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1 Introduction

In order to increasc productivity, the maximum rolling
speed of tandem cold mills for ultra-thin gauge strips,
such as tin mill black plates, is commonly designed to
be higher than that of sheet-gauge mills. However, sur-
face defects arc sometimes generated as a result of poor
lubrication and cooling.

Various measures have been taken to improve lubrica-
tion at the No. 2 tandem cold relling mill in No. 1 cold
rolling plant of Chiba Works which is the main rolling
mill for producing the tin mill black plates at Kawasaki
Steel. These efforts have made it possible to produce
more than 100 000 t/month at present. Although the
maximum rolling speed had been specified as 2260
m/min, the equipment was modified in July 1993 so that
the maximum speed could be increased up to 2813
m/min.

In addition, the gauge of tin mill black platcs has becn
becoming lighter and demands for higher gauge accu-
racy have increased in recent years. In order to meet cus-
tomers’ demands, roller bearings were adopted for the
back-up rolis at every stand of the mill in July 19937,
and the mill motors were remodeled in July 1995 to
improve responsiveness. As a result of these modifica-
tions, the gauge accuracy during steady rolling, acceler-
ation and deceleration has heen markedly improved.

* QOriginally published in Kawasaki Steel Giho, 28(1996)2, 108-
113

Synopsis:

High productivity and gauge accuracy are required of
a tandem cold rolling mill thar produces ultra-thin
gauge strip, such as a fin mill black plate. Until now. the
authors have improved lubrication for cold rolling by
developing a new direct rolling oil and a Ti-enhanced
wark roll having high wear resistance for No. 2 TCM of
Chiba Works. As a result, it has been made possible to
conduct rolling at an wltra-high speed, that is 2800
m/min, and productivity has been remarkably improved.
Furthermore, in order to achieve a major increase in
gauge accuracy at high rolling speed cold tandem mill
the authors applied a roller bearing to back up roll for
high speed rotation and replaced mill motors with high
response AC motors. As a result, the gauge accuracy
during rolling has been improved to = 1.0% at a steady
rolling speed and = 1.5% in acceleration and decelera-
tion.

This paper gives a brief description of the technolo-
gics used for high-speed rolling and for improving
gauge accuracy in this operation.

2 Outline of Equipment

The No. 2 tandem cold mill, constructed in 1963, was
revamped into a fully continuous rolling mill in 1984,
Exiensive automation was incorporated in the mill as
part of this conversion. In addition, gauge accuracy was
improved at the leading and tail ends of strips. The
major specifications of the No. 2 tandem cold mill are
shown in Table 1. The most important feature of the
mill is that ultra-thin gauge strips (average delivery
thickness = {.23 mm) for both tin mill black plates and
tin-free steel, as well as strips for galvanized steel, can
be rolied at the high speed of 2 813 m/min. Another spe-
cial feature of the mill is that a direct application method
has been adopted to supply rolling oil so that strips can
be relled at higher speeds.
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Table 1

Specifications of No. 2 tandem cold mill

Fully continuous

[y
6 stand tandem mill (4- Hi}

Rolled material Mild steel

! {for tin plate. TFS, G
Max. mill speed  (m/min) | 2813
Delivery thickness (mm} 0.1~1.0
Strip width (mm) ‘ 508 ~ 1295
Work roll diameter  {imm) 445 ~ 610
Backup roll diameter (mm) 1270 ~— 1427
Application | Direct

3 High-Speed Rolling Technology
3.1 Development of a New Dircet Rolling Oil

3.1.1 Application of a new additive for
restraining emulsification of the rolling oil

In tandem cold mills which are provided with a
dircet application of rolling oil such as the No. 2 tandem
cold mill, the efficicney of plating-out is very importaint
for good lubrication. The plating-out properties of
rolling oil are strongly affected by its emulsification
conditions, which are commonly indicated by an emul-
sion stability index (ESI). It is desirable to suppress any
emulsification of rolling oil and to make its ESI as close
to zero as possible in order to increasc the plating-out of
the oil. The praticle size of emulsion is reduced by
mechanical agitation and shearing. Morcover, the sur-
face of the rolling oil particles is charged negatively and
clectrical repulsion works between the particles. As a
result, cmulsification becomes stcady. However, the
properties of plating-out become worse with this stabil-
ity. In the past, crude and regenerated palm otl were
emulsified and used as rolling oil in the No. 2 tandem
cold mill. These oils had a rather high ESI value of
between 0.3-0.8 and were unstable.”’ As a result, the
rolling lubrication changed from time to time, affecting
productivity.

Under such conditions, it is possible to increase parti-
cle sizes by neutralizing cmulsified particles that are
negatively charged. For this purposc, a cation polymer
coagulant was developed as an additive for restraining
emulsification. The results of tests to confirm the effect
of the additive in the actual mill showed that the ESI
became nearly zero immediately afier the additive had
been added and stabilized without any further changes
as shown in Fig. 1. In these tests, the sample of rolling
oil was allowed to settle for 2 min before the measure-
aients.

3.1.2 Improvement of base oil for rolling oil

While the additive successfully decreased the ESI
and lubrication was thus stabilized additional studies
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Fig. 2 Concentration of contamination by ESI

were also carried out from the view point of base oil in
order to reduce ESI and to improve lubrication perfor-
mance even further. In an actual mill, the plating-out of
rolling oil onto strips occurs almost instantaneously. In
order to simulate the actual plate-out phenomenon, the
peried before measurement was shortened from 2 min to
30s. Under these conditions, it was found that the effect
of the additive differs depending on the concentration of
the inorganic contaminants and phospholipid in the
rolling oil. The change of ESI is shown in Fig. 2. The
variations of the effect of the additive resulted from the
degree of its coagulation. This is because inorganic con-
taminations in crude palm oil are tied with free fatty
acid while phospholipid is tied with the additive itself,
The additive should have eleetrially neutralized the
rolling oil drops by being tied with free fatty acid in the
rolling o1l.

In order to resolve this problem, a new rolling oil
based on a refined, bleached and deodorized palm oil
was developed. The additive works effectively only
when frec fatly acid exists. When inorgainc contami-
nants and phospholipid are removed from the crude
palm oil, the additive acts in a sensitive fashion so that
ESI fluctuates in response to cven slight changes in the
quantity of the additive and the concentration of the con-
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taminants. For these reasons, the optimum fatty acid and
the optimum quantity of the additive were determined so
that the plating-out propertics of the oil would not be
affected by the above-mentioned [actors and the coagu-
lation effect would be kept high.

3.1.3 Effect of new direct supply rolling oil

The new rolling oil was developed by selecting the
proper amounts of the additive, base oil and fatty acid as
described in the preceding paragraphs. When the rolling

oil was tested in actual mill operations, the propertics of

the rolling oil fubrication were found to have bcen
inproved as shown in Fig. 3. This oil is currently being
used for actual production and contributes to high pro-
ductivity”.

3.2 Development of a High Wear-Resistant Work
Roll

3.2.1 Introduction

Work rolls which possess excellent wear resistance
are required for cold rolling mills as a means of improv-
ing rolling efficiency and reducing product cost. High Cr
{orged rolls (5-10% Cr) and semi high-speed steel rolls
{tool rolls) are being used in other mills, but thesc kinds
of rolls have some problems such as difficult grinding
and high cost of roll manufacturing compared to con-
venttonal Cr-type rolls.

The microstructure of the cold rolling work roll
mainly consists of a martensitic matrix and distributed
Cr-carbides. It is obvious that enrichment with hard car-
bides effectively improves the wear resistance of work
rolls. However from the view point of roll ductility and
grindability, it is important that the carbides be as
minute and uniformly distributed as possible. Ti has
strong affinity with carbon and nitrogen, and minute tta-
nium carbo-nitrides precipitate during solidification. For
these reasons, Ti was sclected as the element to improve
the wear resistance of work roils. The authors developed
a new Cr steel work roll containing minute and uni-
formly distributed titanium carbo-nitrides. This has
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increased wear resistance at small additional cost”. This
chapter describes the performance of the Ti-enhanced
work rotl in a cold rolling mill.

3.2.2 Application to an actual rolling mill

(1) Grindabatity
A common problem with work rolls is their grind-
ability. When the newly developed work rolls were
ground using a conventional whet stone, scratches
appeared which were caused by titanium carbo-nitride
particles. However, the grindability was improved by
improving the whet stonc and grinding techniques. It
thus became possible to use the newly developed roli
at the finishing stand of a rolling milt for tin mill
black plates.
(2} Evaluation of Wear Resistance
Figure 4 shows a comparison of changes in the sur-
face roughness of work rolls when 5% Cr rolts and Ti-
enhanced rolls were used on the finish stand of an
actual cold rolling mill. In the figure, initial wear is
clearly observed with the conventional 3% Cr roll.
However, initial wear was very small when the Ti-
enhanced rtoll was used. In addition, almost no
changes in roughness could be observed even after the
new rolls were used for a rolling length twice that of
conventional rolls, It can also be seen that roughness
was somewhat stabilized”.
(3) Improvement in Rolling Efficiency
Usually the initial roughness at the grinding stage is
specified so that the most suitable friction cocflicient
can be obtained after the initial wear. As a result, the
rolling speed could not be increased just after the
work rolls were changed because lubrication of
rolling was inferier at the beginning. However,
because there is little initial wear of the surface in the
Ti-enhanced work rolls, initial surface roughness of
the work roll can be adjusted to make the friction
cocfficient most suitable for rolling from the very start
of use. Moreover, the roughness of such rolls remains
relatively unchanged for a long time. As a result, the
frequency of changing work rolls can be reduced,
making it possible to operate the rolling mill continu-
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ously with the most suitable coefficient of friction,

Figure 5 shows the changes in the relation between
rolling fength and rolling speed at a finishing stand.
We can see that the use of the Ti-enhanced work roll
mukes it possible to start operating the rolling mill at
nearly the maximum rolling speed immediately after
rolls arc changed. Furthermore, roll life is extended,
resulting in an increase in the ratio of the maximum
rolling speed, and rolling cfficiency is dramatically
improved,

3.3 Behavior under Ultra-High-Speed Rolling

Generally speaking, rolling oil at the inlet of the roll
bite tends to be drawn into the bite duc to the wedge
eftect, and the coefficint of friction decreases as rolling
speed incrcases. However, the temperature of the roll
bite rises under high-speed rolling conditions causing
the rolling oil temperature at the inlet of the roll bite to
increase as well. As a result, the viscosity of rolling oil
decreases and the coefficient of friction tends to
increasc. For this reason, the behavior of the coefficient
of friction in the roll bite has become important in deter-
mining rolling speed in the operation of rolling mills.

Nevertheless, high-speed rolling at speeds as high as
2 800 m/min has become possible due to the cffects of
various measures to improve rolling lubrication as men-
tioned above. Figure 6 shows the relation between
rotling speed and the cocflicient of friction in a roll bite
at the finishing stand. By improving rolling lubrication,
the friction coeflicicnt at over 2 000 m/min becomcs
small enough cven under the severe conditions of high
deformation resistance and a high reduction in strip
thickness, while the roughness of work roll remains
high.

3.4 Improvement in Productivity though the
Establishment of Ultra-High-Speed Rolling
Technology

As described above. the productivity of rolling could

28

Noy [)elonnaunn} Total I)uln\‘cry! Rollin
"| resistance reduc(iun| thickness | length

0.220mm|  52km,

0.200mm| 437km |

| A\ 503.1N/mnd| 90.4%
l B [803.2N/mm?| 91 3%
C

7I88N/mm’| $0.7% [ 0.186mm| 431km |
0020
i o ©ABRAC

z 0018 - -
= L o] a
& o 5 ,00°
g 006 o
3
B 0014 - o5
z r A
& o012 |- A & amh

gomp bl L

0 500 1000 1500 2000 2500 3000
Rolling speed m/min)

Fig. 6 Relation between rolling speed and friction
cocfhicient

- ‘l'l‘]it‘kneﬂ

I
| R productivity

= 17U i 1255 g
N I 4 =
e 0.249 ¥
‘:‘ Hin 1‘:1
= L
Z 0.243 2
ERL @
& ‘ n2ie &
= ‘ 2
=z Sy
P DTy T30 o T a1 52793 Trag Tag 1 0230
Year

Fig. 7 Change of nct productivity

be improved by the development of high-wear work rolls
and a rolling o0il that has superior properties of plating-
out despite the lightening of the strip gauge, as shown in
Fig. 7. As a result, it has become possible to maintain
highly stable levels of production of ultra-thin gauge
strips.

4 Technologies for Improving Gauge Accuacy

4.1 Estimated Effect of Measures to Improve
Gauge Accuracy

Figure 8 shows the results of fast Fourier transform
(FFT) analysis of the gauge thickness at the outlet of the
rolling mills while oil film bearings were in use as back-
up rolls. It was concluded that fluctuations in the gauge
thickness during steady operation were caused by cccen-
tricities in the back-up rolls of each stand. On the other
hand, the major causes of gauge fluctuations during
acceleration and deceleration were understood to be due
to fluctuations in speed and fension resulting from
changes in the cocfficient of friction as well as poor
speed matching.

Based on this analysis, studies of modifying back-up
rofl bearings were conducted in order to reduce gauge
fluctuations during steady operation. The speed response
(w.) of the drive system was studied in order to reduce
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gauge fluctuation during steady operation, acceleration
and deceleration. The effects of these measures were
evaluated using dynamic simulation of the mill.

First, two cases were studied to evaluate the improve-
ment in gauge accuracy during steady operation. Thal is,
the back-up roll bearings were remodeled as (1) oil film
bearings and (2) rolfer bearings. O1l film bearings have
tapered necks and the position on the roll that is pres-
surized during rolling operation does not coincide with
the supported position when the roll was ground. Con-
squently, eccentricity remains to some extent. On the
other hand, roller bearings have straight necks and the
positton that is pressurized during rolling operation
cotncides with thce supported position at grinding,
thereby making it possible to reduce the eccentricity to &
considerable extent.

The results of simulation analysis for stcady operation
are shown in Fig. 9. The gauge accuracy was improved
by the increase of the speed response e, However, it
was more than £ 2.5% in the case of oil film bearings.
On the other hand, the gauge accuracy could be
improved to less than = 1.0% in the case of roller bear-
ings.

The eccentricity and torque disturbance were smaller
when roller bearings were used. Moreover, the gauge
accuracy improved without regard to the response of the
motors. Thus, converting the back-up roll bearings into
roller bearings is very cffective in improving the gauge
accuracy during steady operation.

Next, simulation studies were carried out to improve
the gauge accuracy during acceleration and deceleration.
The disturbance due to cccentricity was not given in
order to clearly show the effects of acceleration and
deceleration alone on gauge fluctuations.

A speed control system becomes robust against dis-
turbances in torque when its speed responsc is improved.
Consequently, fluctuations in speed duc to changes of
the cocflicient of friction during acceleration and decel-
cration can be reduced by improving speed response,
which in turn helps to reduce changes in tension due to
poor speed maiching at each stand.

The results of simulation studies are shown in Fig. 10,
From these simulations, it became clear that the gauge
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accuracy was improved remarkably to less than - 1.5%
during acceleration and deceleration when speed
response was higher than 40 rad/s. It is apparent that
improvements in the speed response of the speed control
system werc cffective in improving the gauge accuracy
during acceleration and deceleration. Based on these
results, 1t was concluded that gauge accuracy of better
than + 1.0% during steady operation, and of better than
% 1.5% during acceleration and deceleration through the
adoption of roller bearings for the back-up bearings and
by using AC motors which enabie the speed control sys-
tem, would have a high-speed responsc of better than 40
rad/s.

4.2 Application of Roller Bearings to Back-up
Rolls

4.2.1 Design of back-up roll bearings

(1) Estimation of Roller Bearing Lifc
At the No. 2 tandem cold mill in the No. 1 cold
rolling plant of Chiba Works, the rolling speed at the
finishing stand reaches as high as 2 800 m/min. As a
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result, the life of back-up roll bearings is likely to be
extremely short if standard roller bearings are used.
The hife of a roller bearing can be calculated using the
following formula.

Ly = (CHEY"S - 10%(60 - Ny -+ - {1

where Ly Life of bearing (h)

£ Radial load of bearing (kgf)

N: Revolutions (rpm)

Cr: Fundamental standard toad
Cr = f- (dcose)™ - 294 - pH27 . i
Coefficient
Nominal contact angle
Number of rollers per line
Average diameter of rollers (mm)
Lffective length of rollers (mm)

From this equation, it is necessary to increase the
fundamental standard load, Cr, by increasing the size
of the bearings and thereby extend their life. The dif-
ference between the inner and outer diameters of the
bearings was made greater. At the same time, the
outer diameter and the width of the bearings were also
made larger in consideration of the strength of the roll
neck. Also, on the problem of decreased strength of
the chock, the size of cach part of the chock was
designed by FEM analysis.

{(2) Construction of Sealing

In order to ensure the bearing life and expected per-
formance, the sealing must perform well. In addition,
the seals of back-up rolis in No. 2 tandem cold mill
are working under severe conditions and the periph-
cral speed at the secaling of back-up rolls rcaches 30
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at the mill to improve the reliability of the facilities.

The purpose of the filter is to purify the lubricating
oil and to prevent the life of the bearings from becom-
ing shorter, because no matter how well the sealing of
bearing parts is designed, it is inevitable that foreign
matter will get into the lubricating oil due to various
reasons, such as the generation of wear particles in
the bearings themselves. There are also bearing sur-
veillance systems, which are designed to monitor the
condition of each chock continuously. These systems
consist of bearing thermometers, lubrtcating oil sup-
ply pressure gauges and flow meters at all chocks. A
schematic of the lubrication system is illustrated in
Fig. 12.

4.2.2 Gauge accuracy after alteration of roller
hearings

Figure 13 shows the results of FFT analysis done

on the delivery gauge of the strip rolled by No. 2 tandem
cotd mill after alteration of roller bearings. The revolv-
ing frequency of the back-up rells almost diminished
completely, and the occurrence of gauge fluctuations
dropped by one half.

m/s. Conscquently, many studies were carried out on
the material and lubrication of the shaft and sealing.
As a result, the sealing was designed to have a triple
structure as shown in Fig. 11. Fluoride rubber was
used for all scals, and the wear resistance of the shaft
was increased by applying hard chromium plating on
the shaft surface around the fillet rings. These modifi-
cations helped extend the life of the scaling to four
times that of conventional designs.
{3) Lubrtcating System for the Bearings

An adequate bearing lubricaling system is necessary
to prevent excessive heat generation at the roller bear-
ings of high speed mills. Therefore a forced lubricat-
ing system was adopted. In addition, a large capacity
filter and a bearing surveillance system werc installed

4.3 Improvement of Gauge Accuracy during
Acceleration and Deceleration threugh the
Adoption of AC Motors

4.3.1 Modifications to the drive system

Compared with DC motors, AC motors have no
restriction with respect to rectification because of their
design, Conscquently, it is possible to achieve speed
response @, of more than 40 rad/s using AC motors. AC
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motors arc also casier 10 maintain.

Galte turn-off thyristor {GTO) inverters were adopted
for the drive system of the motors. This system enables
independent contrel of the phase of the voltage and clec-
tric current, making it possible to control the power fac-
tor at 1.0. In addition, because the high harmonics have
a constant frequency, the harmonic filter can be simpli-
fied. Further, the mitl specd can be increascd because
control using inverters makes 1t possible to determine
the operating frequency for the motor independent of the
frequency of the power supply.”!

4.3.2 Examination of items for high response

(1) Maodification of the Drive Mechanism
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Although a twin drive clectricatly-tied system had
becn used for the driving mechanism of the No. 2 tan-
dem mill, its intermediate shaft was too rigid to
improve specd response. Conscquently, a single-drive,
mechanically-tied system was adopted by changing
the pinion stands and the intermediate shafl so that
the drive system could have a higher specd response.
The frequency response characteristics (Bode dia-
grams) of the No. 2 stand before and after the modifi-
cation are shown in Fig. 14. By increasing the rigidity
of the mechanical system, the mechanical resonance
frequency and the antiresonance frequency could be
increased to 1.5 times their respective values mea-
sured prior to the modification.

(2 Torque Ripple

GTO inverters gencrate a torque ripple which 1s
characteristic of pulse width modulation (PWM). In
adapting a GTO inverter system, therefore, the cffcct
of torque ripple on gauge accuracy was the most
important matter to be examined. A simulation study
confirmed that if torque ripple generated from motors
is kept less than 0.3%, its cffecct on gauge accuracy
can be less than =+ (0.06% at the maximum, and can be
Jess than = 0.01% at normal speed”.

(3) Backlash

A certain degree of backlash exists at pinion stands
and couplings. If the gears are intermittently disen-
gaped due to the effect of backlash, motor torque is
not transmitted to the rolls while the gears disen-
gaged. The speed response during acceleration and
deceleration and the behavior of the driving system
during rolling were analyzed using a simulator
designed to take this phenomena into consideration.
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This analysis confirmed that no effects due to back-
lash appeared during rolling under heavy load condi-
tions. However, the speed response did become
delayed by the effect of backlash occurring from the
discngagement or re-engagement of the gears under
light load conditions such as idling. As a result,
excessive torque was applied on the motors when the
gcars were re-engaged. Based on this analysis, the
permissible amount of backlash was calulated and
reficcted in the design to prevent excessive current.
Furthermore, since a certain degree of delay occurs in
the speed response in general when the rigidity
between gears is low, the rigidity between the gears
was increased to a level sufficient {o achieve the target
value of specd response, that is, w.=45rad/s, while
limiting the value of overshooting to less than 10%.

4.4 Results Confirmed through Operation

The results of the effectiveness of these modifications
using the No. 2 stand as an exampie showed that speed
respones ), could be improved from 8 rad/s to the target
value of 45 rad/s as shown in Fig. 15 by incorporating
these modifications. As a result, mismatching of speed
(non-synchronicity of speed and operation) between
each stand was reduced to less than %, while gauge
accuracy was improved considerably as shown in Fig.
16.
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5 Conclusion

(1) In order to improve the plating-out of rolling oil, an
additive for restraining cmulsification and a base oil
were developed that could remarkably improve rolling
lubrication.

(2} By developing Ti-enhanced work rolls with excel-
Ient grindability at a reasonable cost, it was possible
to roll at the most suitable roughness of work roll sur-
face and operate at maximum rolling speed irrespec-
tive of rolling tength.

{3) By introducing high lubrication rolling oil and wear-
resistant work rolls, no remarkable increase was
observed in the coefficient of rolling friction, and
cven high specds of 2 800 m/min could be reakized.

(4) It was confirmed that converting the back-up roll
bearings into roller bearings is more effective in
improving gauge accuracy during steady operation
than the use of high-response motors. 1t has subse-
quently become possible to achieve a pauge accuracy
of beiter than = 1.0%.
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(5) Modification of mill motors for higher speed
response was found to be effective in improving
gauge accuracy during acceleration and deceleration.
A gauge accuracy of better than = 15% could
obtained with a speed response of 45 rad/s.
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