and do not have an effect on the unstable conditions due
to the positive effect. Recalling the stiffness formula of a variable force component
depending on the roll gap spacing yields:

RL/
hv T h.\‘

oF, \ ,
Koo = - 6.6
Kimura [ Bh‘ J ( )

B =0, <15 W \/ (6.5)

These two stiffness coefficients are also employed in a dynamic roll gap analysis in
order to identify the natural frequency range resulted from the characteristic equation of
the chatter model. The value for equation (6.5) is equal to 68.1 MN/mm and the value of
44.16 MN/mm is calculated from equation (6.6). This is a good example for comparison
in terms of the linearisation as a spring and damper for the vibration analysis and has
been evaluated in Figure 4-9(c). In the second order differential equations of motion in
the dynamic roll gap, the spring force component can be defined as:

(Ko =Ko ) X >0 (6.7)

Gap -
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where X are the displacements of the mass elements, K, is the stiffness coefficient in

the bearing support (resulted from the mill structure) and K is the stiffness coefficient

in the deformed strip by Tlusty et al., (1982) and Kimura et al., (2003), respectively. It

should be mentioned that the resulting value of K generally becomes positive when

rearranging it from the RHS of the differential equation.

6.3. SYSTEM MATRIX

Rewriting equations (5.7) — (5.12) and substituting the dynamic force components of

equations (4.43) and (4.44) in matrix form of the first-order

X =AX (6.8)

T

where X = (xHH s Vi s Xprs VersXwr> Ywrs X > Vi ’xHR’yBR’xWR’yWR) :
The system matrix is given by

) ba s i
A= ..A-Mh"K --M)f‘cJ (6.9)

where 0, is a 6x6 zero matrix and I, is a 6x 6 identity matrix.

Therefore, system mass, stiffness and damping matrix including the dynamic force

components can be defined as:

mg, 0 0 0 0
0 my, O 0 0

(M]= 0 0 my 0 0 .
0 0 my, O 0
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(81 BR BR BR BR T
(k) () e 0 0
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(k) (k2T +k2) =k —k 0 0
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[K] _er —kn (kxx + er ) (kx\- + kx\' ) _kn —kl’_l and
- —k BR _kBR kBR o k(‘um kBR o k('on/ _kt‘un/ _k(‘nm
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The system matrix A is used to study the vibrational mode and stability analysis. With
linearised stiffness and damping coefficients, the system matrix includes the effect of
the friction coefficient and rolling speed variation at a given friction sloped gradient.
The stability analysis yields two eigenvalues that are complex conjugate pairs
representing the system frequencies of x- and y-directional vibration and two
eigenvalues that are real frequency pairs representing the rigid body modes of the

system.

6.3.1. Mode Shapes

In Figure 5-7, the reference and the displaced configuration of the plain roll stack model
are given. Each roll is considered as a rigid body and has two degrees of freedom
(horizontal and vertical translational motions). The motion of rolls is described in an
inertial coordinate system. The relative coordinates between the rolls are included to
describe the plain motion of the rolls. Since the rolls are constrained to move in the x-
and y-directions, only two coordinates are required to specify positions of one roll. The
differential equations of the motion in terms of the generalised coordinates have been
derived based on the linear theorem; the spring and damper characteristic curves of a
rolling stand in the horizontal and vertical direction are calculated by the dynamic roll
gap model. The model equations can be expressed in a compact form for free vibration

analysis as following:
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[M]X +[C]X +[K]Xx =0 (6.10)

where [M] is the mass matrix, [C] is the damping matrix and [K] is the stiffness matrix.

The numerical linearisation of the proposed model delivers statements about the natural
frequencies and the corresponding modes. Table 6-1 shows mode analysis results at the
friction coefficient of 0.02, rolling speed of 28m/s with friction gradient of 0.026s/m. It
shows six modes as result of the calculations with the corresponding frequencies under
the steady-state condition. This is a basis for explanation of possible external-,
parametric-, and self-excited vibration characteristics and for specific qualitative
predictions of the occurrence of chatter or undesirable vibrations. Such dynamic effects

may be related to the uneven/irregular strip surface.

Table 6-1: Unstable vibrational mode for the free vibration analysis at the friction

coefficient of 0.02 and rolling speed of 28.0m/s with the friction gradient of 0.026s/m

Frequencies (Hz)

Mode ;
Shapes /i 12 VE Ja /s Js
Damped 7.92 119.22 131.75 274.97 342.95
DAmpINE | - oom 91.75% 1.30% 1129% | -0.0123% | 21.59%
Ratio ({)
Amplitude & . 5 2% )
Phase(deg) Amp | Phase | Amp | Phase | Amp | Phase | Amp | Phase | Amp | Phase | Amp | Phase
xpy | 0.207 0.0|0.089| 178.2} 0.881 2.310.017| 186.01 0.226| 178.81 0.002 | 257.4
Mppy
vey | 1.000 0.01 0.049| 288.6| 0.392| 33.4| 1.000 0.0/ 0.116|233.0| 0.199] 145.5
xpr | 0.138-180.0| 1.000 0.0/ 0.882| -0.5|0.017| 153.4] 0.227| 180.5 0.0] 206.3
mgg
ypr | 0.667|-180.01 0.300] 109.6| 0.399| 34.7| 0.999| -0.4]0.114|232.6|0.198| 145.9
xwr | 8.3¢7(-180.0] 0.876 0.1] 1.000 0.0/ 0.014| 161.7| 1.000 0.0] 0.007| 99.6
Mg
ywr | 6.4e°|-180.0{ 0.255[ 109.7| 0.444| 32.9(0.993| -13.1| 0.275| 52.6| 1.000 0.0
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Note that the force components in the bearing housing chock, journal bearing and
tapered roller bearing, respectively, have been linearised as the stiffness and damping
coefficients under the steady-state rolling conditions. The force components acting on
the surface contact are also linearised using Hertzian contact theory. Table 4-2 shows
the key rolling parameters used for the rolling force calculation (Also refer to Table 5-2
and 5-3 for the bearing analysis, and Table 5-4 for the results of stiffness and damping

coefficients).

For the modes of mass elements, the first mode indicates the overdamped frequency as
there are no complex conjugate eigenvalues, and thus natural frequencies cannot be
calculated. In the second mode, rolls have same phase in relation to the roll gap. BR
moves in phase with the WR in the x- and y-directions while the bearing housing chock
has the opposite phase with rolls. In the third mode, it can be considered all mass
elements are in phase in relation to the roll gap as phase difference is very small in this
mode. When ignoring vibrations of the bearing housing chock, it can be regarded the
second, third, fourth modes are the mass center motion showing two rolls are in-phase
motions except the last two modes. Among those illustrated modes, the fifth and sixth

modes are distinct where both rolls are opposing each other or motion is out of phase.

Comparing to the information given by Johnson and Qi (1994), Chen et al. (2002) and
Lin et al. (2003), this is in good agreement with the numerical results obtained from the
four DOF model. The second mode falls to the vibration mode corresponding to a
natural frequency around 8.0 Hz. The third and fourth modes are not significant and
indicate more or less the third-octave mode. The eigen-mode implies that all
components are vibrating in a separating or squeezing manner, respectively where all
the mass elements have the negligible off-phase motion in the y-direction. Particularly,
the fifth mode is within the range of third-octave mode chatter (Chen et al., 2002) where
both rolls are out-of-phase motion. The sixth mode lies in the range of the fifth-octave
mode chatter (Lin et al., 2003; Hu and Ehmann, 2001) showing out-of-phase motion. In
fifth and sixth modes, two rolls are opposite motion in the y-direction and the bearing

housing chock is in-phase motions with BR in the y-direction.
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If one of these modes is excited during the rolling process, the eigen-mode suggests that
WR vibrates in a separating or squeezing manner with much larger amplitude than that

of BR or any other components.

More interestingly, at the given condition, the fifth mode would significantly produce
gauge variations due to the negative damping effect. Also, it is shown from mode
analysis that relative motion between rolls and roll gap surfaces can also be a source of
chatter, resulting in high amplitude compared to other motions. Table 6-2 shows a

summary of the model features used in the calculation of dynamic roll gap model.

Table 6-2: Summing-up of the dynamic model

Bearing force components (Journal bearing and tapered roller bearing)
Linear surface contact between rolls (Hertzian Contact),

Non-linear roll gap including negative gradient of friction coefficient
(Negative damping effect),

PEOpeILISE Two dimensional motions (Bearing supports and roll gap model),
Elastic rolls (Hitchcock roll deformation),

Elastic boundary conditions,

Rolling force (Ford and Bland approach).

Neutral point/angle is not moving,

Assumptions
Constant negative damping factor «, [s/m].

Realisation MATLAB.

Mode shapes,
Results
Natural frequencies.

6.3.2. Stability Threshold Curve (STC)

The stability of the cold rolling mill can be determined by investigating the real part
eigenvalues of the characteristic equation which are obtained from the equations
governing the mill vibrations. The system will be stable if all the eigenvalues of the

characteristic equations have negative real parts. In this study, the bearing faults/defects
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resulted from the bearing wear and lack of lubrication are ignored. Considering small
disturbance in the roll gap only at the steady-state rolling condition, linearised bearing

coefficients can be used in stability analysis.

Matthews and Yuen (2006) reported that both high and low friction conditions can lead
to increased rolling force, resulting in strip thickness variation, poor shape in the cold
rolled production and skidding (or sliding) when the work roll speed is higher than the
strip speed. It is also generally understood that the rolling speed of the cold rolling mill

needs to be reduced to relieve the problems associated with sliding.

In order to explain dynamic characteristics of the cold rolling mill, a simulation model
is devised from the given roll profile. Stability threshold curves (STC) have been
determined through the change in the key rolling parameters to identify the stable and
unstable rolling conditions. In this approach the real part of eigenvalues of the system
matrix is utilised to judge stability regime, it is considered stable if the real part of
eigenvalues is negative or unstable if positive. Here, controlling parameters are the
friction coefficient and rolling speed at a given friction gradient (o). Table 6-3 shows
the complex conjugate pairs and corresponding frequencies for four different values of

the friction gradient.

Table 6-3: Results for various gradients of the friction (v, =22.73m/s, p,,=0.02)

o = 0.024 [s/m] a, = 0.025 [s/m] o, = 0.026 [s/m] o, = 0.027 [s/m] Damped
Freq (Hz)
Re Im’ Re’ im’ Re im’ Re' Im" | ata,=0.026

—39554 +0.01 | —39554 +0.0i | —39554 +0.01 | —39554 +0.01 | Damped (100%)

=377 | *15.8i -37.7 | +£15.8i -37.7 | +£15.8i =37.7 | +15.8i 6.51 (92.3%)
=10.0 | £749.1i -10.0 | £749.1i -9.97 | £749.1i —0.90 | £749.11 | 119.23 (1.33%)
-111.1 | +828.1i | —111.1 | +828.11 | —111.1 | +828.2i | —111.2 | +828.2i | 132.99 (13.3%)

—0.088 |+1726.01 | —0.044 |£1726.0i | £0.0000 |+1725.9i | +0.044 |£1725.91 | 274.69 (0.00%)

—552.1 |£2059.51 | —552.1 |£2059.61 | —552.1 |£2059.61 | —552.1 [+£2059.7i | 339.38 (25.9%)

* Re and Im are the real and imaginary part of complex conjugate pairs, respectively. Minor

error included due to the complexity of finding the exact zero of the real part in this calculation.
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For different gradients of friction gradient, one eigenvalue will respond with
underdamped (or periodic) oscillations in those modes to any disturbance to equilibrium
and the other will exhibit self-excited oscillations. For instance, for a zero or negative
gradient, the system has six stable roots and will respond with damped oscillations. For
a positive gradient, the system has a pure imaginary complex conjugate pairs and stable
or unstable root in the vicinity of the curve. Thus its response will be in stable,

marginally stable or unstable motions, respectively.

In order to clearly divide the stable and unstable regime, one case is chosen for the
friction gradient 0.026s/m. Each symbol (diamond, circle, rectangle and triangle) stands
for the critical operating condition at STC as shown in Figure 6-2. The marginal
stability regime is highly dependent on the friction gradient, shifting the stability
threshold curve to the left side as the friction gradient increases up to 0.027s/m from
0.026s/m whilst it is likely to move toward the right-hand side resulting in more stable
regime when it steadily decreases to 0.024s/m, which shows that the negative damping
effect due to the effect of sliding or slip is less considerable. In the vicinity of the stable
rolling threshold, moreover, the system behaviour is significantly affected by the change
of the rolling speed and friction coefficient, respectively. In the range of friction
coefficient of 0.010 — 0.016, stability is more likely to be significantly affected by the
rolling speed change. Within this range, the likelihood of instability occurs when the
friction coefficient decreases. On the other hand, in the range of around 0.016 — 0.03,

instability is likely to arise from the increase of the friction coefficient.

Also, stability of the system is greatly affected by the change of the rolling speed,
becoming unstable as the rolling speed increases. Under the given condition with the
gradient of friction of 0.026s/m, the critical rolling speed (critical operating point,
C.O.P) has been calculated as 22.73m/s. In other words, the proposed system is likely to
be in unstable motion when the rolling speed is faster than +2.73m/s at the assumed

steady-state condition.

121



CHAPTER 6. STABILITY ANALYSIS OF A ROLLING STAND IN COLD ROLLING MILL

0.03 - :
: ag = 0.024 [s/m]
1 2 | AR SRR S 1
A —{0— ag = 0.025 [s/m]
0.026 ~-----~------ ey = O g = -
_ papigl X —O== a,; = 0.026 [s/m]
0024 L N M oy = 0.027 [s/m] L
i 0.024 & o [s/m]
::_n DT e D . R R i
s 0022 - IO N7 W, T St: Stable i
o Unst: Unstable
kS t
E 002 O L} e R e
B |
E 0018F-------- - Q- OQ-L-F - R -
ko ‘
o ! |
§ 0016 ——————————————————— - 4L+~ **c—.-o‘-ﬁ“*‘:' ———————————— =1l
© 1
o013 3 YIRS S S -
Stable : Unstable
00121 Region =~ | s I T Region.
0.01 J
15 20 25 30 35

Roll Speed v, [m/s]

Figure 6-2: Stability threshold curves depending on the rolling speed and friction

coefficient change at v, =0.024 to 0.027, respectively

The obtained results agree well with those observed in production, even though the
gradient of friction slope is assumed to be a constant. A similar case study of calculating
the close relationship between the friction coefficient and rolling speed has been
performed by Kimura et al. (2003). Yuen et. al (Yuen et al., 1998; Qiu et al., 1999;
Yuen, 1999; Yuen and Matthews, 2003; Yuen, 2003) conducted the important
characteristics of friction coefficient and rolling speed, taking into consideration in
order to appropriately calculate the start-up condition. The objective of set-up for a
rolling schedule is to determine and preset the mill control actuators at the start of

rolling process.

On closer examination of the correlation of the friction with rolling speed, they found
that although there are significant scatters in the data (because of the wide variations in
mill conditions); the trend exhibited for each individual stand follows that of the
average variation closely. However, the variation of friction coefficient results from the

deduction in the measured mill data. In other words, in order to avoid skidding and

122



CHAPTER 6. STABILITY ANALYSIS OF A ROLLING STAND IN COLD ROLLING MILL

other problems, they simply presented the scattering data of the trend due to the

variations in mill condition; not through the change in dynamic conditions but through

the steady-state mill conditions.

Note that it is assumed that the neutral point/angle does not move around the roll

contact angle and the stiffness and damping coefficients of the system model used are

chosen from the results of transient bearing analysis when oscillations are stabilised.

Therefore, it may not be accurate for the full-transient analysis as the coefficients for the

bearings are varying with the acceleration and deceleration of the cold rolling mill.

Rolling Force FR, [N]

x 10°
" T I i I I I I I T "T
—————e Conventional BF-Model . Lo i
Without rolling speed effect ¢
10.5H v Steady-State BF-Model [T i e e
" Modified BF-Model o = 0.024 [s/m] ’ :

| =it Modified BF-Model G, = 0.025 [s/m]

951 o Modified BF-Model o, = 0.026 [s/m] |~ " Jfr T

gi-| =t Modified BF-Model gl = 0.027 [s/m] |- . R =

Pl

Coefficient of Friction Heor [nil]

Figure 6-3: Resultant rolling force variations recalculated from the critical rolling

conditions of stability threshold curve (STC)

123



CHAPTER 6. STABILITY ANALYSIS OF A ROLLING STAND IN COLD ROLLING MILL

6.3.3. Other Aspects of Stability Threshold Curve (STC)

In order to identify different aspects of stability threshold curve (STC) with respect to
other rolling parameters, it should be mentioned that stability threshold curves (STCs)
determined through this study are valid only when the steady-state conditions are
maintained. Therefore it is considered that equilibrium positions of the model are not
affected by the change in other rolling parameters such as the strip width and thickness,

roll radius, strain and strain rate exponent.

Based on the aforementioned definition, different stability threshold curves have been
established in the same manner as demonstrated in Figure 6-2. In particular, each
stability threshold curve is compared with the reference result (a circle symbol with the

friction gradient of 0.026s/m) determined in Figure 6-2.

6.3.3.1. Influence of Strip Width

In order to investigate the effect of the strip width on mill stability, a reference curve
(strip width 1.224m) determined in Figure 6-2 is chosen. In comparison to this curve,
Figure 6-4 demonstrates that stability threshold curve is significantly affected by the
change of the strip width as the rolling force is proportional to the strip width as
indicated in equation (4.18). Specifically, the system is likely to be stabilised with the
increase of friction coefficient at the strip width of 1.5m while it appears to be unstable
with the increase of friction coefficient (over the range of 0.016) when the strip width is
set to 1.0m. Notably, in the range of strip width from 1.224 to 1.5m, it shows that
stability is significantly influenced by the change of the strip width in the lower range of
friction coefficient (0.01 to 0.016) while it tends to move toward the right hand side in
the higher range of friction coefficient (0.017 to 0.03). Overall, it can be concluded that
the system is more likely to stable as the strip width decreases in the lower friction
coefficient range. Also, it appears to the Author that maximum allowable rolling speed
increases if the strip width decreases to 1.0m while in the higher friction coefficient

range instability more rapidly arises with the increase of friction coefficient.
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Figure 6-4: Stability threshold curves depending on the rolling speed and friction

coefficient change at ¢, =0.0265/m and W =1.000 to 1.500 m, respectively

6.3.3.2. Influence of Roll Diameter

Before discussing the influence of roll diameter on stability threshold curve, it may be
necessary to mention that the mill system's stability is more highly dependent on the roll
roughness rather than the size of the roll diameter. Nonetheless, it is a good example of
how the dimension of roll diameter contributes to the system stability in a way that the
magnitude of the resulting force in the roll gap will be changed due to the change in the
deformed contact length of the lubricated surface. Figure 6-5 demonstrates the influence
of the size of the roll diameter on the mill stability although its effects are not
significant. For the smaller roll radius (0.28m), the resulting rolling force reduces owing
to the relationship of the proportion of the rolling force and roll radius in equation
(4.18). Therefore, it can be concluded that with the smaller resulting rolling force
stability threshold curve (STC) moves towards the right, indicating increased stability.

For the bigger roll radius (0.32m), the resulting rolling force arises such that STC shifts
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to the left hand side compared to STC of the roll radius 0.3m, representing more

unstable regions.
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Figure 6-5: Stability threshold curves depending on the rolling speed and friction

coefficient change at o, =0.026s/m and R,,=0.28 to 0.32 m, respectively

6.3.3.3. Influence of Strip Thickness

In Chapter 3, the strip reduction, indicating the difference of the entry and exit thickness
in the given roll profile, contributes to the contact length of the deformed roll surface.
Of course, the deformed roll radius estimated by Hitchcock (1935) roll flattening results
in the deformed roll contact length as defined by equation (3.3). Thus, the elongated
contact length results in high rolling force in the deformed roll gap as demonstrated by
Figure 4-3(b). In order to identify the sensitivity of variations of the exit thickness,
stability threshold curve (STC) has further been determined by changing of the exit
thickness of the roll gap.
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Figure 6-6: Stability threshold curves depending on the rolling speed and friction

coefficient change at o, =0.026s/m and h_=0.299mm to 0.301mm, respectively

As demonstrated in Figure 6-6, stability threshold curve moves towards the left hand
side as the reduction in the roll gap increases while it is likely to shift to the right hand
side as the reduction reduces. For instance, the one curve denoted by the exit thickness
of 0.301mm indicates the high reduction (0.101mm) by the subtraction of the entry and
exit thickness and the other represented by the exit thickness of 0.299mm shows the low

reduction (0.099mm).

6.3.3.4. Influence of Strain Exponent
Exponents (7, and y,) in equation (4.16) significantly affect to the estimation of rolling

force resulting from the presented roll gap model in the steady-state conditions and are
usually determined from the experiment of the being rolled materials. As represented in
equation (3.38), the flow stress (yield strength) is affected by three different exponents
such as the strain, strain rate and temperature. In this study, the effects of the

temperature in the deformation resistance model are ignored as the temperature in the
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cold rolling is generally maintained at the room temperature compared to the hot rolling
process. Nonetheless, it is considered that the strain exponent in the deformation
resistance model may slightly be varied by the dynamic rolling process. From the
simulation, the change in strain exponent negligibly affects the system stability in
comparison to the reduction change. As shown in the magnified scale of Figure 6-7, the
system stability is negligibly affected by the increase or decrease of the strain exponent,

representing the more unstable if the value of y,=0.28, the more stable if y,=0.24.
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Figure 6-7: Stability threshold curves depending on the rolling speed and friction

coefficient change at o, =0.026s/m and y,=0.24 to 0.28, respectively

6.3.3.5. Influence of Strain-Rate Exponent
The exponent y, in equation (4.16) also affect to the estimation of rolling force and is

highly dependent on the rolling speed of the strip being rolled. Based on the stability
analysis, it is identified that the change in strain-rate exponent more significantly affects
the system stability than the strain exponent. As shown in Figure 6-8, instability arises

from the decrease of the strain-rate exponent as the rolling force would increase with the
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decreasing strain-rate sensitivity. Thus, the stability threshold curve shifts to the left

hand side at y, =0.078 while it tends to move towards the right hand side at y,=0.082.

—&A— o = 0.026[s/m], ,=0.078
O o = 0.026[s/m], ,=0.080 |

|
{1 ag = 0.026[s/m], ,=0.082 -

0.028

0.026

E 0024 s S A ]
_‘U) ! ! :
~ 0.022 ‘ ol T T I Bomt e el _
5 | ko :
k3] :
N 1] SRR SR ' ., S SR O .
. , |
T S . B e SRR _
© i
SR 77 1| RSN SRRSO — D N
(@] |
© ;
e T R R ¢ oA """ Unstable
0.012 b= INSPIEEN . L L Y s s s s e :, Erpeletl o _Re_gigﬂ_ =,
0.01' 1
15 30 35

Roll Speed v, [m/s]

Figure 6-8: Stability threshold curves depending on the rolling speed and friction

coefficient change at a, =0.026s/m and y, =0.078 to 0.082, respectively

6.3.3.6. Influence of Offset in Two Rolls (BR and WR)

As illustrated in Figure 5-7, schematic of a dynamically coupled rolling stand has an
offset distance of 6mm with rolls (BR and WR). In order to identify the influence of the
offset on the mill system, the stability analysis is carried out with the changing offset
distance between rolls. In Figure 6-9, it is likely that stability is maintained in the offset
of 6 and 7mm while instability arises in an early stage when the offset is set to 5 and
10mm, respectively. Specifically, in the lower friction coefficient range, stability
threshold curve (STC) is shifted to the left hand side compared to curve denoted by the
6mm offset. It can be concluded that the force variation in contact surface between rolls

changes the system characteristics as offset distance is larger or smaller.
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Figure 6-9: Stability threshold curves depending on the rolling speed and friction

coefficient change at ¢, =0.026s/m and offset from 5 to 10mm, respectively

6.3.3.7. Influence of Journal Bearing Viscosity in a BR
Oil-film thickness in the bearing supports is significantly affected by the bearing
parameters as demonstrated in equation (5.14). For instance, apart from the bearing
positions and rotational speed, bearing forces are determined by the bearing viscosity,
length and clearance. First, the viscosity of the lubricant is strongly pressure dependent.

The viscosity-pressure relation is governed by the Barus equation (Barus, 1893):

n=n.e" (6.11)

where 77, is the viscosity at ambient pressure and temperature [Pa.s], « is the pressure
coefficient of viscosity [Pa’'], P .. is the oil-film pressure at a maximum [Pa].

Unfortunately, the viscosity may not be estimated from equation (6.11) as pressure

coefficient of viscosity (« ) is not readily available.
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On the other hand, the dynamic viscosity (77) in the journal bearing can approximately

be estimated as in the following:

n=pv (6.12)

where 7 is the dynamic viscosity, p is the density of the fluid and v is the kinematic

viscosity.

According to bearing manufacturing industry such as Timken PTY LTD, a generally
accepted minimum viscosity of the oil at the operating temperature for journal bearings
is 13cSt (Centi-Stokes), although some designs allow for an oil as thin as 7 or 8cSt at
the operating temperature. The optimum viscosity at operating temperature is 22 to
35¢St, for moderate-speed bearings if no shock loading occurs. The optimum viscosity
may be as high as 95¢St for low-speed, heavily loaded or shock-loaded journal bearings.
Note here 1¢St is equal to 1mm”/s and kinematic viscosity and fluid density used in this
study for calculating the dynamic viscosity are 50cSt and 800kg/m’, respectively. Also
note that the bearing viscosity is dependent on the temperature and decreases with the

increasing temperature.

As demonstrated in Figure 6-10, the viscosity in the journal bearing considerably affects
the system stability; the mill system stability reduces as the dynamic viscosity increases.
In order to identify the direct influence of the viscosity, oil-film force in the journal
bearing may need to be reconsidered. The oil-film force is proportional to the dynamic
viscosity and increases with the increasing viscosity. Moreover, it can be conjectured
from the stability analysis that the friction gradient needs to be reduced to maintain

stability when the dynamic viscosity builds up with other effects.
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Figure 6-10: Stability threshold curves depending on the rolling speed and friction
coefficient change at o, =0.026s/m and 7=0.0392 to 0.0408Pa.s, respectively

Specifically, Figure 6-11 displays variations of the bearing force component and
eccentricity. With the increasing bearing viscosity in the backup roll, the bearing force
increases accordingly. Under the given conditions, it is found that the eccentricity of the
journal bearing is not affected by the viscosity change. Figure 6-12 and 6-13
demonstrate the linearised coefficients of stiffness and damping for the range of
viscosity used. These coefficients are also increasing with the increasing viscosity,
indicating the support easily becomes very stiff and the effect of the cross-coupling

terms are considerable, although the viscosity variation is not noteworthy
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6.3.3.8. Influence of Journal Bearing Length in a BR

In a similar way, oil-film thickness in the bearing supports is also notably affected by
the bearing length. As demonstrated in Figure 6-14, the length of the journal bearing
affects the system stability; the mill system reduces stability as the length increases. The
oil-film force is proportional to the bearing length and increases with the increasing
bearing length. This may be one reason why the mill system moves into the unstable
regime. Approach taken here is the long bearing solution, which the ratio of the bearing

length and diameter (Z,, / D,, =1) is maintained at 1, for calculating the oil-film force

in the journal bearing.
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Figure 6-14: Stability threshold curves depending on the rolling speed and friction

coefficient change at o, =0.026s/m and L,, =790 to 810mm, respectively

Figure 6-16 and Figure 6-17 show the linearised coefficients of stiffness and damping
for the range of bearing length used. These coefficients are also increasing with the
increasing bearing length indicating the support easily becomes very stiff and the effect

of the cross-coupling terms are considerable although its variation is not significant.
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6.3.3.9. Influence of Journal Bearing Clearance in a BR

Oil-film thickness in the bearing supports is also significantly affected by the bearing
clearance change. As shown in Figure 6-18, the clearance level of the journal bearing
more significantly affects the system stability than any other parameter; the mill system
easily becomes stable as the bearing clearance increases. Unlike Section 6.3.3.7, the oil-
film force is inversely proportional to the bearing clearance level and decreases with the
increasing bearing clearance. This may be one reason why the mill system develops into

the stable regime.
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Figure 6-18: Stability threshold curves depending on the rolling speed and friction

coefficient change at ar, =0.026s/m and C,, =395 to 405um, respectively

In particular, Figure 6-19 presents variations of the bearing force component and
eccentricity. With the increasing bearing clearance in the backup roll, the bearing force
increases in the horizontal direction and decreases in the vertical direction, respectively.
In addition, the eccentricity of the journal bearing is significantly affected by the
clearance change, representing the stable condition with the falling clearance. Figures 6-

20 and 6-21 demonstrate the linearised coefficients of stiffness and damping for the
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range of clearance used. These coefficients also decrease with the increasing bearing

clearance indicating the support easily becomes flexible and the effect of the cross-

coupling terms is insignificant.
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6.4. SUMMARY

This chapter investigates the impact of various nonlinearities on performance of a
rolling stand in cold rolling. This is achieved by proposing a 6DOF coupled vibration
model incorporating the dynamic roll gap model, support bearings and contact surface
mechanism. For the oil-film force components and equilibriums of support bearings, it
is linearised as stiffness and damping coefficients. Then, stability analysis is carried out
to identify natural frequencies and mode shapes and performed by investigating real part

eigenvalues to determine stable and unstable rolling conditions.

Based on the reference curve of the stability threshold curves (STC) in Figure 6-2, the
determination of STC is extended to parametric studies; changing the strip width, roll
radius, strip thickness, strain and strain-rate exponent and roll offset. Furthermore, in
order to identify the influence of the support journal bearing on the rolling mill stability,
STC is determined through the change in bearing parameters such as the dynamic
viscosity, bearing length and clearance. Based on the obtained stability threshold curves,

a detailed summary in this chapter can be made as in the following:

« STC is highly dependent on the friction gradient. Mill chatter arises as friction
gradient increases, representing that relative motions between the work roll and
strip are significant due to the increased forward slip.

s STC is also affected by the change in key rolling parameters. It is shown that
instability gradually arises as the strip thickness is wider, the roll radius
increases, the reduction increases, strain exponent increases, strain-rate exponent
decreases, offset remains, oil-film viscosity increases, the bearing length

increases, or the bearing clearance decreases.
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CHAPTER 7. TRANSIENT ANALYSIS BASED ON
LINEARISATION OF FORCE COMPONENTS

7.1. INTRODUCTION

This chapter is an extensive version of Chapter 6 and mainly deals with transient
responses from the linearised mill vibration model. Based on the dynamic roll gap
disturbance in the proposed model, including dynamic characteristics of the support
bearings and surface contact mechanism, simulations are performed in order to identify
the dynamic characteristics of a 6 D.O.F rolling mill system and validate stability
threshold curves presented in previous Chapter 6. In numerical calculations of the
presented model, all the assumptions and simplifications used in stability analysis are
adopted in accordance with the predetermined results; among them is the neutral point
is fixed at the steady-state conditions rather than shifting in the roll gap. As a result of
transient analyses demonstrating the chatter phenomenon (cause and effect), different
aspects of responses are obtained indicating that instability is indeed originated from the
relative motion between the work roll and strip as well as the inter-relationship between

the friction coefficient and rolling speed.

7.2. ANALYSIS METHOD

Regarding the transient analysis procedure presented in equation (6.9), the steady-state
rolling force is calculated under the specified rolling conditions. The dynamic analysis
of the bearing supports is performed in order to find the equilibrium positions and
identify the stiffness and damping coefficients of the journal bearing and tapered roller
bearing, respectively. Also, assuming that two rolls (BR and WR) are in surface contact,
stiffness coefficients caused by the line contact of rolls are obtained. Damping
coefficients, however, are ignored as BR and WR are only in the surface contact.
System matrix is then constructed by using the linearised methodology of the coupled
force terms resulted from the very tiny disturbance in the roll gap. Mode shapes and
natural frequencies are then obtained from the previous calculations (Chapter 6). Figure

7-1 gives a brief algorithm of the proposed simulation model.
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The proposed system model has non-linear characteristics so that more accurate
numerical integration method is required. In this study, 4th order Runge-Kutta method
is preferably utilised for the entire simulation process and time step is set to 1us.
Applying the equilibrium positions resulted from the journal bearing analysis (Rezvani
and Hahn, 1993) and the tapered roller bearing analysis (Lim, 1989), simulations have
been performed to identify the transient characteristics of a rolling stand in cold rolling
under study. Specifically, a friction coefficient of 0.02 and critical rolling speed of
22.73m/s, which represents a critical operating condition at the friction gradient of
0.026s/m from the calculated stability threshold curve, were chosen in order to
demonstrate the rolling instability depending on the change in the friction coefficient

and rolling speed.

l Simulation of Cold Rolling Mill ] Journal Bearing Analysis
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and Rolling Parameters For Surface Contact
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Figure 7-1: Flow chart for numerical simulations in a cold rolling mill
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7.3. TRANSIENT CHARACTERISTICS IN THE DYNAMIC ROLL
GAP

As afore mentioned, the proposed mill vibration model takes into account the dynamic
variations of the rolling force components resulting from the roll gap model. Stability is
maintained until the loss of kinetic relationship between the WR and strip occurs in the
roll gap where the neutral plane will shift within the arc of roll contact. If this
relationship is broken and thus system becomes unstable, the neutral plane will be
relocated inward or outward the arc of roll contact, which leads to the chatter or shudder

phenomenon.

The transient simulation provides the translational displacements, velocities and
accelerations of all mass elements. Figure 7-2 demonstrates the steady-state mill
vibration without relative motion in the roll gap and the horizontal and vertical
displacements of each mass are shown on the plot. All mass elements are stationary
with a zero friction gradient until the start of the relative vibration, i.e. sliding between

the work roll and strip.
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Figure 7-2: Transient oscillations at friction coefficient 0.02 and rolling speed 20.0m/s
with a zero friction gradient . =0.0s/m; (a), (c) and (e): x-coordinates, (b), (d) and (f):

y-coordinates of the bearing housing chock, backup roll and work roll

As the model presents with a high degree of coupling if any mass element becomes
unstable other masses will be unstable. Thus, from now on, it will be focused on the
vibration of rolls only. With a constant friction gradient of 0.026s/m, friction coefficient
of 0.02 and rolling speed of 20.0m/s, the translational displacements of rolls of the mill

system are presented in Figure 7-3. These displacements are related to the surface
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sliding between the work roll and strip and correlates with the expected vibration in the
adjacent mill stand. However, under the given conditions, vibrations are damped over
time as force components caused by relative motion between the strip and work roll

effectively dissipate energy through the rolling process.
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Figure 7-3: Transient oscillations at friction coefficient of 0.020 and rolling speed of

20.0m/s with the friction gradient of 0.026s/m; (a) xgg, (b) xwr, (¢) ysr and (d) ywr

In order to demonstrate the unstable vibration through the change in the friction gradient,
friction coefficient and rolling speed, Figure 7-4(a)—(f) present transient responses of the
work roll according to the change in friction gradient, friction coefficient and rolling
speed. As illustrated, it is shown that tendency of instability by the friction gradient,
friction coefficient and rolling speed follows the stability threshold curve (STC)

determined in Chapter 6 as the proposed model is significantly affected by the change in

these parameters.

Specifically, Figure 7-4(a) and (b) demonstrates unstable vibrations with the increase in
the friction gradient at critical rolling conditions. Figure 7-4(c) and (d) reveal chatter
with the decrease in the friction coefficient. Figure 7-4(e) and (f) also show the transient
response from the chosen point in the STC using a friction coefficient of 0.02 and

rolling speed of 28.0m/s, which represents unstable conditions. In comparison to stable
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response, the amplitude grows bigger resulting in self-excited vibration as indicated by
the STC (hollow circle symbol ©) in Figure 6-2 (Chapter 6). This plot best describes the
global translational vibration of the third-octave mode oscillating at the frequency of
274.97 Hz. Moreover, a vibrational mode with high frequency of 7.92 and 342.95 Hz for
the relative motion between the backup roll and work roll decays with time. Other
frequencies calculated in Section 4 may also be one of chatter sources possible at high
rolling speed. Nonetheless, these are damped over time as long as the system is not
excited by its resonant frequency. Therefore it is considered that those frequencies in
this study are not directly related to a main cause of unstable vibrations, especially for
negative damping caused by relative motion between the work roll and strip. However,
it is evident that vibrational response will be divergent if force components are excited

with harmonics at or near the obtained natural frequency range.

(a) (b)
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Figure 7-4: Unstable vibrations of the work roll (xyz and ypg): (a) and (b) —
a, =0.030s/m, u, =0.02 and v, =22.73m/s; (c) and (d) — a, =0.026s/m, u, =0.01

and v., =22.73m/s; (e) and (f) — o, =0.026s/m, 1,=0.02 and v, =28.00m/s
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Subsequent investigation enables study of the phase relationships between the motion of
mass elements and various rolling force components. Hu et al. (2006) has stated that
rolling chatter is generated by the vertical force variation caused by tension change. A
90° lead of force over displacement will encourage large amplitudes; such a condition
should be avoided to prevent chatter from the initiation. In the present study, simulation
results can be used to show the underlying relationship as demonstrated by Table 6-1. It
can be seen from Figures 7-5(a) and (b), in which time scale is magnified, that the
bearing housing chock and backup roll oscillate in the opposite phase with respect to the
work roll in x- and y- coordinates, representing the third-octave mode of vibration in the
six degrees of freedom system. Moreover, rolling force variations play a critical role in
influencing the displacement of mass elements, and their relationships are too

complicated to be described simply due to its interaction in the dynamic roll gap.
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Nonetheless, it is identified from simulation results in case of unstable vibrations that
rolling force variations have an opposite phase in relation to the work roll vibration.
From the simulation results, it can be concluded that self-excited vibration in cold roll
mills is not only resulted from tension variation at entry roll gap but also from negative
damping in the roll gap. Comprehensive transient study including negative damping
effect as well as tension variation would be required for investigating the nature of
third- and fifth-octave-mode chatter intensively. Concerning the mill vibration model

including the tension, it will be discussed in Chapter 8 of this thesis.

Based on the response of the transient analysis at friction gradient of 0.0265/m, friction
coefficient of 0.02 and rolling speed of 28m/s, FFT (Fast Fourier Transform) has been
performed to find the natural frequency components of a signal dormant in a time
domain signal. Figure 7-6(a) and (b) illustrate frequency components of the bearing
housing chock, backup roll and work roll, where instability mainly occurs. Most
frequency range can be identified except the frequencies of 7.92 and 342.95 Hz as the
frequency contains high damping as indicated by Table 6-1. Note that frequency range

varies with the changes of friction coefficient and rolling speed.

Finally, based on the stability threshold curve presented in Chapter 6, it is shown that a
sudden change in the friction coefficient and rolling speed causes mill system to vibrate
with high amplitude at a given friction gradient. Of course, vibrational modes are
affected by other key rolling parameters such as the work hardening, tension, bearing
faults and roll bending effect. However these influences are beyond the scope of this
research. From the transient simulation result, the likelihood of instability increases with
the increase of the rolling speed and friction coefficient in the relatively high friction
range, while the chance of severe vibrational fluctuation in the relatively low friction
range arises from the decrease of friction coefficient and the increase of rolling speed,
respectively. Most likely, this is the main reason why many industries try to guarantee
the sufficient lubrication of oil, and eliminate the chatter for third-octave-mode and

shudder for fifth-octave-mode.
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7.4. SUMMARY

A six DOF coupled mill vibration model, including translational motions in two
directions, is developed to study the chatter mechanism in a single cold rolling mill.
Under the given conditions, stability analysis for the friction gradient is performed for
determining stability threshold curve or critical operating points. From the key rolling
parameters, the obtained result shows the friction coefficient and rolling speed have a
significant effect on the system stability in cold rolling mill. Therefore, based on the
determined stability threshold curve, a steady-state operating point with the friction 0.02
and roll speed 20.0m/s is chosen to demonstrate the transient characteristics of the
proposed vibration model. It is found from simulations that in the lower rolling speed
range, the friction coefficient in the roll gap can be reduced to maintain a stable rolling
process; whereas in the high rolling speed range, the friction coefficient has to be
increased in order to maintain stability. Within lower rolling speed range, the mill
stability is more sensitive to the change of friction coefficient; in higher rolling speed
range, it is more sensitive to the change of the rolling speed. In light of the simulation
results, it is found that self-excited vibration at the rolling stand may occur due to the
negative damping effect when the friction coefficient is not properly guaranteed or the

rolling speed increases beyond the stability threshold.
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CHAPTER 8. FULLY TRANSIENT STUDIES OF A
ROLLING STAND IN COLD ROLLING MILL

8.1. INTRODUCTION

This chapter mainly studies fully transient analysis for a proposed mill vibration model.
Based on the nonlinearities of the dynamic roll gap, support bearings, and surface
contact between rolls, simulations are performed in order to identify the dynamic
characteristics of a 6 D.O.F rolling mill system and validate stability threshold curves

presented in previous Chapter 6.

In a rotating machine with support bearings, forces generated in the thin oil-film
fluctuate depending on the rotational speed if the other conditions are considered
constant. In this respect, bearing supports, under such conditions, can be linearised as
stiffness and damping coefficients with respect to the small change in equilibrium
positions. However, oil-film forces that rely on position are also dependent on the state,
clearance, length and viscosity. In other words, bearing force components are highly
dependent on the bearing state in a specific configuration. In order to clearly reveal the
source of chatter, therefore, simulation codes of a 6DOF coupled vibration model are
required to be modified as a function of the bearing displacements and velocities. In this
way, it is anticipated that system characteristics can be more clearly identified with the
nonlinear support bearings, surface contact between rolls, and roll gap between the work
roll and strip. Unfortunately, it is inevitable that some discrepancies will result as the
presented system is based on the linearised stiffness and damping matrix in a real-time
rolling process. Even so, the obtained responses are still applicable to predict chatter
phenomenon where the relative motion between the work roll and strip and relationship

between the friction coefficient and rolling speed are of significance.

In order to investigate the effect of strip tension on the dynamic roll gap, the system
model introduces tension variation models presented by Tlusty et al. (1982) and Yun et
al. (1998). The reason for introducing tension variation models in this chapter is due to

the fact that their tension models are assumed to be a function of harmonic oscillation

(sin(a)t)) and thus have an inability to linearise variations of the tension stress as
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stiffness or damping coefficients. In Section 3.8 of Chapter 3, tension variations by
Tlusty et al. (1982) and Yun et al. (1998) are established for the identification of the
influence of these models. Moreover, based on the fact that the in-flux of the incoming
strip to the control volume must be equal to the out-flux of the outgoing strip from the
control volume, a new tension variation model is introduced to predict the chatter

phenomenon. Thus, tension in the strip is no longer constant.

So as to identify the chatter phenomenon, this chapter is focused on presentation of
nonlinear mill vibration models. Firstly, dynamic behaviours of the journal bearing and
tapered roller bearing are thoroughly investigated by the linearisation of the stiffness
and damping coefficients at each state and time. As a result of transient analyses, it is
found that the journal bearing coefficients in the backup roll are heavily dependent on
oil-film thickness change. It is also found from the tapered roller bearing coefficients in
the work roll that coefficients are alternating with dynamic rolling force exerted in the
roll gap. Secondly, system responses are also plotted to investigate frequency
fluctuations due to state-dependency on system's natural frequency, and compared to
see if both frequencies approach and make the system unstable. Thirdly, chatter
responses of the backup roll and work roll have been obtained depending on the change
in the friction coefficient, rolling speed and friction gradient. Furthermore, oil-film force
variations and roll motions in clearance are also scrutinised to identify chatter in rolling.
Finally, fully-transient analyses have been performed in order to identify the state-
dependent characteristics of strip tension variation; how unstable vibration/chatter

occurs, what natural frequency impacts on in rolling process.

8.2. TENSION VARIATION MODEL IN THE DYNAMIC ROLL GAP

In Chapter 3, the effect of tension variations at entry on mill vibration is discussed in
detail and its feasible influences are explained through studying the work by Tlusty et al.
(1982) and Yun et al. (1998). Although tension variation models are suitable for
reproducing the rolling force caused by the deformation resistance of the strip, these
influences have not been properly investigated for determining stability in a rolling
stand of cold rolling. As a matter of fact, conditions when the work roll is oscillating

cannot be considered harmonic as the roll gap profile changes with nonlinear
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characteristics and becomes more complicated than those presented in Chapter 3

(Section 3.8).

Due to rolls either approaching one another or moving away from one another in the
vertical direction, the rate of mass flow within the roll gap profile changes. As a result
of oscillation of rolls, the strip velocity changes along the roll gap and also changes the
length of arc contact (surface area). In order to model the mass flow due to this
fluctuation in terms of the rate of change in the roll gap spacing (work roll velocity), the
conventional approach of modelling this situation is unsuitable. Therefore, considering
the control volume for mass conservation, that is, the in-flux of the incoming strip to the
control volume must equal to the out-flux of the outgoing strip from the control volume,
as shown in Figure 4-6, which represents the mass flow of the being rolled strip at any

arbitrary distance from the center of the rolls, may be written as:

dA

v.h =v.h +— 8.1
€ € dt ( )
Noting that,

A (t) =4, +2ALy,, (8.2)

where A4 represents the cross-sectional area along the roll gap and AL is the length of

arc contact. Its derivative with respect to time yields as:

d4 )
E =2ALy,, (8.3)

The variable speed of the strip at the roll gap entry now may be expressed as:

v, = hL(vxh_‘_ +2AL,, ) = ;—{h + (—2—%} (8.4)

1%

All terms in RHS except the second term are constant at steady-state condition and thus
the variable elongation can be expressed as:
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_r _2AL¢. . 2ALy,
AD(I) - _[0 (ve‘var.l - vx.var,l—l )dt = —h:-'(!.yWRdt - T (85)
Therefore, the entry tension can be written as:
t, =t +E£=t +%£A£ywk (8.6)

Recalling equations (3.61) and (3.67) proposed by Tlusty and Yun, it is concluded that
tension at the entry roll gap varies with the work roll amplitude in the vertical direction
and is determined by the operating frequency which may exist in the system. Of course,
it is clear that tension stress will be exacerbated if the work roll displacement fluctuates

to system frequency ranges or oscillates with time delay from adjacent mill stand.

Equation (8.6) provides a good example for more direct effect caused by tension
variation as long as the work roll and strip are oscillating together, in a way of
approaching or moving away from one another. Note that tension variations are highly
dependent on oscillations of the work roll, unlike tension models by Tlusty and Yun that
include any system operational or natural frequency. Thus it may be necessary to

compare tension variations in equation (8.6) with that of equations (3.61) and (3.67).

This may also be a good comparison for validating the current tension model as
equation (8.6) is purely dependent on variation of the inter-stand distance and vertical
vibration of the work roll. Therefore, it would be indicative that the current tension

model is capable of predicting the system response with the work roll vertical vibration.

Moreover, apart from the horizontal vibration of the mill stand, the dynamic oscillation

of the work roll at the steady-state conditions can be linearised as:

dy, = % dh, + % d}}c+ % dt, + > dv, (8.7)
oh, oh, o, v,
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In a similar way, Hu and Ehmann (2000) defined a set of essential independent rolling
variables for input and dependent rolling variables for output. In Chapter 4, the coupled
vibration model depending on direct or indirect interactions is presented except the
tension variation in the third term of RHS in equation (8.7). Inclusion of tension
variation in the entry roll gap suggests that the dynamic model be solved in every time
step due to its state dependency. Note that equations (3.61) and (6.67) cannot be
linearised as spring and damper due to the existence of sinusoidal function. Therefore,
fully transient simulations are required for the validation of each tension variation

model through the calculation of dynamic rolling force components in the roll gap.

Figure 8-1 illustrates the calculation process of the force variation according to the
tension variation model. To be specific, individual tension variation models are applied
into the dynamic roll gap model and thus the resulting rolling force varies with the
tension variation. Once the tension significantly varies with either of the natural
frequency range of the system or atfects the system as negative damping, the proposed

mill vibration model will be unstable.

du, dh. d :lc dvy

On/Off { ; !
¥ ¥ L 4 4

A Tlusty > o
; ' Roll Gap Model . dﬁ R Dynamic Force
by Bland and Ford Components
e.var Dyn e

Figure 8-1: Effect of tension variations by Tlusty, Yun and the current model on mill

stability (Numerical flow of force variations depending on each tension model)

Recalling equations (3.61) and (3.67) again, both tension variation models include
cosine term and cause phase to shift. Compared to those models, Yun's tension variation
model adds additional effect (sinusoidal function) due to the change in the cross-
sectional area during rolling process. In order to observe the difference between two
tension variation models, transient simulation is performed at a steady-state condition
and results are shown in Figure 8-2(a). In comparison to tension variation model by

Tlusty (1982), Yun's tension variation model is almost identical to Tlusty's model
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indicating the variation of 250MPa and insignificantly adds up the magnitude of tension
due to the existence of area change. On the other hand, in Figure 8-2(b), the current
tension variation model demonstrates the small variation compared to those in Figure 8-

2(a). For the verification of tension models, inter-stand distance is set to 4.0m.

It should be mentioned that the two tension models demonstrated in Figure 8-2(a) are
based on the assumption that the amplitude in equations (3.61) and (3.67) is constant;
that is, the strip from adjacent mill stand is continuously fed into the current stand. For
these models, tension variation will generate instability when the tension frequency

equals a system natural frequency.

Figure 8-3(a) displays variations of the strip velocity in the dynamic roll gap by Tlusty’s
tension model. The exit velocity can possibly be further turbulent even though
variations of the entry velocity are not significant. Figure 8-3(b) also shows those of the
strip velocity by the current tension model. For the calculation of tension variation in
the roll gap, the forcing frequency used is around 8.3 Hz indicating the damped
vibration mode. In Sections 8.5 and 8.6, a detailed explanation will be presented for

reducing vibrations caused by tension variation models.
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Figure 8-2: Comparison of tension variation results by (a) Yun and Tlusty, (b) current

tension model
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Figure 8-3: Variations of entry and exit velocity of the strip by (a) Tlusty, (b) current

tension model

8.3. ANALYSIS METHOD OF FULLY TRANSIENT MODELS

In order to investigate the dynamic coupling effect of the proposed system, transient
analyses need to be performed to study if the time-variant oscillations are stable. Figure
8-4 gives a brief algorithm of the proposed simulation model. From the calculated
stability threshold curve, a friction coefficient of 0.02 and roll speed 20.00m/s were
chosen to demonstrate the rolling instability according to the change of friction
coefficient and rolling speed. Applying the initial conditions for the roll from the results
of the journal bearing analysis (Rezvani and Hahn, 1993) and the tapered roller bearing
analysis (Lim, 1990), several simulations for the coupled roll vibrations have been

performed to check the transient characteristics of a rolling stand under study.

Regarding the analysis procedure, rolling force/torque is first calculated by the specified
rolling condition. Next, bearing analyses are initiated in order to identify the dynamic
characteristics of the journal bearing and tapered roller bearing and find the equilibrium
positions of the bearings. Also, assuming that two rolls (BR and WR) are in contact,
contact stiffness coefficients caused by the line contact are obtained. Based on the
coefficients of bearings under steady-state conditions, linearised stability analysis can
be performed with changing the coefficient of friction and rolling speed (see Chapter 5).

Mode shapes and natural frequencies are then obtained from the previous calculations.

In the meanwhile, dynamic characteristics of the coupled mill vibration model are

thoroughly investigated by applying the tension variation models to the dynamic roll
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gap. Increasing tension reduces the resulting rolling force, as defined in equations (4.7)
and (4.8). However, if force variations have a phase difference with tension variations,
i.e., tension variation generates more than 90 degrees of phase difference with respect to
force variation; it is generally considered that the mill system becomes unstable.
Tension variation at the entry roll gap changes deformation resistance of the strip to
affect the resultant rolling force and thus varying the entry thickness of strip due to the
work roll oscillation. In the dynamic roll gap, disturbances are assumed to be less than
0.1% of the rolling parameters such as the rolling speed, coefficient of friction,
reduction, and reduction rate with respect time. As such, force components with tension

variations are linearised as spring and damper in the dynamic roll gap.

A further modification is required to identify dynamic characteristics of support
bearings and contact surface between rolls. This is due to the fact that positions
(displacement and velocity) of bearings change as the rolling speed accelerates or
decelerates. Rolling force will vary with the applied tension and thus shifting natural

frequency ranges.

The proposed system model is highly non-linear so that more exact/complicated
numerical integration method is required. In this study, 4" order Runge-Kutta method is
preferably utilised for the entire simulation process and time step is set to lus. In
simulation programming, it is devised that all the displacements/velocity, tension,
natural frequency, dynamic rolling force variations are to be recorded for the purpose of

the identification of chatter characteristics.
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Figure 8-4: Flow chart for fully transient numerical simulations in a rolling stand in
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8.4. TRANSIENT CHARACTERISTICS UNDER THE STEADY-
STATE CONDITIONS

8.4.1. Variations of Stiffness and Damping Coefficients in the Journal Bearing

For the journal bearing of the backup roll, all the bearing stiffness and damping
coefficients are calculated by Rezvani and Hahn (1993) approach which assumes
laminar and isothermal lubrication in long journal bearing and also introduces the x- and
y- coordinates system. The components of the fluid film force that appear in equations
are obtained with dimensionless pressure and modified Sommerfeld number through
integration along the lubricated arc of bearing. For simplicity, it is assumed that the
roller (BR) is rotating under the steady-state condition (friction coefficient of 0.02, roll
speed of 20.00m/s, friction gradient of 0.02s/m) which is given in Chapter 4. In order to
obtain the linearised coefficients in the journal bearing at every time step, very small

disturbance (xx or y,+x or y) is applied within the simulation process. This is due to

the identification of system modes and natural frequencies which may affect the system
stability. The calculated bearing coefficients are the result of the oil-film force
difference divided by the relative displacement and velocity at each time step.
Furthermore, so as to reduce the error resulted from the linearised coefficients; the time
step is set to very small with 1¢™s. Simulation time span also needs to be long enough
to study the vibrational response. As shown in Figure 8-5, stiffness coefficients of the
journal bearing are given as a time-history fluctuation. Figure 8-5(b) also shows time-
variations of the damping coefficients. Under the given conditions, all the bearing
coefficients are settling down with relatively small fluctuations after small disturbance
in the dynamic roll gap. Note that the roller (BR) in the journal bearing is experiencing
the significant pressure variations due to the oil-film thickness change. Also note that in
this study, the bearing faults are deliberately ignored as rolling mill seemingly is

running with a low speed.
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Figure 8-5: Dynamic characteristics of the journal bearing in the backup roll: (a)

variations of stiffness coefficients (b) variations of damping coefficients

8.4.2. Variations of Stiffness Coefficients in the Tapered Roller Bearing

For the tapered roller bearing of the work roll, all the bearing stiffness coefficients are
calculated using Lim's approach (1990). His approximation of the tapered roller bearing
coefficients defines a symmetric bearing matrix form by assuming the average bearing
displacement vectors. For simplicity, it is also assumed that the rotor (roller) is rotating
under the steady-state condition. These calculated bearing coefficients are the direct
result (Direct Method I) of the explicit expressions for the tapered roller bearing. As
shown in Figure 8-6, stiffness coefficients of the tapered roller bearing are given as a
time-history and varying with small oscillations. Under the given conditions, all the
bearing coefficients including cross-coupling terms are alternating with minor
fluctuations compared to those of the journal bearing. Also, ensure that damping
coefficients in the work roll bearing are ignored as damping effect is negligible in the

metal to metal contact and more significant in the dynamic roll gap.

164



CHAPTER 8. FULLY TRANSIENT STUDIES OF A ROLLING STAND IN COLD ROLLING MILL

2.526F ‘ ' ‘ ' 3
T 2524
£ 2522
g 25
x  2.518! 1
;¥>x< I 1 1 1 1
19 1.92 1.94 1.96 1.98 2
Time, [s]
£ i i ' ' l
£ 051 1
Z i
= v
m“ '052 }
2z
XX
-0.53 -
1.9 1.92 1.94 1.96 1.98 2
Time, [s]
% ERTE IR, Eou
S -051;
=
- 0.52
zx
N
-0.53} f
1.9 1.92 1.04 1.96 1.08 2
Time, [s]
pé- T T T
E 279
z
=
s . 238
zz
x |
2‘77r :
1.9 1.92 1.94 1.96 1.98
Time, [s]

Figure 8-6: Variations of stiffness coefficients in the work roll tapered roller bearing

8.4.3. Variations of Stiffness Coefficients in the Surface Contact between the
Backup Roll and Work Roll

Figure 8-7 shows variations of stiffness coefficients in the surface contact between the
backup roll and work roll. Diagonal components are very stiff compared to those
presented in Figures 8-5(a) and 8-6. Therefore, it can be concluded that the system
characteristics are dominated by the surface contact between two rolls. In light of this
result, it is also considered that this would be the main reason why cold rolling research
consistently ignored support bearings and simplified as one lumped mass. As illustrated
in Figure 5-9. cross-coupling stiffness coefficients are resulted from mode coupling

using linear transformation matrix and are insignificant. If the rotational angle is zero
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those coefficients become zero, which means there is no force transfer in the horizontal

and vertical directions.

Here, damping coefficients in the surface contact are ignored as damping effect is
negligible in the metal to metal contact. It should be noted that surface contact
mechanism using Hertzian contact theory is not an exact solution as the dynamics of
circular contact between two rolls is not readily known. Hertzian contact theory,
nonetheless, provides a good estimation explaining the metal-to-metal contact
mechanism (elastic deformation) in cold rolling even though it yields an approximated

result.
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Figure 8-7: Variations of stiffness coefficients in the surface contact between rolls
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8.4.4. Variations of Stiffness and Damping Coefficients in the Dynamic Roll Gap

Figure 8-8 shows variations of stiffness and damping coefficients in the dynamic roll
gap. In Chapter 4, rolling force variations - due to the friction coefficient, rolling speed,
reduction and reduction rate with respect to time - have been linearised as spring and
damper. These stiffness and damping coefficients are varying in time-history simulation
as the tension variations are applied into the dynamic roll gap in every time step. Figure
8-8(a) demonstrates the variations of stiffness coefficients in the dynamic roll gap.
These variations are calculated from the strip deformation when the strip thickness
experiences small oscillations. Noticeably, there are no stiffness variations in the
horizontal direction as it is assumed no spread of strip width. Note that a cross-coupling
is resulted from the resultant rolling force. Figure 8-8(b) represents the negative
damping effect in the dynamic roll gap resulted from friction gradient between the work
roll and strip. The value is negatively increasing when sliding effect becomes significant
and rolling speed increases. Due to the negative damping effect, the system is
considerably influenced by these force variations in terms of stability. Figure 8-8(c)
reveals the positive damping effect in the dynamic roll gap due to the rolling speed. As
illustrated in Figure 6-1, positive damping effect decreases with the increasing rolling
speed as the force variations are proportional to the inverse of the rolling speed.
However, positive damping does not approach to zero below and maintains its sign with
the acceleration of rolling speed. Figure 8-8(d) also displays positive damping effect in
the dynamic roll gap. Positive damping, due to the reduction rate with respect to time,

maintains system stability providing enough damping force in the dynamic roll gap.
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Figure 8-8: Dynamic characteristics in the roll gap: (a) variations of stiffness

coefficients, (b) variations of negative damping coefficients, (c) variations of positive

damping coefficients and (d) variations of positive damping coefticients
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8.4.5. Frequency Variations

As afore-shown in Figures 8-5 to 8-8, dynamic responses of mass elements, i.e., the
support bearings, surface contact of rolls and the roll gap, are identified and vibrations
are stabilised within 2s at the steady-state conditions. Force variations of the journal
bearing in the backup roll are heavily fluctuating due to the film-pressure deviation in
EHL region (Elasto-Hydrodynamic Lubrication). This indicates that the journal bearing
of the backup roll is more likely to initiate the unstable vibration — in this case, bearing
whirling or chatter — if the force variations or sliding effects becomes considerable.
Therefore, the journal bearing needs more careful management to prevent the onset of
chatter in advance. In Figure 8-9, frequencies for mass elements are given in time series
under the steady-state conditions (friction coefficient 0.02, rolling speed 20.00m/s).
Each figure represents the system frequency variations in the bearing housing chock,
backup roll and work roll regardless of order. In time-history rolling process, the system
natural frequencies are mainly varying depending on the change in the tension stress
applied. Of course, the support bearings, contact surface and dynamic roll gap also
affect variations of the system natural frequency. Comparing to Table 6-3 presented in
Chapter 6, the first mode is damped indicating no oscillation at this mode. In the second
mode, frequency varies in the range of 3-4 Hz representing 53.9% of difference in
frequency and the third mode shows no significant change in frequency variations.
Around 2% and 3% of frequency variations are identified in the fourth and sixth mode,
respectively. Among them is the fifth mode one of the crucial sources of chatter in mill
system representing 274.55 Hz. In this vibration mode, oscillations of the coupled mill
vibration model rapidly arise within few seconds and produce the unstable vibration or

chatter.

169



CHAPTER 8. FULLY TRANSIENT STUDIES OF A ROLLING STAND IN COLD ROLLING MILL

\
v |
£ o |
= |
. _1 = I ! I 1
1.75 1.8 1.85 1.9 1.95 2
Time,
4 ime, [s] ‘ ‘ |
T
I 35
3 | |
175 1.8 1.85 1.9 1.95 2
-
118.05, _Time, [s]
w
L 118 |
T 117.95 ‘ x 1 ' |
77 1.8 1.85 1.9 1.95 2
A
136‘ : ime, [s] :
) | ,
L 1355y
T35 : ' : ' *
175 1.8 1.85 1.9 1.95 2
=
274.6 e, 18]

2745 A ‘ h '
775 1.8 1.85 1.9 1.05 2
Time, [s]
=
=z
" 3205% ‘ o J x J
775 1.8 1.85 1.9 1.05 2

Time, [s]
Figure 8-9: Frequency variations at friction coefficient of 0.02 and rolling speed of

20.00m/s

8.4.6. Rolling Force Variations in the Dynamic Roll Gap

As demonstrated in Figure 8-10, dynamic rolling force variations are calculated from
equations (4.44) and (4.45) and phase differences are negligible when considering the
magnitude of neutral point. This is attributed to insignificant effect of the roll gap
variation on the dynamic component of the rolling force. The horizontal force variations
are about 400N and vertical force variations 100kN. Noticeably, the variations of

vertical force component are much higher than those of horizontal force component.
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Figure 8-10: Dynamic rolling force variations at friction coefficient of 0.02 and rolling

speed of 20.00m/s

8.4.7. Phase Difference between Mass Elements

Figure 8-11 provides the phase relationship of mass elements including the bearing
housing chock, backup roll and work roll. At a given steady-state condition, the vertical
vibration leads the horizontal one with a phase of 40 degrees as the response at rest is
mainly dominated by the frequency of 274.5 Hz. As exhibited in Section 6.3.1, the
bearing housing chock and backup roll have an opposite phase with the work roll in
terms of the horizontal vibration while in the vertical direction, the work roll has an
opposite phase with the rest of mass elements. In addition, it is shown that the
magnitude of the horizontal vibration is at least two times bigger than the vertical
vibration. Responses are due to the existence of friction gradient which may affect the

system stability in a negative way although its value is small.
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rolling speed of 20.00m/s by the current tension model
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Figure 8-12 displays the phase-plane motions of mass elements in steady state
conditions. At the initiation of rolling process, the motions would start from the origin,
which represents the steady-state conditions, and grow into a limit cycle after the

transient responses settle down.
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(a) Transient oscillations of the backup roll (b) Transient oscillations of the work roll

Figure 8-12: Phase-plane motions of mass elements by the current tension model
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Figure 8-13 demonstrates the transient oscillation of the neutral point. The angle formed
between the roll movements in x- and y- directions is caused by the different magnitudes
of the dynamic rolling forces in the associated directions. It is also of interest to point
out that, under the same conditions, the system would turn to unstable if the friction

gradient increases providing more negative damping effects.
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N EAR R R RN

Time, [s]

Figure 8-13: Displacements of the neutral point by the current tension model

Figure 8-14 represents the phase relationship with the vertical roll displacement and
tension variation at the steady-state conditions. The vertical displacement of the work
roll is displaying the in-phase motions with the tension variation. It can be considered
that once the rolling parameters change or tension is applied with the time delay at the

entry roll gap, the dynamic response can become unstable.
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Figure 8-14: Phase difference between the vertical work roll displacement and tension

variation by the current tension model

8.5. TRANSIENT RESPONSES IN TENSION VARIATION
MODELS BY TLUSTY AND YUN

In comparison of the current tension variation model with the model presented by
Tlusty and Yun, it should be mentioned that the current tension model is distinct in
terms of coupled vibrations as it is defined by a function of the vertical displacement of
the work roll. As denoted in Section 3.8, the tension variation model by Tlusty and Yun
is assumed to be harmonic. Thus, the inclusion of sinusoidal function makes the tension
variations impossible to linearise as stiffness coefficient. Here, tension is only related to

the oscillation in the vertical direction only, as defined by equation (8.7).

For this reason, it is almost impossible to compare these tension variation models.
Nonetheless, it may be possible to approximate the tension variation, assuming that the

amplitude (X' ) of the work roll is fed into the roll gap with no fluctuation and frequency
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(@) of the strip is fluctuating around 8.25 Hz when entering the dynamic roll gap. This
modification is more plausible to identify the tension effect at entry roll gap otherwise
the cumulative tension fluctuations due to the amplitude of the work roll make the

system impossible to estimate the force variations.

Figure 8-15 represents variations of stiffness and damping coefficients in the journal
bearing. From the fully transient simulation results, variations of stiffness coefficient are
almost identical as shown in Figure 8-15(a) and (b) while Figure 8-15(c) and (d) are
indistinguishable. Figure 8-16 also shows the identical variations of stiffness
coefficients in the work roll bearing. This is resulted from negligible variation in the

tension variation models applied (see Figure 8-2).
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Figure 8-15: Dynamic characteristics of the journal bearing in the backup roll:
variations of stiffness coefficients by (a) Tlusty and (b) Yun, variations of damping

coefficients by (c¢) Tlusty and (d) Yun
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Figure 8-16: Variations of stiffness coefficients in the work roll tapered roller bearing,

(a) Tlusty and (b) Yun

Therefore, it can be concluded that the transient responses by Tlusty and Yun would be
identical as long as the other input parameters are maintained. In comparison to Figure
8-11 by the current tension variation model, it is likely that the amplitude of vibration is
highly fluctuating as shown in Figure 8-17. However, these oscillations settle down as
time goes by and the system maintains stability. Figure 8-18 also shows the phase-plane
motions of the backup roll and work roll obtained by Tlusty's tension model. Figure 8-
19 demonstrates the displacements of the neutral point and its oscillations are much
turbulent comparing to Figure 8-13. Therefore, mill stability would be more susceptible
to Tlusty's tension model and although variations of dynamic rolling force are much
smaller than those by the current tension model (see Figures 8-10 and 8-20). The result

is mainly due to the inclusion of sinusoidal function in Tlusty's tension model.
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Figure 8-17: Transient oscillations of mass elements and force variations by Tlusty's

tension model
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Figure 8-18: Phase-plane motions of mass elements by Tlusty' tension model

180



CHAPTER 8. FULLY TRANSIENT STUDIES OF A ROLLING STAND IN COLD ROLLING MILL

x10

, [Rad]

55¢ .

(I)n'var

18 1.85 1.9 1.05 ?
Time, [s]

Figure 8-19: Displacements of the neutral point by Tlusty's tension model
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Figure 8-20: Dynamic rolling force variations by Tlusty's tension model
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8.6. CHATTER OCCURRENCE

In Chapter 6 of this thesis, the contributors to rolling forces required for keeping
stability of a rolling stand in cold rolling are studied. Formulation of the dynamic roll
gap for a steady-state rolling was performed (Chapter 4), modeling and control
methodology (Chapter 5) of a coupled dynamics were investigated for a 6DOF mill
vibration system. Stability and linear transient studies (Chapters 6 and 7) were
performed to determine the stability threshold curve under a variety of rolling operating
conditions. Fundamentally, mill stability has been determined through the change in
friction coefficient and rolling speed at an assumed friction gradient. In the following
sections of this chapter fully-transient simulations have been performed to identify the
chatter occurrence in terms of rolling parameters in a similar manner. This means linear
stability does not compensate for the compliance of springs and dampers due to the state

dependency of support bearings and surface contact between rolls.

8.6.1. Simulation Results in Case of Rolling Speed of 28m/s

In Section 6.3.2 of Chapter 6, several different stability threshold curves (STC) were
obtained for the different friction gradients through the change in rolling speed and
friction coefficient. As demonstrated in Figure 6-2, it is shown that mill stability is most
significantly atfected by the rolling speed, representing self-excited vibration occurring

due to the negative damping effect of the friction gradient as the rolling speed increases.

In a fully-transient simulation result in Figure 8-21, it is shown that transient
oscillations demonstrate instability even though the friction gradient is reduced to by
0.006s/m. When applying the current tension model, chatter rises with the increasing
rolling speed due to the decreased damping in the dynamic roll gap (see Figure 4-9(a)).
Note that the rolling speed is related to the forward slip but not described in here. In x-
directional vibration, amplitudes of mass elements gradually grow up with the rolling
process and reaches to over 100um in 2 seconds while variations of horizontal rolling
force grow up to 2000N. On the other hand, in y-direction vibration, amplitudes become
unstable reaching up to 20um and variations of vertical rolling force are also increasing.
Also, in Figure 8-22, it is identified from Tlusty's tension variation model that chatter
occurs due to the negative damping effect in the dynamic roll gap, regardless of the

magnitude of tension applied.
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Figure 8-21: Transient oscillations by the

1.6 1.7 1.8 1.9 2
Time, [s]
e 3 i L ;;[ fl'
x bl * ‘
1.7 1.8 1.9 2
Time, [s]
i ?g,
11 1
i i i
i it
s : I
1.7 1.8 1.9 2
Time, [s]

current tension model at the friction

coefficient of 0.02, rolling speed of 28.0m/s, the friction gradient of 0.020s/m and inter-

stand distance of 4.0m
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Figure 8-22: Transient oscillations by Tlusty's tension model at the friction coefficient
of 0.02, rolling speed of 28.0m/s, the friction gradient of 0.020s/m and inter-stand

distance of 4.0m

8.6.2. Simulation Results in Case of Friction Gradient of 0.026s/m

As described in Section 4.3.1, dynamic rolling force results from the inter-relationship
between the friction coefficient and rolling speed. However, its lubricated condition is
not readily known and easy to represent as the relative motion between the work roll
and strip. In order to express friction in the roll bite, therefore, a linearised equation in
equation (4.27) is given for studying the effect of negative gradient of friction. Friction
gradient have a similar characteristic with forward slip which slowly but surely
increases with the increasing rolling speed. It can be explained using the forward slip
concept in equation (4.28) by similarity. In Section 3.5.2, analytical and experimental
methods further are examined for the calculation of forward slip.

Analytical calculation of the forward slip requires more careful attention and needs to
determine the strip velocity at the entry and exit sides. The calculation of the strip
velocity at both sides entails "positioning' of the neutral point and deformed roll radius,

and is then calculated from the mass flow equation (3.1) if the strip thickness at the
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neutral point is determined. In Section 6.3.2, the critical operating conditions are
identified from the stability analysis of the linearised model. In fully-transient
simulations, it is shown that system responses (Figures 8-23 and 8-24) are severely
amplified with the given conditions (friction coefficient of 0.02, rolling speed of
22.73m/s and friction gradient of 0.026s/m). Table 8-1 shows the calculated natural
frequency and damping ratio of the system, and represents negligible difference

between the linear and transient model.
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Figure 8-23: Transient oscillations by the current tension model at the friction
coefficient of 0.02, rolling speed of 22.73m/s, the friction gradient of 0.026s/m and

inter-stand distance of 4.0m
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Figure 8-24: Transient oscillations by Tlusty's tension model at the friction coefficient
of 0.02, rolling speed of 22.73m/s, the friction gradient of 0.026s/m and inter-stand

distance of 4.0m

Table 8-1: Comparison of linear and transient results at friction gradient of 0.026s/m

System state Natural frequencies and damping ratio
Nl 0.0 7.92 | 119.22 | 131.75 | 274.97 | 342.95
Linearised| . ' frequencies (Hz)
Model Constant tension
Damping Ratio ()| 100% [91.75% | 1.30% | 11.29% |-0.012%]| 21.59%
gl 0.0 0.0 | 11698 | 13321 | 272.12 | 338.23
Current tension | frequencies (#z)
variation model
Fully- Damping Ratio ()| 100% | 100% | 2.43% | 15.04% [-0.038%| 25.67%
transient
Model Natural 4

: 0.0 9.36 117.79 | 132.03 | 272.62 | 341.27
Tlusty's tension | frequencies (#z)

variation model

Damping Ratio ({)| 100% |98.96% | 2.59% | 13.08% [-0.033%| 21.59%
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8.6.3. Simulation Results in Case of Inter-Stand Distance of 3.0m

In Sections 3.8.1 and 3.8.2, it is shown that the variable elongation leads to a variation
in tension between inter-stands. Equations (3.61) and (3.67) reveal tension variation
models presented by Tlusty and Yun. Apart from the variation in sinusoidal function,
those tension models include six independent parameters such as Young's modulus,
amplitude, inter-stand distance, entry thickness, strip exit speed and elongation. As
reported by Tlusty et al. (1982), tension fluctuation would increase as Young's modulus,
amplitude, elongation and strip exit speed increases. Here, Young's modulus is

generally unchanged and amplitude of the work roll is assumed to be constant.

Yapp [um]

Yar: um]

Y [0m]

N

Time, [s] » ‘ » Time, [s]
Figure 8-25: Transient oscillations by the current tension model at the friction
coefficient of 0.02, rolling speed of 22.73m/s, the friction gradient of 0.020s/m and

inter-stand distance of 3.0m
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Thus, it may be conjectured from the above equation that the rest of two parameters are
the plausible source of chatter. At first, the amount of elongation between inter-stands
mainly causes oscillations and its value highly relies on the reduction, representing the
amount of compression (7.e., subtraction of the entry and exit thickness). In light of this,
if possible, the reduction should be reduced to maintain tension fluctuation and thus the
stability. This is also demonstrated in Section 6.3.3.3 and Figure 6-6 which indicate that

the smaller the reduction becomes, the better the stability.

Once again, from equations (3.61) and (3.67), inter-stand distance should be increased
to stabilise the mill operation otherwise the magnitude of tension variation grows due to
the inverse proportionality with inter-stand distance. However, as reported by Tamiya et
al. (1980), replacing mill configuration will result in too much cost and it may be a
better way to find out an appropriate lubrication condition in the support bearings and
roll gap. Chatter occurrence due to the decreased inter-stand distance is shown in

Figures 8-25 and 8-26.

Xgy M)

Yor: [um]

Time, [s] . ' Time, [s]

Figure 8-26: Transient oscillations by Tlusty's tension model at the friction coefficient
of 0.02, rolling speed of 22.73m/s, the friction gradient of 0.020s/m and inter-stand

distance of 3.0m
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For identifying more distinct effects from the inter-stand distance, Figure 8-27(a) shows
the tension variation resulted from the change in inter-stand distance. The amplitude of
tension variation reduces less than 2.0MPa when inter-stand distance increased to 5.0m
while the variation slightly increase up to 3.0AMPa when distance is set to 3.0m.
Furthermore, the effect becomes more noticeable when applied tension variations by
Tlusty's model. Tension variation is shown in Figure 8-27(b) and increases with the
decreasing inter-stand distance. As demonstrated in Figures 8-27(a) and (b), it can be
concluded that tension variation by Tlusty's model would be more vulnerable or
susceptible to mill chatter even though the resulting rolling force reduces due to the

increased tension.

There remains one question for the tension variation as two figures are still independent
and cannot be comparable to each other due to its difference of high variation.
Therefore, it can be concluded that tension variation by Tlusty’s model is oversimplified
or the incoming strip speed variation frequency may be higher than that of Tlusty’s and

Yun’s tension model. This will be discussed in the next section.
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Figure 8-27: Effect of inter-stand distance on (a) the current tension variation and (b)

Tlusty's tension variation
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8.6.4. Simulation Results in Case of Time-Delay

In order to identify how the strip thickness variation from one stand affects the next
stand, inter-stand relationship by Arimura et al. (1970) is given in Section 2.3. It is
presented that the interactions between stands play an important role in increasing the
possibility of self-excited vibration and also change the phase relationship as the strip at
exit of (i-1)th stand is fed into the entry of (i)th stand with the certain amount of time-
delay. In equation (2.8), the time delay is expressed as the ratio of the inter-stand
distance to the strip velocity. As such, the tension variation equation is required to
change its form including the time-delay and the elongation of the strip between stands

can be expressed as:

AD(t),,., = 23‘ (1-cos(ar-4,)) (8.8)
AD( )| i (1-cos(mr—A, ))+ =i sin(wr - A)) (8.9)

e e

where AD and A, are the elongation and time-delay between stands.

As demonstrated by Tlusty et al. (1982), simulation results indicate in Figure 8-28 that
the coupled mill vibration model gradually loses stability when the time-delay is applied
to the roll gap with phase difference more than 90 degrees. Simulation results also
identified the critical vibration is significantly affected by the frequency of the incoming
strip and the work roll oscillation reduces as the incoming strip frequency increases.
However, it is noted that the frequency range which makes the system resonant should

be avoided, as shown in Figure 8-29.
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Figure 8-28: Transient oscillations by Tlusty's tension model with the time-delay of
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Figure 8-29: Tension variations with the resonant frequencies by Tlusty's tension
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8.7. SUMMARY

This chapter has sought to present a fully-transient method for reducing cumulative
error and investigates the impact of various nonlinearities in estimating the dynamic
mill characteristics during the rolling process. A nonlinear 6DOF mill vibration model
has been developed for identifying the onset of chatter and used to investigate the
transient response to rolling parameters. Transient response in a rolling stand requires a
combined roll gap model with tension variations and detailed structural models. The
modified mill vibration model (6DOF) takes into account the dynamic variations of the
force component resulting from the roll gap, support bearings and contact surface. In
addition, three different types of tension variation models are applied into the dynamic
roll gap for examining the effects of tension on force variations of a rolling stand in cold
rolling. This provides a broad spectrum of excitation frequencies in a rolling stand for
excitation under sliding motions. Four transient conditions were studied changing mill
operating conditions. These are (1) rolling speed, (2) friction gradient, (3) inter-stand

distance and (4) tension variation by time delay at entry side.

In a similar way compared to Chapter 6, again it has been demonstrated in these
simulations that instability is initially developed in the journal bearing and the chatter
responses are initiated from the dynamic roll gap as a results of negative damping effect.
Specifically, mill chatter is prevalent in results (1) for increasing rolling speed up to
28m/s, (2) for increasing friction gradient up to 0.026s/m, (3) for reducing distance

between stands and (4) for time delay more than 90 degrees at entry side.

e For the high rolling speed rolling, typical unstable response indicates the onset of
chatter initiated by the reduced damping which is also a result of the increasing
rolling speed.

e The friction gradient linearised from the relative motion between the work roll
and strip in the roll gap, greatly affects the damping force for which it acts as a
negative damping.

e Inter-stand distance contributes to the magnitude of tension variation and should
be long enough for maintaining stability as tension stresses are the reverse

proportionality to inter-stand distance.
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e The time-delay happens during the rolling process when the strip thickness
variation at the exit side of one stand differs from that at the entry side of the next
stand. Due to this time-delay between stands, tension is applied to the roll gap
with the phase difference and rolling force is affected by tension variation. In this

way, it has been shown that self-excited vibration may arise within a few seconds.
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CHAPTER 9. CONCLUSION, CONTRIBUTIONS AND
FUTURE WORK

9.1. SUMMARY OF THESIS

The multi-body dynamics and its components of a rolling stand in cold rolling have
been investigated in this thesis, including studies into dynamic characterisation of the
support bearings, the surface contact between two rolls and the roll gap with the
inclusion of multiple nonlinearities. It is considered that the bearing housing chock,
backup roll and work roll oscillate with bi-directional (x and y directions) degrees of
freedom. Initially extensive literature research identified major components of a cold
rolling stand in addition to methods available for modelling and the extent to which
modelling and analysis have been performed. The majority of this thesis has been
devoted to the modelling, simulation and analysis of these components and a rolling

stand as a complete system.

To study a dynamic rolling stand mechanism based on the given rolling profile, effects
of rolling parameters on mill characteristics were investigated incorporating the
deformation resistance model as a function of strain and strain-rate exponent, as well as
tension variation model (Chapter 3). Under the steady-state condition (friction
coefficient of 0.02 and rolling speed of 20m/s), pressure distribution curves have been
calculated from the dynamic roll gap model and the unique point, at which the pressure
reaches a maximum, or neutral point was accordingly identified. Dynamic rolling force
components were formulated considering the small disturbance of the roll gap (Chapter
4). These force variations have been further linearised as stiffness and damping
coefficients and the significant influence of force variations was identified from the
change in rolling parameters such as the friction coefficient, rolling speed, reduction and
reduction rate. In order to simplify the mill system at 4™ stand, the upper and lower
parts of a rolling stand were assumed to be symmetrical with respect to the centre plane
of the roll gap. Introducing support bearing models (journal bearing for a backup roll
and tapered roller bearing for a work roll), the bearing force components have been
linearised as stiffness and damping coefficients, respectively. In order to express the

surface contact mechanism between the backup roll and work roll, the deformation
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between two rolls was described using linear elasticity by Hertzian contact theory. Then,
incorporating the dynamic roll gap model with the mechanical model, a coupled mill
vibration model has been formulated (Chapter 5). For the determination of system
stability, the linearised stiffness and damping coefficients, predetermined at the steady-
state condition, have been compared with other models in order to provide the validity
of the proposed system. A highly coupled mill vibration model (6DOF) is rearranged in
matrix form of the first order and the system matrix is used for the calculation of natural
frequencies and the corresponding modes. With the change of friction coefficient and
rolling speed at assumed friction gradients, stability threshold curves (STC) have been
determined through the examination of corresponding rolling forces. In order to identify
different aspects of stability threshold curve (STC), the effects of other rolling
parameters on a rolling stand were studied (Chapter 6). Linear transient simulations
have been carried out to validate the determined STCs and its responses were studied
with the change of rolling parameters and through investigation of the phase difference.
The resonant frequency components are further identified from the response existing in
the obtained signal using Fast Fourier Transform (FFT) (Chapter 7).

Finally, to relax the assumptions and simplification made in the linear model, a fully-
{ransient model was developed incorporating the tension variation at the entry side with
the dynamic roll gap. In comparison to the linearised model using free vibration
analysis transient responses demonstrated reasonable compatibility even though the
friction gradient was required to be reduced for maintaining stability in a rolling stand.
When applied the tension variation at the entry side of the roll gap, the dynamic
characteristics of the support bearings, the surface contact between two rolls and the
dynamic roll gap were significantly influenced and shown to be critical to mill stability.
With these tension variations, transient simulations were performed to identify the
chatter occurrence in terms of rolling parameters in a similar manner in Chapter 6 and 7.
Consideration of reducing inter-stand distance and time delay in the entry tension
variation model was further shown to generate mill instability, apart from the friction

gradient, friction coefficient and rolling speed.

9.2. SUMMARY OF FINDINGS AND CONTRIBUTIONS

The objectives of this project identified in the introduction are repeated here along with

the primary findings and contributions that have resulted from this investigation:
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1. Model the dynamic roll gap of a rolling stand by using the deformation

resistance model as a function of the reduction and rolling speed.

The major components of a rolling stand in cold rolling have been modelled in

Section 4.2 for the steady-state roll gap model, Section 4.3 for the dynamic rolling

force components and Chapter 8 for the fully-transient model of each identified

rolling state including tension variations at the entry side of the roll gap.

i)

iii)

V)

vi)

Deformation resistance models have been developed and validated for
more precisely estimating rolling force, introducing strain and strain-rate
effect at the steady-state condition.

Pressure distribution curves have been calculated through the change of
tension, draft, friction coefficient and rolling speed. The significant effects
were identified demonstrating that pressure peak arises and neutral point
shifts as rolling parameters change.

Rolling force components were formulated in order to identify the
dynamic characteristics resulting from the small disturbance in the
dynamic roll gap. These force components have been linearised as the
stiffness and damping coefficients introducing the negative gradient of
friction coefficient.

It was found that the negative damping effect is significantly caused by
friction variation with the rolling speed and its force variations negatively
increase with the increasing rolling speed.

It was identified that the rolling speed itself positively affects the dynamic
roll gap and its force variations decrease with the increasing rolling speed.

It was also shown that the strip thickness variation positively affects the
dynamic roll gap. The force variations directly influence the natural
frequency range of the system model since these variations act like a

spring which increases with the increasing rolling speed.

2. Model the main components of a rolling stand and integrate them into a coupled

mill vibration model for predicting the linear and transient characteristics during

the rolling process.

The major components of a rolling stand in cold rolling have been modelled in

Chapter 5, incorporating two different bearing solutions (the journal bearing for the
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backup roll and the tapered roller bearing for the work roll) and surface contact

mechanism between two rolls. Based on the associated dynamics of these

components, the coupled mill vibration model has been developed considering

relative motions between mass elements. Each mass element has two degrees of

freedom including two dimensional motions in the horizontal and vertical directions.

The dynamic conditions of both parts of the individual stand are assumed to be

symmetrical with respect to the roll gap and considered to be exactly identical.

)

1i1)

For an upper part of a rolling stand, the mill vibration model was
developed using force components only. The model provides the dynamic
characteristics of cold rolling in a nonlinear fashion.

In order to determine stability threshold representing the critical operating
conditions, these force components have been linearised as stiffness and
damping coefficients and used for free vibration analysis.

The journal bearing solutions have been adopted to explain lubrication
condition about how the oil-film thickness varies and the tapered roller
bearing theory (rather simplified) was also utilised to represent a coupling
between the translational motions.

Surface contact mechanism between the backup roll and work roll has
been intensively investigated to explain the relative motion in the
horizontal and vertical directions. The force components have been
linearised as a spring, and thus the effective stiffness coefficients are
obtained by utilising mode coupling theory.

Considering the steady-state rolling conditions, all force components have
been linearised, producing the stiffness and damping coefficients, in a way
that these are determined from different operating conditions and highly
dependent on the rolling parameters such as the friction coefficient, rolling

speed, reduction and reduction rate with respect to time.

3. Develop numerical solutions of the linearised model for mill stability to

investigate dynamic coupling between multiple nonlinearities for accurate

assessment of stability characteristics.

Numerical studies were carried out in Chapter 6 for determining stability through

the examination of eigenvalues and studies with detailed identification of the system

model in Chapter 7. At assumed friction gradients, mill vibrational modes and
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natural frequencies have been identified through free vibration analysis, specifically
for unstable conditions. In order to clearly separate the stable and unstable regime,
stability threshold curves (STC) have been determined through the change in
friction coefficient and rolling speed with different rolling conditions. The major
results are as follows:

i)  Mill stability is highly dependent on friction gradients which is assumed in
the steady-state conditions and becomes unstable as it increases.

iil) The system is likely to be stabilised with the increase of friction
coefficient as the strip width increases while it appears to be unstable with
the increase of friction coefficient when the strip width is set to 1.0m.

iii) The system becomes unstable as the size of the roll increases. In fact, it is
more influenced by the roughness of the roll than the size of the roll.

iv)  Stability threshold curve (STC) moves towards the left hand (unstable
region) as the reduction in the roll gap increases while it is likely to shift to
the right hand (stable region) as the reduction reduces.

v) It is shown that stability is more likely affected by strain-rate exponent
rather than strain exponent demonstrating the rolling speed dependent.

vi)  The roll offset also affects the mill stability. However, it is found it would
be better to maintain at 6mm.

vii) For the journal bearing parameters, mill stability is maintained as the
dynamic viscosity slightly decreases, the bearing length slightly decreases
and the bearing clearance slightly increases.

viii) Linear transient studies produce results that match the stability threshold

curves presented in Chapter 6.

4. Develop a fully-transient model including nonlinearities in the support bearings,
the surface contact between rolls and the dynamic roll gap in addition to
different tension variation models at the entry side.

Fully-transient studies were performed in Chapter 8 for determining the system

stability and demonstrating limitations of the linearised model. Dynamic

characteristics of the coupled mill vibration model have been identified depending
on the rolling speed, friction gradient, inter-stand distance and time-delay,

specifically for unstable conditions. The major outcomes are as follows:
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i) Comparison of the fully-transient model with a 6DOF model from Chapter
6 shows higher vibration amplitude in comparison to that with no tension
variation.

ii) Force vibrations from the harmonic tension at the entry side introduce
uncertainty in rolling force estimation, a significant issue in Chapter 8, and
can introduce negative damping effect due to the significant relative
motion between the work roll and strip during the rolling process.

iii) The current tension variation model presented exhibits instability caused
by the work roll displacement in the vertical direction.

iv) In a similar way, more reliable responses are obtained from the fully-
transient model that chatter indeed arises from the increasing rolling speed
and friction gradient. Instability occurs as inter-stand distance becomes
longer and the strip is fed into the roll gap with time-delay of more than 90

degrees of phase difference.

9.3. LIMITATIONS TO RESEARCH

Four limitations of this thesis are highlighted, particularly as there is only limited

capacity to verify results of this work.

1. The most significant limitation to this research has been the capability to
undertake any form of validation to many models introduced in this thesis.
While popular and established methods have been used to evaluate a range of
issues such as rolling force, support bearing or surface contact mechanism
model, the accuracy of such models is limited. Validation of part or all of these
models will increase the certainty that can be placed on the quality of results. To
the extent that these models could be verified this was performed, with the roll
gap model compared to typical data suggested in BSL (BlueScope Steel LTD),
while free vibration analysis of a rolling stand suggests that these are
representative of a typical tandem cold rolling mill. With results containing rigid
body modes, first-octave mode between 2-10Hz, third-octave mode between
110-300Hz and fifth-octave mode between 300-1000/Hz among typical rolling
mill vibration frequencies, are indicating that the presented model is reasonable

for simulations.
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2. Generally simulations have been performed with available data, such that the

values of parameters used in these simulations are typical to what will be
expected in a tandem cold rolling mill, however a lack of accurate and reliable
data limits confidence in results. Consider negative damping effects caused by
nonlinearities of friction variation, it is highly dependent on design parameters
such as rolling speed and forward slip and the friction coefficient eventually
decreases in the dynamic roll gap. Thus while the simulations in this thesis
provide indication of how these nonlinearities will affect the chatter response,
more accurate information is required to provide more than demonstrative
simulations on current work.

Friction coefficient for the dynamic roll gap and surface contact between rolls
are assumed to be constant. The linear friction gradient of rolling speed
dependent friction coefficients for the dynamic roll gap in particular will
contribute further to an understanding of nonlinearities in tandem cold rolling
mill.

Tension variation applied at the entry side of the dynamic roll gap greatly affects
the system characteristics, leading or lagging the phase of the incoming strip.
However, the feed-in frequency of the incoming strip is not readily known and
reconstructing inter-stand distance costs too much. In the meanwhile even
though there are many trials installing 'Touch Roll' between stands to reduce
tension variations, many industries are still experiencing chatter phenomenon.
For the more detailed tension variation model, it is required to explain precise
tension variations from Pay-off reel to Pick(Take)-up reel. Nonetheless,
simulation results in this thesis demonstrate the negative damping effect, caused
by the significant relative motion between the work roll and strip as well as the
tension variation between stands, is one of the plausible sources of chatter

phenomenon.

9.4. FURTHER RESEARCH

Approach for further research into cold rolling mill transients and control include:

1.

The limitations to this research in terms of validation and use of actual rolling

parameters (tension and forward slip in the strip) provides a significant
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opportunity for experimental research, particularly as at the time of writing this
thesis the author found difficulties in performing experiments pertaining to
validation of transient responses of cold rolling mill at an academic level. One
aspect that should be considered is the use of experimentally determined friction
coefficient and friction gradient, particularly as these have been shown to alter
the behavior of rolling mill responses significantly.

Tension variation models, presented by Tlusty et al. (1982) and Yun et al (1998)
so far, are significantly oversimplified introducing harmonic oscillation in
formula even though the current tension variation model utilise the work roll
amplitude in the vertical direction. Furthermore, time delay effect in control of
tension at entry side has been demonstrated here to hold promise in continued
improvement to the mill system.

One of the main drawbacks of reducing chatter in the rolling mill industry has
been the limitations in vibration response during the initiation of significant
forward slip.

Further investigation into methods for reducing chatter phenomenon will also
provide an interesting addition to research. Minimising negative damping effects
through the method suggested here or by alternate means will increase
productivity and quality in rolling process. Very high rolling force and friction
condition in the dynamic roll gap are the impediment to rapid and reliable
rolling process. Modification of lubrication condition and tension regulation
such as aiding rolling process using "Touch Roll', can also reduce the influence

of recognisable negative damping on mill stability.

9.5. CONCLUSION

The principal aims of this thesis were twofold: study of linear stability of a rolling stand

in cold rolling and the investigation into the dynamic characterisation of transient

mechanisms. These have been achieved through the development of extensive

mathematical models for the support bearings, surface contact mechanism and dynamic

roll gap.

The evaluation of a rolling stand in cold rolling as a heavily damped dynamic system

brings to the forefront issues in chatter phenomenon, where precise estimation of
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bearing forces and consideration of dynamic roll gap model and influences of tension
variation are likely to significantly impact the capability to achieve high quality strip
thickness. The inclusion of multiple nonlinearities is all shown to impact the mill chatter,

with significant contribution from the negative damping effect in the dynamic roll gap.

The coupled mill vibration model is by far the most complete chatter model since it
does not only include negative damping effects in a rolling stand, but also considers the
tension variation at the entry side of the roll gap. In a linearised model, stability analysis
is significantly affected by the negative damping effect caused by the relative motion
between the work roll and strip in a rolling stand. As a result, stability threshold curves
have been determined through the change of the rolling parameters. For the fully
transient model, different tension models are introduced in the dynamic roll gap such
that parametric studies are performed to identify the transient characteristics of the
coupled mill vibration model, coupled with the support bearings, surface contact
mechanism and the dynamic roll gap model. The influence of various process
parameters on stability is also investigated by changing the rolling speed, friction
gradient, operating frequency, inter-stand distance and time delay. Regardless of the
tension model presented, the negative damping has the most significant influence in mill
chatter resulted from the increased rolling speed. The inter-stand interactions through
tension variations and the strip thickness variation in a rolling stand are much more
significant than that of tension variations alone. It is also identified that the time delay
effect significantly increases the tendency of chatter and thus reduces the stability of the

rolling process.
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APPENDIX A: ROLLING FORCE CALCULATIONS

APPENDIX

An example is given for the calculation of roll force and torque at a 4" stand where

front and back tensions are applied. The principal formulae are

F,=RW [ [ " stdg+ j:“ s“d¢j|

0

4 th —th,
I = Ry xR, D.O spdp+- SR ) }
d

Initial thickness of strip A= 1.000mm = 0.0010m

Entry thickness of strip 4, = 0.40mm = 0.0004m

Exit thickness of strip A, = 0.30mm = 0.0003m

Mean width of strip W = 1224mm = 1.224m

The total roll force = 1.224m x 6.533 MN/m = 8.009 MN

The mean torque per roll = 1.224mx 21.998kN = 26.925kNm

Back tension = 1, = 23.06kN/(0.0004x1.224m”) => 90.0MPa (Assumed)
Front tension = ¢, = 32.94kN/(0.0003x1.224m") = > 90.0MPa (Assumed)
Undeformed roll radius = Ryr = 300mm = 0.30m

A-1. Hitchcock Constant

Elastic constant of the rolls = ¢ = 2.20695x10°m’/MN

(1-+) (1-0.3%) .
c=16 =16 5 =2.20695x10"m’ / MN
wE x210x10

For the BSL = ¢ = 2.20695x10"" 'm/N = 2.20695x10°m°/MN
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A-2. Roll Flattening

The strip passing between a pair of rolls is compressed by the hydraulic pressure on top
backup roll, but the reaction is transferred to the bearings and housing chock, which are
capable of only limited yield strength because of their large dimensions. If an attempt is
made to compress thin hard material further, the reaction becomes so large that the rolls
deform elastically and the radius of curvature of the arc of contact is increased. The
extent of this flattening depends on the magnitude of the reaction force and the elastic
constants of the rolls. Attempts to determine R, the deformed radius of curvature, have
failed as the arc of contact did not remain circular and give a proper solution. Even
though there is a limit in estimating the deformed roll radius, it can be confidently

considered that for a thin cold rolling with the limited roll deformation is still valid.

—Rlz(l-{— CF}e J: 1+CF;-/7
R,, W Ah Ah

where R, is the deformed radius, R,,, the undeformed radius.

v 1s poisson’s ratio 0.3 for mild steel, £ is Young’s Modulus 210GPa, Fy, is the specific
rolling force based on the deformed radius R;, W is the width of the strip and 44 is the

reduction. To calculate a value for R, successive approximations are necessary.

The yield stress curves are shown in Figure 4-1 (Chapter 4). The coefficient of friction
used in this calculation is 0.02. The deformed roll radius is calculated by Hitchcock’s

formula from the calculated rolling force per unit with, £,

%

J:0.30(1 +1.444)

/

cF. [ 206 -5 2

Rd :RWR ]+ sp :030 ]+ 2 0695X10 m /WX6544MN/)71
Ah (0.0004 -0.0003)m

=0.7332m
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Based on the numerical integration by Simpson’s rule (Approximated Value)

ck, -5 2
R, _R”R(H \,,) 0_30[1+2.20695x10 m* | MN x 6.5643MN / m

=0.30(1+1.4487
(0.0004 —0.0003) J (I+ )

=0.7346m

A-3. Roll Contact Angle at Entry

The angle of contact can be calculated as:

¢ = flg =% :\/0'000l =0.0117 radians
R, 0.7346

A-4. Neutral Point

For the neutral angle, calculation process is as follows:

. n
'}BL[' D [-IL y k;v ) ke 9 }n _j,IL OIY s Hn and ﬁllally ¢N
1, d :

Jﬁ /o 332 _ 49437 (Real) \/— \[0 7346 =49.484 (Approx.)

\ 0.0003

4 ,"R_
H =2 \E— arctan L \jh—ws ] =2x49.484 x arctan (49.484 x0.0117)

&

at R=0.7346m
=2x49.484x0.52481=51.939

The percentage reduction at exit

0.001-0.0003
0.001

x100=70.0%

Yield stress at exit = o, = yield stress at 70.0 per cent reduction = 749.88MPa.
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The percentage reduction at entry

0.001-0.0004
0.001

x100 = 60%

Yield stress at entry = o, = yield stress at 60 per cent reduction = 664.85MPa.

A-5. When Both Tensions are Applied

t 90
-2 | . AT
Bl o |l 10.0004) " 74088 || _ 1.333(0.87998ﬂ
Bl s 0.0003| , 90 0.86463 )
o, 664.85
=In(1.357)=0.3053
o1 |nl'o 51.939  0.3053
H, kel e L 20000 28, = 5507 716805 =18,337
2 2u |h|, & 2 2x0.02
O-e
h h. H :
¢ = Ctan e Xl 0.020209xlan(0.020209x '8337j
" \R, R, 2 :

= (.020209x0.18744 = 0.003788 radians

Small truncation error results in the change of neutral point.

A-6. When Both Tensions are Zero (with different R,)

_ 51.939 0.28768
2 2x0.02

= 25.97-17.192 = 18.778

( 7
o= " tanL X 1| = 0.020209tan(0.020209><]8'7 8)

= 0.020209x0.19205 = 0.003881 radians
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A-7. Rolling force and torque calculation

The integral in equations below are evaluated by Simpson’s rule. To do this it is

necessary to calculate the values of s and s¢ at points equally spaced between the

neutral point and exit and the neutral point and entry. In this example three points have

been taken in the first interval and four in the second. The points are the values of ¢ in

Table A-1.
F,= RI,W[ j:" stdg+ j:" s"dﬂ

2 t,h,—t.h,
Iy = R"-rR‘/W{J.O spdg + T}
=

[*sds = 0.003788
6

s'd¢ (660.53 +4x801.22+979.16) =3.0585

0
(0‘01 17 —0.003788)
[
L,, sTdg = 12
=5.8846

(979.16 + 4x837.15+2x 727.36 + 4 x 641.93 + 574.85)

[sdp=["s'dp+ j:“ s"d¢ =3.0585+5.8846 = 8.9431

)

f s'¢dp = Qi(—’%z-@(owxljam +3.7867) = 0.0063032

: (0.0117-0.003788)
|, s9dp = 12
=0.043651

(3.7867 + 4 4.8690 + 2 x 5.6479 + 4x 6.2356 +6.7042)
j” spdgp = f s'pdg + j:" s"gd¢ = 0.0063032+0.043651 = 0.049954

The yield stress curve is used to obtain line (xv) from line (xii) and equations s* and s~

to give s in lines (xiii) and (xiv). i is equal to 0.87998 and 1- L
g g

X 3

to 0.86463.

Multiplication of it by ¢ gives the next two lines.

Simpson’s rule is used to evaluate the integrals, _":' sd¢ and j:” s¢d¢ . Both are evaluated

separately either side of the neutral point and the two components added.

Then
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Fy =R [" sdg= Rdw[ [“sdg+ _[:"s‘d¢} = 0.7346x1.224x8.9431 = 8.0412 MN.

T,=R,:R ‘,W{ I:" spdé +i2—R—t£} (When both tensions are ignored)
d
=0.3x0.7346x1.224x(0.049954+0) = 0.013475

= 13.48 kN.m (Both rolls 26.96 kN.m)

2 t,h —th,
T, = JzWRRdW[jO s+

d

} (When both tensions are applied)

=0.3%x0.7332x1.224x (0.049954+0.006126)
=0.01513 MN.m (Both rolls 30.26 AN.m)

« The approximated roll force, F, = 8.0412 MN.

The approximated torque, 7, = 30.26 kNm.

 The real calculated roll force, 7, = 8.009 MN.

« The real calculated torque, 7, = 26.925 kNm.

' p 5 Fut=i,
The error in the calculated value of roll force = —£——%x100 per cent = 0.4 per cent
R

. 121
The error in the calculated value of roll torque = -—%x100 per cent = 11.02 per cent
R

At the beginning of this calculation the deformed roll radius was calculated from the
experimental roll force. When the theory is used to predict the values of rolling force
and torque, the experimental rolling force is not known and one obtains consistent

values of F, and R, R by the procedure described in this section.

The calculations in this Appendix are tedious. The authors are attempting to find a
analytical method of calculating roll force and torque similar to that described earlier in
Bland and Ford (1948) for the “tension” and “no-tension” case, respectively.

The following Table A-1 is the result of calculation by Simpson's Rule based on Bland
and Ford approach to validate the model. In comparison to real calculation value, error

per cent is less than 10%. Thus, two methods are still useful for estimating rolling force.
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At stand 4 of the tandem cold rolling mill (0.4 to 0.3mm)

Table A-1: Calculation of Rolling Force (Based on BSL Specifications)

Exit Point2 | Neutral | point4 | Points | Pointe | EMYY
point 1 Point 3 point 7
h [mm) 0.3000 0.3028 0311 0.3249 0.3443 0.3694 0.4000
4, - . 0.0039 : . ; .
L 0 - - - - - 0.0086
(iY@ [radians) 0 (Appr.) 0.0019 0.0039 0.0058 0.0078 0.0097 00117
¥ R{l
(1) h_¢ 0 (Appr.) 0.0957 0.1914 0.2879 0.3844 0.4809 0.5774
. R, y
(111) arctan —}—1—¢ [radians] 0 (Appr.) 0.0954 0.1892 0.2803 0.3669 0.44825 0.5236
x Rd Rd -
(1v) HE =2 —h———arclan ]—¢E 0 (Appr.) 9.4489 18.7288 27.7567 36.3353 44 3794 51.8416
X 1/\‘
WH,-H = = 33.113 24085 15.506 7.4622 0
(viyuH 0 (Appr.) 0.1889 0.3746 - - = <
(vii) (H, - H) - - 0.6623 0.4817 03101 0.1491 0
(viii) e 1 (Appr.) 1208 1.4544 - £ g £
(ix) e*He=11) - - 1.9392 1.6188 1.3636 1.161 1
(x) R¢z 0 2.749e-6 1.099¢-5 2.487e-5 4.433e-5 6.937e-5 0.0001
(xi)h= .’1‘ + R¢: [mm] 03 0.303 0311 0:325 0344 0.369 0.0004
‘“(mi) Percentage deformation
h, —h : g 7
f‘ % 100% [per cent] 70 69 89 65.89 65.82 65.68 64.93 60
i,
(xiti) Pressure s at exit
| T 660.53 80122 | 979.16 - . A -
s* = 1= " [MPa)
h‘, \ O'r/'
(xiv) Pressure s~ at entry
_ oh T SO i E 979.16 837.15 727.36 641.93 574 85
S =—|1-— ] [MPa)
hc Ue y
(xv) Yield Stress & [MPa) 749 88 74724 73945 726.74 709.66 688.78 664 85
(xvi) s"¢ [MPa) 0 (Appr.) 1.5493 3.7867 - - - -
(xvil) §"@ [MPa) - - 3.7867 4.8690 56479 6.2356 6.7042
(xviii) Strain
0.3322 0.3217 0.2906 0.2402 0.1731 0.0920 0
In(h,)=1n(A,,,...)
(xix) Speed [m/s] 20.7331 20.5448 20.0000 19.1459 18.0639 16.8392 15.5498
(xx) Strain rate &, [1/s] 186137 1829.6 173207 | 158729 | 141295 | 122785 | 1047.02
Fy [MN] X - 52323 3.6396 2.268 1.067 0
F, [MN] 0 (Appr.) 1.2652 2.8143 - - - -

Torque calculation result is not shown in this table as the effect of torque on mill stability is ignored.
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Based on the Bland and Ford Approach (Simpson’s rule)

R, 0.7346

Roll Flattening Ratio : =2.4487

WR

F,=8.0412MN, F, =31.1kN, F, =8.04MN

Based on the Bland and Ford Approach (Real value)

R, 0.7332
R,, 03

Roll Flattening Ratio : =) .444

F,=8.01MN, F, =30.997kN, F, =8.009MN

APPENDIX
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APPENDIX B: JOURNAL BEARING IN THE BACKUP ROLL

B-1. Fluid Film (Vance et al., 2010)

The primary requirement for hydrodynamic lubrication is that sufficient lubricant exists
between the shaft journal and the bearing at all times. The formation of an oil whirl to
lift the shaft journal is dependent on the speed (relative speed between the shaft and the
bearing), load (weight of the rotor or any additional side loads, or gear loads, or side

loads due to misalignment), and the oil viscosity of the lubricant.

These parameters are combined and presented by the ZN/P curve shown in Figure. B-1.
This is also known as the Stribeck curve. This curve describes the three particular
regimes while the system accelerates to operating speed or decelerates from the
operating speed to standstill conditions. These regimes are dry friction, where surface
contact between the asperities of the shaft and the bearing exist; mixed lubrication
regime, or boundary friction; and full hydrodynamic lubrication, or fluid friction, where
a thin film exists between the shaft and the bearing, which supports the static and

dynamic loads in the rotating shaft.

Lubrication Regimes
DRY FRICTION

0.18

016 |

0.14 / BOUNDARY FRICTION

A
0.t ] FULL FILM LUBRICATION
0.10 FLUID FRICTION

0.08
0.06
0.04
0.02

Coefficient of Friction

0 20.00 40.00 80.00 60.00 100
Bearing Parameter ZN/P (Z:Viscosity, N: Rotation Speed, P: Load)

Figure B-1: The ZN/P curve and the three lubrication regimes (Vance et al, 2010)
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The exaggerated regimes in the fluid film bearings are graphically represented in Figure.
B-2 as the shaft accelerates from standstill to steady state condition under load. The full
hydrodynamic regime has the direct influence on the dynamic characteristics of the
system as it speeds up from stand still to possibly pass through one or more critical

speeds on its way to reaching the design operation speed.

Line of
centers

i et

friction (b) Boundary friction (c) Fluid friction

(a) Dr

Figure B-2: Three lubrication regimes in fluid film journal bearing (Vance et al, 2010)

B-2. Equations of Motion
For a rigid rotor with a m mass supported by two symmetric bearings as shown in
Figure. B-3. If excitation forces F'zy and F’py are acted at the bearing center, the

equations of motion for the rotor can be written as follows:

My Xy = Fuen = Figy (B.1)
My Yo == Fucy + Figy =Wy + Fey (B.2)
Mypiige = Froy — Ffy — F, cos(B8-4¢,) (B.3)
MppVop = Fppy + ) =Wy, — F, sin (ﬂ"¢n) (B.4)

In practical use of journal bearings, the linearised bearing forces are defined as:

Froy =k, Ax+k Ay+c Ax+ ¢, Ay (B.5)
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F =k, Ax+k, Ay+c Ax+c, Ay (B.6)

A y 3 y
Fan
2
Bearing 1 Bearing 2
Bearing T
housing \

Figure B-3: A rigid rotor-bearing system for the upper backup roll

As shown in Figure B-3, if a rolling mill system is vibrating owing to the strip
oscillation - unbalancing displacements resulted from the reaction force between two
work rolls under the specific rolling condition - the relative displacement of the backup
roll can be defined by the difference between the displacements of the backup roll and
bearing housing chock. From this assumption, the relative position between the rotor

and bearing housing can be defined as follows:

Ax =X, =Xy, and Ay =y, —y,, (B.7)

where x,, and y,, are the position of the rotor and x,, and y,, the position of the

bearing housing chock. The mill frame is considered fixed to the ground so that its

motion is assumed to be zero and can be neglected.

Based on the given bearing parameters, initial conditions have been determined from
the well known journal bearing theories by Rezvani and Hahn (1993) and Adiletta et al.
(1996). Table B-1 shows the calculated results to validate the journal bearing model
used in this study. For the rotational direction and the ratio of the bearing length to the
diameter, it is found force calculations by Rezvani approach are more consistent than

those compared to Adiletta approach.
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Table B-1: Bearing Oil-Film Force Calculation Results for the Short Bearing Solution
(L/D =0.5) and Long Bearing Solution (L/D=1.0), respectively

. Rotational Speed
Eccentricity tads) Fu V) Fy (N)
Adiletta 0.7339 29.586 (CCW) -1.423¢° -9.369¢°
_ Rezvani 0.7339 29.586 (CCW) -1.423¢° -9.369¢°
Short Bearing
Assumption . & 6
Adiletta 0.7339 29.586 (CW) -8.472e¢ -4.245¢e
Rezvani 0.7339 29.586 (CW) +1.424¢° +9.367¢°
Adiletta 0.7339 29.586 (CCW) -7.116¢€° -4.684¢°
. Rezvani 0.7339 29.586 (CCW) -7.116¢° -4.684¢°
Long Bearing
Assumption , 6 6
Adiletta 0.7339 29.586 (CW) -4.2362e¢ -2.122e¢
Rezvani 0.7339 29.586 (CW) +7.116¢° +4.684¢°
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APPENDIX C: TAPERED ROLLER BEARING IN THE WORK ROLL

C-1. Tapered Roller Bearing

The work roll supports high load resulted from the strip deformation and is supported
by the tapered roller bearing which effectively relieve the stress in the shaft. Due to its
complexity and different results depending on assumptions, it has not fully verified with
other models. However, in this study, axial deflection of the roller is ignored as it is
adequately supported by two-row or four-row tapered roller bearing so that axial force
cancels out. Figure C-1 shows the single-row tapered roller bearing and the resulting
stiffness matrices are combined considering spring combination. For more detailed

derivation, refer to Lim (1989).

In order to validate Lim’s approach simulations have been performed to compare the
translational stiffness coefficients of the bearing matrix with the published analytical

and experimental results (Gargiulo, 1980).

o y/ A
(),\'m h ﬂwn
-l >
Fh v 1 ‘M."n m
ey

(8]

A 4

> Outer Ring of Raceway Diameter d,

Inner Ring of Raceway Diameter d,; 4

vy —4 H

Rolling Element Diameter D

Figure C-1: Tapered roller bearing in the work roll (Rolling element bearing)

Table C-1 show the parameters used for validation with Gargiulos’s formula and Figure
C-2 displays the radial stiffness variation depending on the radial deflection. Note that
in this study, axial deflection and thrust force have been ignored to simplify the

complex tapered roller bearing model.
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Table C-1: Parameters of the roller bearing used for parametric study

APPENDIX

Parameters Value
Load deflection exponent, »n 10/9
Load deflection constant, K,, [MN/m] 300
Number of rolling elements, Z 50
Radial clearance, C,,;, [um] 50
Pitch radius, 7, [mm] 188.25
Rolling element angle, o, [deg] 15
Rotational speed, w,,, [RPM] 133.33 (CCW)
x 10° Comparison between Lim's and Gargiulo's formulas

KRRW :].2X106Z§0111e089 COSZ 1 CZ‘

25+

w
)]
T e %
i
|
i
(85]
Lyl
S FEIPICTENT) PR SS———— sSees e

Radial Stiffness, [N/m]
o~

|

e ' Lim's Estimates j
‘ | - Gargiulo's Estimates

. TS ST S L ] | T T I I d]

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Radial deflection, [m] % 35S

Figure C-2: Comparison between Lim’s approach and Gargiulo’s formulas (Radial

stiffness variation depending on radial deflection)

217



REFERENCES

REFERENCES

Adiletta, G., Guildo, A.R., Rossi, C., 1996. Chaotic motions of a rigid rotor in short
journal bearings. Nonlinear Dynamics. 10, pp. 251-269.

Alexander, J.M., 1955. A Slip Line for the Hot Rolling Process. Proc. Inst. Mech. Eng.
168, pp. 1021-1030.

Alexander, J.M., Brewer, R.C., Rowe, G.W., 1988. Manufacturing Technology, Vol. 2,
Ellis Horwood Ltd.

Anand, L., 1993. A Constitutive Model for Interface Friction. Computational Mechanics.
12, pp. 197-213.

Arimura, T., Kamata, M., Saito, M., 1970. An Analysis of the Dynamic Behavior of
Tandem Cold Mills. Automatica. Vol. 6, pp. 601-607.

Azushima, A. 1978. Characteristics of Lubrication in Cold Sheet Rolling, in Lubrication
Challenges in MetalWorking and Processing. In: Proceedings of the First International

Conference, IIT. Research Institute, Chicago, IL., USA, June 7-9, pp. 1-7.

Azushima, A., Miyagawa, M., 1984. Evaluation of Lubricity and Anti-Seizure Property
of Lubricant in Cold Sheet Rolling: An Investigation into Friction and Lubrication in

Cold Rolling TV. J. ISTP 25 (285), pp. 915-920.

Barus, C., 1893. Isotherms, Isopiestics and Isometrics Relative to Viscosity. The

American Journal of Science. 45, pp. 87-96.

Bay, N. 1987. Friction Stress and Normal Stress in Bulk Metal-Forming Processes.

Journal of Mechanical Working Technology. Vol. 14, pp. 203-223.

Belli, P., Bittanti, S., De Marco, A., 2004. On the Origin of Torsional Vibrations in Hot
Rolling Mills and a Possible Remedy. Journal of Dynamic Systems, Measurement, and

Control. Vol. 126, pp. 811-823.

Bland, D.R., Ford, H., 1948. The calculation of roll force and torque in cold strip rolling
with tensions. Proc. Inst. Mech. Eng. 159, pp. 144-163.

Bowden, F.P., Tabor, D., 1954. The Friction and Lubrication of Solids Part I. Clarendon
Press, Oxford, Part II.

218



REFERENCES

Chang, D.. 1994. An Advanced Slab Analysis of the Strip Rolling Process. Ph.D. Thesis,

Northwestern University, Evanston, Illinois.

Chefnuex, L., Fischbach, Jean-Paul., Gouzou, Jacques., 1984. Study and industrial

control of chatter in cold rolling. Iron and Steel Engineer. pp. 17-26.

Chen. Y., Liu, S.. Shi, T., Yang, S., Liao, G., 2002. Stability Analysis of the Rolling
Process and Regenerative Chatter on 2030 Tandem Mills. Proc. Instn. Mech. Engrs. Part
C: Journal of Mechanical Engineering Science. Vol.216, pp. 1225-1235.

Cheng, Y.Q., Zhang, Hui., Chen, Z.H., Xian, K.F., 2008. Flow Stress Equation of AZ
31 Magnesium Alloy Sheet During Warm Tensile Deformation. Journal of Materials

Processing Technology. Vol.208, pp. 29-34.
Dowson, D., 1979., History of Tribology. Longmans/Green, London, New Y ork.

Farley, T.W.D., Rogers, S., and Nardini, D., 2006. Understanding Mill Vibration
Phenomena., Proceedings of the Conference: Vibration in Rolling Mills, Institute of

Materials, Londeon, UK, 9" November 2006.

Farley, T.W.D., 2006. Rolling Mill Vibration and its Impact on Productivity and
Product Quality. Innoval Technology Ltd. Banbury, OX16 1TQ, UK

Farley, T.W.D., 2006. Mill Vibration Phenomena during Cold Rolling. Innoval
Technology Ltd.

Freshwater, 1.J., 1996. Simplified Theories of Flat Rolling — I: The Calculation of Roll
Pressure, Roll Force and Roll Torque. Int. J. Mech. Sci. Vol. 38, No.6, pp. 633-648.

Freshwater, 1.J., 1996. Simplified Theories of Flat Rolling — II: Comaprison of
Calculated and Experimental Results. Int. J. Mech. Sci. Vol. 38, No.6, pp. 649-660.

Ginzburg, Vladimir. B., 1985. Basic Principles of Customized Computer Models for
Cold and Hot Strip Mills. Iron Steel Eng. 62, pp. 21-35.

Gronostajski, Z., 2000. The Constitutive Equations for FEM Analysis. Journal of
Materials Processing Technology. Vol. 106, pp. 40-44.

Gargiulo, E.P., 1980. A simple way to estimate bearing stiffness", Machine Design. Vol.
52, pp. 107-110.

Gohar, R., 1974. A Numerical Method of Obtaining the Deformed Shape of the Roll in
the Cold Rolling Process. Int. J. Mech. Sci. Vol. 16, pp. 249-258.

219



REFERENCES

Harris, Tedric.A., Kotzalas, Michael. N., 2007. Advanced Concepts of Bearing
Technology 5™ Edition, CRC Press, Taylor & Francis Group.

Hitchcock, J.H., 1935. Roll Neck Bearings, Appendix I-II-III, in ASME Report of
Special Research Committee, New York, pp. 33-52.

Holmes, R.. 1960. The vibration of a rigid rotor on short journal bearings. J. Mech. Eng.
Sci. 2(4), pp. 337-341.

Hu, Pei-Hua., Zhao, Huyue., Ehmann, K.F., 2001. Fifth-Octave-Mode Chatter in
Rolling. Proc. Instn. MEch. Engrs. PART B: JOURNAL OF ENGINEERING
MANUFACTURE. Vol.215. pp. 797-809.

Hu, Pei-Hua., Zhao, Huyue., Ehmann, K.F., 2006. Third-Octave-Mode Chatter in
Rolling, Part 1: Chatter Model. Proc. Instn. MEch. Engrs. PART B: JOURNAL OF
ENGINEERING MANUFACTURE. Vol.220, pp. 1267-1277.

Hu, Pei-Hua., Zhao, Huyue., Ehmann, K.F., 2006. Third-Octave-Mode Chatter in
Rolling, Part 2: Stability of a Single-Stand Mill. Proc. Instn. MEch. Engrs. PART B:
JOURNAL OF ENGINEERING MANUFACTURE. Vol.220, pp. 1279-1292.

Hu, Pei-Hua., Zhao, Huyue., Ehmann, K.F., 2006. Third-Octave-Mode Chatter in
Rolling, Part 3: Stability of a Multi-Stand Mill. Proc. Instn. MEch. Engrs. PART B:
JOURNAL OF ENGINEERING MANUFACTURE. Vol.220, pp. 1293-1303.

Huyue Zhao, 2008. Regenerative Chatter in Cold Rolling. Ph.D. Thesis, Northwestern

University, Evanston, Illinois, USA

Johnson, Gordon.R., Cook, William.H., 1983. A Constitutive Model and Data for
Metals Subjected to Large Strains, High Strain Rates and High Temperatures.
Proceedings of the Seventh International Symposium on Ballistics, Hague, The

Netherlands, 541-547.

Johnson, Robert.E. and Qi, Quan. 1994. Chatter Dynamics in Sheet Rolling. Int. J.
Mech. Sci. Vol.36, No.7, pp. 617-630.

Jortner, D., Osterle, J.F., Zorowski, C.F., 1960. An Analysis of Cold Strip Rolling. Int. J.
Mech. Sci. Pergamon Press Ltd. Vol. 2, pp. 179-194.

Khonsari, M.M., Chang Y.J., 1993. Stability boundary of non-linear orbits within

clearance circle of journal bearings. J. Vib. Acoustics, 115, pp. 303-307.

220



REFERENCES

Khonsari, M.M., Booser, E.R., 2001. Applied tribology: bearing design and lubrication.
New York, NY: Wiley.

Kimura, Yukio., Sodani, Yashuhiro., Nishiura, Nobuo., Ikeuchi, Naoki., Mihara,
Yutaka., 2003. Analysis of Chatter in Tandem Cold Rolling Mills. ISIJ International.
Vol.43. (1), pp. 77-84.

Kudo, H., 1960. Some Analytical and Experimental Studies of Axi-Symmetric Cold
Forging and Extrusion-II. Int. J. Mech. Sci. Pergamon Press Ltd. Vol. 2, pp. 102-127.

Kudo, H., 1961. Some Analytical and Experimental Studies of Axi-Symmetric Cold
Forging and Extrusion-II. Int. J. Mech. Sci. Pergamon Press Ltd. Vol. 3, pp. 91-117.

Lee, D., Zaverl, F.J.R., 1982. Neck Growth and Forming Limits in Sheet Metals, Int. J.
Mech. Sci. Vol. 24, No. 3, pp. 157-173.

Lenard, J.G., Lim, L.S., 1984. Study of Friction in Cold Strip Rolling. Journal of
Engineering Materials and Technology. Vol. 106, pp. 139-146.

Lenard, J.G., 1992. Friction and Forward Slip in Cold Strip Rolling. Tribology
Transactions. Vol. 35, 3, pp. 423-428.

Lenard, J.G., Malinowski, Z., Pietrzyk, M., 1992. Comparison of the Predictive
Capabilities of Mathematical Models of the Flat Rolling Process. Journal of Materials

Processing Technology. Vol. 34, pp. 85-92.

Levanov, A.N., 1997. Improvement of Metal Forming processes by Means of Useful

Effects of Plastic Friction. Journal of Materials Processing Technology. 72, pp. 314-316.

Lim, T.C., 1989. Vibration transmission through rolling element bearings in geared

rotor systems. Ph.D. Thesis, The Ohio State University, Columbus, Ohio 4320, USA.

Lim, T.C., 1990. Vibration transmission through rolling element bearings, Part I:

Bearing Stiffness Formulation. J. Sound and Vibration. 139(2), pp. 179-199.

Lin, Y.J., Suh, C.S., Langari, R., Noah, S.T.. 2003. On the Characteristics and
Mechanism of Rolling Instability and Chatter. Transaction of the ASME. Vol.125, pp.
778-786.

Lin, J.F, Huang, T.K, Hsu, C.T., 1991. Evaluation of Lubricants for Cold Strip Rolling.
Wear. 147, pp. 79-91.

221



REFERENCES

Malvern, Lawrence.Earl., 1969. Introduction to the Mechanics of a Continuous Medium.

Ch. 6 Section 6.5 and 6.6, Prentice-Hall, Englewood Cliffs, NJ.

Matsui, K., Matsushita, T., Takatsuka, K., Yamaguchi, Y., 1984. Evaluation of
Lubricants for Rolling of Aluminium Sheet and Foil. Advanced Technology Plasticity.
1, pp. 247-252.

Matthews, D.L., Yuen, W.Y.D., 2006. Minimising Skidding in Cold Rolling.
Proceedings of SEAISI 2006 Conference, Cebu, Phillippines, 15-17 May, pp. 1-13.

Meehan, Paul. A., 2002. Vibration Instability in Rolling Mills: Modelling and
Experimental Results. Journal of Vibration and Acoustics. Vol.124, pp. 221-228.

Nadai, A., 1931. Plasticity. McGraw-Hill. New York.

Orowan, E., and D.I., 1943. The calculation of roll pressure in hot and cold flat rolling.

Proc. Instn. Mech. Engrs. 150, pp. 140-167.

Paton, D.L., Critchley, S., 1985. Tandem Mill Vibrations: Its Causes and Control. Iron
and Steel Making. pp. 37-43.

Pawelski, Oskar, Rasp, Wolfgang., Friedewald, Klaus., 1986. Application of the theory
of rolling to rolling in the case of mill vibrations. Steel Research 57, No. 8, pp. 373-376.

Prakash, R.S., Dixit, R.M., Lal, G.K., 1995. Steady-State Plane-Strain Cold Rolling of a
Strain-Hardening Material. Journal of Materials Processing Technology, Vol. 52, pp.

338-358.
Prandtl, L., 1923. Zeitschrift fiir angewandte Mathematic und Mechnik. Vol.3, p.401.

Qiu, Z.L., Yuen, W.Y.D., Tieu, AK., 1999. Mixed-Film Lubrication Theory and
Tension Effects on Metal Rolling Processes. Transaction of the ASME. Vol. 121, pp.
908-915.

Ramsberg, W., Osgood, W.R.., 1941. Determination of Stress-Strain Curves by Three
Parameters. Technical Note No. 503, National Advisory Committee on AeroNautics,

NACA.

Rasmussen, J.R. Kim., 2003. Full-Range Stress-Strain Curves for Stainless Steel Alloys.
Journal of Constructional Steel Research. Vol.59, pp. 47-61.

222



	Title Page
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	Nomenclature
	Abstract
	Chapter 1. Introduction
	Chapter 2. Background Information and Literature Review
	Chapter 3. Effects of Rolling Parameters
	Chapter 4. Steady-State Rolling Force and Dynamic Rolling Force in the Modified Roll Gap Model
	Chapter 5. Mill Vibration Model with a 6DOF System
	Chapter 6. Stability Analysis of a Rolling Stand in Cold Rolling Mill
	Chapter 7. Transient Analysis Based on Linearisation of Force Components
	Chapter 8. Fully Transient Studies of a Rolling Stand in Cold Rolling Mill
	Chpater 9. Conclusion, Contributions and Future Work
	Appendix
	References



