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A numerical analysis method for the skin pass rolling of tin plates with dull work rolls is
established considering the surface asperity and elastic deformation of such work rolls. A
rolling experiment using dull work rolls of comparable diameter to those used in commer-
cial-scale skin pass rolling mills reveals higher elongation for smaller rolling force and
much smaller elongation for larger rolling force compared with elongation behavior in the
case of bright work rolls; such elongation characteristics also have predicted by the two-
dimensional rolling FE analysis. Concerning surface roughness formation, it is found that
the two-dimensional rolling FE analysis overestimates surface roughness compared with
experimental results. To improve surface roughness prediction, a combination of two-di-
mensional rolling analysis with three-dimensional die press analysis simulating a generic
piece of the rolled plate and a unit of asperity of the work roll is proposed.

1. Introduction

In skin pass rolling with dull work rolls of large diameter com-
parable to those used in commercial-scale skin pass rolling mills, it
has been previously reported ! that rolled plates exhibit minute elon-
gation of less than 1% even when rolling force is so large that elon-
gation of approximately 10% occurs in case of rolling with bright
work rolls. No previous research based on numerical analysis con-
cerning dull work roll rolling** has, however, succeeded to explain
quantitatively this peculiar elongation behavior with dull work roll
skin pass rolling.

Furthermore, in dull work roll rolling, realization of prescribed
surface roughness of rolled plates are also important as well as giv-
ing prescribed elongation to rolled plates. Previously, a number of
researchers have investigated on surface roughness transcription
mechanism. Such investigations include: an experimental approach
to show the surface roughness transcription characteristics by exper-
imental rolling;" a quantitative approach using statistical parameters
of the surface roughness obtained by electrical-discharge-machined
dull work rolls and shot-blast-processed dull work rolls;” a simula-
tion approach using a 3D die press analysis to simulate the 3D sur-
face asperity confgulation;® an analysis of a 2D roll with asperity;*”

a theoretical analysis using a slab method;? a study based on elasto-
plasticity FEM analysis;*® and so on. However, a comprehensively
applicable method which is capable of explaining roll surface
roughness transcription while incorporating the effect of roll diame-
ter in a unified manner and predicting transcribed roughness has not
yet been established.

In this report, based on the elastoplasticity rolling analysis meth-
od, which takes into account elastic deformation of work rolls ap-
propriately, as shown in the explication of the rolling mechanism
with bright work rolls of diameter comparable to those used in com-
mercial scale rolling (previous report!?), an analytical method that
simulates the rolling phenomenon of elongation of less than 1% un-
der lubricated rolling (friction) condition is developed by providing
minute asperities on work rolls. The mechanism of dull work roll
rolling and the rolling characteristics are examined using this analy-
sis result, simultaneously proving the appropriateness of the analyti-
cal method.'" Furthermore, by basing further study on numerical
analysis of dull work roll rolling, focusing attention on the surface
roughness transcription phenomenon on the rolled plate surface
(transcribed by the roll surface asperities), and quantitatively com-
paring the results of experiment and numerical analysis concerning
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the roughness of Ra, the mechanism of surface roughness transcrip-
tion is clarified, and a comprehensive method of predicting tran-
scribed roughness is proposed.'?

2. Experiment of Dull Work Roll Rolling and Nu-

merical Analysis
2.1 Experimental skin pass rolling

In the experiment, a tin plate sheet of 0.2 mm in thickness and
150 mm in width, the same size as the one used in the previous re-
port,'” was used, and the elongation was measured by measuring the
distance between two scratched lines. The standard rolling condition
is shown in Table 1. The experiment was conducted under the same
conditions of emulsion lubrication as in the experiment in the previ-
ous report, and also without lubrication.
2.2 Result of experiment

Figure 1 shows the result of the experiment with dull work roll
rolling and, for comparison, the result of an experiment with bright
work roll rolling using rolls of ¢ 480mm in diameter and the result
of a simulation. In the case of bright work rolls, the occurrence of a
jumping phenomenon of a sharp rise in elongation in the vicinity of
2.5MN-mm" of rolling force per unit width is observed. In dull
work rolls, however, elongation of less than 1% is observed. Next,
referring to Fig. 2, where the elongation scale of Fig. 1 is magnified,
in the rolling force region just before the start of the jumping, it is
found that the elongation in case of dull work roll rolling is larger
than that in the case of bright work roll rolling. It is the characteris-
tics of dull work roll rolling that the elongation starts to rise at a
rolling force as low as 0.5MN-m™ and reaches 0.4% before reach-
ing 2.5MN-m™', where the jumping in bright roll rolling starts. This
is then followed by elongation increases at a moderate rate.
2.3 Elastoplasticity FEM model for skin pass rolling

Elastoplasticity FEM analysis general software (MSC.Marc) is

Table 1 Rolling conditions

¢ 480mm x 400 mm width

Work roll (WR) Roughness: 3.1-3.3 umRa (shot dull)
Lubrication 5% emulsion (50 °C), no lubrication
Thickness: 0.2 mm, Width: 150 mm
Tin plate Upper yield stress: 400 MPa

Lower yield stress: 312 MPa
Entry unit tension: 82 MPa
Delivery unit tension: 98 MPa

Rolling condition

Rolling speed: 10 m/min
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Fig. 1 Elongation of rolled tin plate with dull and bright rolls

used to obtain numerical solutions. The object of numerical analysis
is a 2D model based on plane strain elements as shown in Fig. 3,
and it is assumed that the work roll is an elastic body and the rolled
plate is an elastoplastic body having upper and lower yield points.
Although the asperity on the roll surface is 3D in nature, the analy-
sis was conducted under the assumption of a 2D plane strain condi-
tion. Although asperity is 3D in nature, it is considered that the as-
sumption of 2D plane strain condition is reasonable in macroscopic
context as asperity constrains the strain in the widthwise direction
when it penetrates into a plate.

In order to provide the fan-shaped roll with the same rigidity of
the entire solid roll, a rigid beam which only allows the displace-
ment in radial direction is provided on either side of the fan. The
analysis was conducted under a condition where the work roll is
turned by forced displacement and the rolling force is added gradu-
ally as is in the case of the experiment, and relation between the
elongation of the rolled plate and rolling force was observed.

Further, although the mathematical average of the roll surface
roughness Ra used in the experiment is Ra = 3.1-3.3 um, the roll
surface asperity configuration was modelled considering that the
peak value of the actual asperity is larger than Ra. To be specific,
since the average of asperity is 0.637D (as shown in Formula (1))
when the configuration of asperity is represented by a sine wave
curve and its half amplitude is expressed as D, in the FEM analysis,
the asperity configuration was assumed to be represented by a trian-
gular-shaped wave of which the maximum half amplitude was set as
D=3.2um/0.637 = 5um (10 um for whole amplitude). In Fig. 4, the
relationship between the sine wave curve corresponding to
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12 } ==2x=Lubrication
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Fig. 2 Elongation of rolled tin plate with dull and bright rolls (enlarge-
ment)
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Fig. 3 FEM model of skin pass rolling
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Fig. 5 Magnified finite element mesh at roll-plate interface

Ra=3.2 um and the triangular-shaped wave used in the FEM analy-
sis is shown. Magnified figures, illustrating the roll surface asperity
configuration and the rolled plate fine element mesh, are shown in
Fig. 5.

dave =+ " |D-sin (mitt) | ax = 22~ 06370 (1)
0

where ¢ : wave length of a sine curve (um)
x : displacement (um)
D half amplitude (xm)

Since the object of the calculation is the experiment conducted
under lubricated conditions and using the rolled plate, both being
the same as those in the experiment conducted in the previous report
on bright work roll rolling,'” to meet the conditions of Table 1 to
maintain conformity of the rolling analysis to bright work roll roll-
ing, a shear friction model is used to model friction. The values of
the friction factor m (friction stress/shearing yielding stress) are the
same as those used in the previous report,'? i.e., m=0.2 with lubri-
cation and m=0.275 without lubrication. As annealed tin steel mate-
rial plate was used as the rolled plate, and the flow stress was set as
shown in Fig. 6. An FEM model was developed, and the analysis
was conducted based on the above-mentioned prerequisites pertain-
ing to roll surface and lubrication as summarized in Table 2 and un-
der the rolling conditions prescribed in Table 1.

2.4 Comparison of results of numerical analysis and experiment

Figures 7 and 8 show the state of contact of a roll with a rolled
plate being rolled under the rolling force of 2MN-m™, and a magni-
fied version of the same figure, respectively. These are shown as ex-
amples of states of rolling obtained with numerical analysis. In both
figures, the scale in the thickness direction is magnified by 29 times
the scale in the rolling direction. From Figs. 7 and 8, it is found that
in dull work roll rolling, the work roll itself is flattened in a nearly
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Fig. 6 Flow stress used in the analysis
Table 2 Roll surface and lubrication conditions
Roughness: 3.1-3.3 umRa (shot dull)
WR asperity — Triangle wa‘ve type
Asperity height: 10um
Asperity pitch: 62.5um
L 5% emulsion (50°C) — m=0.2
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No lubricating — m=0.275
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Fig. 8 Rolling configuration and equivalent plastic strain rate
(enlargement)

symmetrical manner in the rolling direction, plastic deformation
starts at the roll surface asperity, and the plastic deformation devel-
ops mainly in the surface part of the rolled plate.

Next, as shown in Figs. 9 and 10, is change in elongation strain
in the rolling direction averaged in the thickness direction when the
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Fig. 10 Relation between elongation and rolling force (enlargement)

rolling force is gradually increased. Since the elongation strain fluc-
tuates greatly in the rolling direction during a cycle of roll surface
asperity, the data was smoothed by applying a moving average
method. Further, it is considered that the aforementioned fluctuation
of elongation strain is attributed to influence exerted by the asperity
of the roll surface. The height of asperity of 10 um employed in this
research corresponds to 10% of the half thickness (0.1 mm) of the
plate (plate thickness 0.2 mm) and, therefore, is a significantly large
figure for rolling elongation of less than 1%. As a result, the reduc-
tion in thickness and elongation fluctuate cyclically and noticeably,
and absolute value of the fluctuation becomes approximately five
times the average of the elongation strain. In this article, the mov-
ing-average of the elongation strain is, hereinafter, used as the value
of elongation.

In Fig. 11, the relationship between rolling force and elongation
calculated corresponding to the experiments shown in Figs. 1 and 2
is shown. The calculated elongation shows excellent agreement with
the experimental results, with the friction factor finely adjusted to
m=0.2 for the lubricated case and m=0.275 for the case without lu-
brication.

In addition, the results of experiments and calculations with re-
spect to the jumping phenomenon that appeared in the rolling with
bright work rolls as described in the previous report!'” are also
shown in Fig. 11. The figure shows that, in this analysis, relation-
ships between the rolling force and elongation under both conditions
of bright work roll rolling and dull work roll rolling are both in good
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Fig. 11 Comparison of calculation with experiment on elongation of
rolled plate with dull rolls

agreement with the experimental results by just modeling roll sur-
face configurations (bright or dull) adequately withoutchanging the
friction factor. This indicates appropriateness and versatility of the
analysis.

3. Examination of Rolling Phenomenon with Dull

Work Rolls Based on Numerical Analysis

As described in the previous chapter, by using the analysis meth-
od, which accurately takes into account the elastic deformation of a
work roll and the elastoplastic deformation of a rolled plate, accu-
rate numerical analysis of rolling with large diameter dull work
rolls, which had been impossible in previous research, has become
possible. In this chapter, sensitivity analysis is conducted on influ-
ences of friction factor and roll surface asperity on relationship be-
tween rolling force and elongation by using this analysis method,
and rolling phenomena with dull work rolls are further examined.
3.1 Influence of friction factor

In order to examine influences of roll surface asperity and fric-
tion factor on elongation, according to the results of calculations, re-
lation between elongation and rolling force per unit width is shown
with friction factor m as a parameter in Fig. 12. As for any friction
factor, the elongation increases as the rolling force increases. Fur-
ther, the elongation increases as the friction factor becomes smaller.
However, it is clarified that the rolling is stably conducted without
slipping at the whole contact arc length even when the friction fac-
tor is set to be zero (m=0) as an ultimate friction condition. This is
considered to be attributed to the geometrical frictional effect caused
by the plastic deformation of the rolled plate developed by the roll
surface asperity. Specifically, at the very moment asperity locally
contacts the rolled plate, the plastic deformation is developed imme-
diately at the point of contact by stress concentration, and, with the
asperity penetrating deeply into the rolled plate by 5% of the enter-
ing plate thickness, the slope of the roll surface asperity and the
rolled plate form a substantial contact area. It is considered that the
component in the rolling direction of the force working perpendicu-
lar to the slope acts as an apparent frictional force upon the rolled
plate.

Further, relationship between elongation and the stress in the
rolling direction averaged in the entire roll bite region (which is ar-
ranged with respect to the friction factor) is shown in Fig. 13. From
Fig. 13, it is found that for the same elongation, the higher the fric-
tion factor is, the higher the compressive stress in the rolling direc-
tion becomes. It is reasoned that, in addition to the aforementioned
geometrical friction force, as the friction factor becomes higher, the
friction force acting on the slope of the roll asperity and the rolled
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Fig. 12 Effect of friction factor on elongation
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Fig. 13 Relation between elongation and stress in rolling direction

plate becomes higher, and its component in the rolling direction is
added to the apparent friction force. Therefore, the compressive
stress in the rolling direction acting in the rolled plate increases. As
the compressive stress in the rolling direction increases, the rolling
force increases according to the yield condition, and the rolling
force increases for a given elongation, as shown in Fig. 12.

Next, the aforementioned phenomenon is examined under an
identical rolling force condition. Figures 14 and 15 show distribu-
tions of plastic strain rate at the identical rolling position in the vi-
cinity of the entry of the roll-bite in the case of a rolling force of
4MN-m™! and friction factors m of 0 (m=0) and 0.4 (m=0.4). The
light grey area on the rolled plate shows the domain where the high
equivalent plastic strain rate of higher than 1s' is taking place.
However, a big difference is noticed when the rolling states in Figs.
14 and 15 are compared.

In the case of Fig. 14, where the friction factor m=0, the plastic
deformation domain starting at the roll asperity penetrates through
the entire plate thickness, thereby contributing to the elongation of
the rolled plate. However, contrarily to the above, in the case shown
in Fig. 15, where m=0.4, most of the plasticity domain starting at
the roll asperity stays in the vicinity of the surface, does not contrib-
ute to elongation, and forms a pattern of plasticity domain similar to
that which takes place when pressing a punch into a bulk body with
sufficient thickness. This is caused because when the friction factor
is high, the compressive stress in the rolling direction becomes
higher, and the deviatoric stress components, the source of plastic
strain in rolling direction, become smaller.

3.2 Effect of height of roll surface asperity

As examined in the above section, the roll surface asperity is the

most crucial factor that characterizes the dull work roll rolling.
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Fig. 15 Equivalent plastic strain rate at roll bite (m=0.4)
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Fig. 16 Effect of roll asperity height on elongation

Thereafter, the effect of the configuration of the roll surface asperity
on the rolling characteristics is examined. Firstly, the friction factor
m is assumed to be 0.2, and the height of the asperity is varied from
1.5 to 10 um without changing the pitch of the asperity. Relationship
between rolling force and elongation is shown in Fig. 16. From Fig.
16, it is found that the higher the asperity height becomes, the small-
er the elongation becomes and vice versa. This is explained as fol-
lows; as the asperity becomes sharp as the height of the roll surface
asperity becomes larger, and as the asperity penetrates deep into the
rolled plate, the area of contact increases. Moreover the gradient of
the asperity slope becomes larger, and therefore rolling direction
component of the contact pressure acting between the roll and the
rolled plate increases, and the apparent friction force is thus in-
creased.
3.3 Effect of roll surface asperity pitch

Next, the effect of the roll surface asperity pitch is examined.
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Figure 17 shows the relationship between the rolling force and
elongation when the pitch of the asperity is changed from 62.5 to
187.5 um while the friction factor is assumed as 0.2 (m=0.2) and
the height of the asperity (10 xm) is unchanged. From Fig. 17, it is
found that the smaller the asperity pitch becomes, the smaller the
elongation becomes. This phenomenon is attributable to the mecha-
nism similar to the one in the case of the effect of asperity height.
Specifically, as the asperity pitch becomes smaller, the roll surface
asperity becomes sharp, the number of asperity pitches per unit area
increases, and, therefore, the contact area between the roll and plate
increases relatively. In addition, the gradient of the asperity slope
becomes larger, and thereby the component in the rolling direction
of the contact pressure between the roll and the rolled plate becomes
higher and the apparent frictional force is increased.
3.4 Effect of the angle of slope of roll surface asperity

So far the effect of roll surface asperity has been examined from
the viewpoints of height 4 and pitch p. The angle of slope of the roll
surface asperity was also examined as it is also considered to be a
crucial factor. The gradient of the roll surface asperity defined by the
asperity pitch p and height % in the formula (2) was sought for, and
its effect on the elongation under the condition of 4MN-m ' was ar-
ranged, the result of which is shown in Fig. 18.

__h
grad = (p/z) (2)

From Fig. 18, as examined so far, it is confirmed that as the as-
perity slope angle becomes higher, the elongation decreases. Fur-
ther, in Fig. 18, the results of the cases where asperity height and
pitch are changed are plotted. In both cases, the plotted results stay
on an almost hyperbolic curve. This is considered to indicate that
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Fig. 17 Effect of roll asperity pitch on elongation
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Fig. 18 Effect of roll asperity angle on elongation
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the angle of roll surface asperity is a dominant factor over the appar-

ent frictional force in dull work roll rolling.

3.5 Relationship between roll displacement and rolling force
and elongation

Next, in order to examine relationship between roll deformation
and rolled plate deformation in a quantitative manner, an examination
is conducted focusing on roll displacement in the direction of reduc-
tion, namely, a parameter equivalent to reduction control input.
Shown in Fig. 19 is relationship between displacement of a roll in the
direction of reduction, or the amount of reduction, and rolling force
calculated for three levels of friction factor shown in Figs. 12 and 13.

From Fig. 19, it is found that an approximately proportional re-
lationship exists between the amount of reduction and the rolling
force, regardless of the friction factor. When skin pass rolling is im-
aged based on this result together with the result in Fig. 12, the roll-
ing force is determined almost unambiguously when the amount of
roll reduction is given. However, Fig. 12 shows that the elongation
obtained at the time varies greatly depending on the friction factor.
This situation seems to be different from the teachings of the classi-
cal theory of rolling that rolling force and then delivery plate thick-
ness are determined by entry thickness and roll gap i.e. roll reduc-
tion position. In the classical theory of rolling, when the roll reduc-
tion position is given, the rolling force and elongation correspond to
each other on a one-to-one basis. However, Figs. 12 and 19 show
that the rolling force and elongation, namely, plate thickness, do not
correspond to each other on a one-to-one basis.

The aforementioned phenomenon of dull work roll rolling is un-
derstood as follows. From Fig. 12, it is found that the elongation of
the rolled plate obtained in the rolling force region in the current
study is approximately 1%, which is equivalent to approximately 2
um of reduction in plate thickness for entry plate thickness of 0.2
mm. On the other hand, the amount of roll reduction observed in
Fig. 19 is about 50 #m on one side and becomes about 100 ym with
upper and lower side rolls together. Accordingly, it is understood
that most of the roll reduction change is absorbed by roll flattening
deformation without causing noticeable change in plate thickness.
Specifically, in the rolling condition where elongation of about 1%
for a thin steel plate of 0.2 mm in thickness, reduction change in
plate thickness that renders elongation change is negligibly small as
compared to change in roll flattening deformation, and change in the
apparent plasticity coefficient of the rolled plate varies greatly de-
pending on the difference in the frictional condition. With these two
factors taken into account, an understanding of the rolling phenome-
non in dull work roll rolling based on the extended viewpoint of
classical theory of rolling becomes possible.
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Fig. 19 Relation between roll displacement and rolling force
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4. Examination of Difference from Bright Work Roll

Rolling
4.1 Difference of plastic deformation characteristics in low rolling

force region

Concerning the phenomenon in the high rolling force region that
elongation in dull work roll rolling becomes smaller compared to
elongation in bright work roll rolling, the study made so far has
clarified that the phenomenon can be explained by taking into ac-
count the geometrical friction effect exerted by the dull work roll
surface asperity. In this section, the low rolling force region, where
elongation in dull work roll rolling becomes higher than the elonga-
tion in bright work roll rolling, is examined.

The average values of equivalent plastic strain rate and equiva-
lent strain in the thickness direction, within the arc of contact in the
case of the friction factor m=0.2 and a rolling force of 2MN-m™',
are shown in Figs. 20 and 21, respectively. In Figs. 20 and 21, roll-
ing phenomena of dull work roll rolling and bright work roll rolling
are compared under an identical rolling force from the viewpoint of
plastic strain. As the examination in the foregoing chapter shows,
the amounts of roll flattening of bright and dull work rolls are nearly
the same. However, in the case of dull work roll, the apparent length
of contact arc shown in Figs. 14 and 15 is increased by the roll sur-
face asperity, and large plastic deformation is produced by penetra-
tion of the roll surface asperity into the rolled plate.

Under the rolling force of 2MN-m™, in bright work roll rolling,
jumping has not yet occurred as shown in Fig. 11, and although the
generation of a slight equivalent plastic strain rate and an equivalent
plastic strain of about 0.002 are observed in Figs. 20 and 21, respec-
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Fig. 21 Variation of plastic strain in the rolling direction along the roll-
bite (m=0.2)
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tively, in the flow stress model shown in Fig. 6, the flow stress stays
in the neighborhood of the upper yielding point. On the other hand,
in dull work roll rolling, as shown in Figs. 14 and 15, an equivalent
plastic strain rate higher than 1.0 s™' is generated, starting at the as-
perity, and as confirmed in Fig. 20, the equivalent plastic strain ex-
ceeds 0.015 near the entry of roll bite, at which value the lower
yielding point is reached. Specifically, it can be explained that in the
dull work roll rolling condition, flow stress of the rolled plate reach-
es the lower yielding point at the earlier stage with the penetration
of the roll surface asperity into the rolled plate, and an elongation
higher than the one just before the start of jumping in the bright
work roll rolling condition is observed.

4.2 Examination concerning rolling tension

In the previous report,'? it was clarified that in the bright work
roll rolling condition where jumping had already started, the exit
side tension has a greater influence on elongation than the entry side
tension. In this work, the initial entry and exit side tensions were set
to 82 and 98 MPa for dull work roll rolling, and then the change in
elongation vs rolling force was recorded as the entry and exit side
tensions were varied.

The results are shown in Figs. 22 and 23. It was found that in the
case of dull work roll rolling, unlike in bright work roll rolling, the
entry side tension has a greater influence on elongation than the exit
side tension. It is presumed that, as examined in Fig. 20, in bright
work roll rolling after jumping, plastic strain is concentrated on the
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Fig. 22 Effect of entry tension on elongation
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Fig. 23 Effect of delivery tension on elongation
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latter half of the contact arc length. However, in dull work roll roll-
ing, the plastic strain rate takes place on the entire contact arc
length. Furthermore, since the remarkable plastic strain rate takes
place at the entry of the roll bite, the influence of entry side tension
becomes higher.

5. Transcription of Asperity Studied with Dull Work

Roll Rolling Analysis

Next, mechanism of asperity transcription phenomenon is exam-
ined. Figure 24 shows an example of roll surface asperity and tran-
scribed asperity configurations on the steel plate right after the exit
from the roll bite after the completion of rolling in the aforemen-
tioned dull work roll rolling analysis. Based on the aforementioned
result of the analysis of skin pass dull work roll rolling and focusing
on the transcribing phenomenon of roll surface asperity which re-
sults in the transcribed configuration on the steel plate surface, the
calculated and experimental values obtained for surface roughness,
Ra, are compared.
5.1 Outlines of experiment and numerical analysis model

The calculation and experiment conditions, including the surface
asperity specification, are the same as those used in the aforemen-
tioned approach except the size of the roll diameter. Table 3 shows
analysis and experimental conditions.
5.2 Effect of roll diameter on rolling force and elongation

With respect to relationship between rolling force and elonga-
tion, results of experiment and analysis are compared and shown in
Fig. 25. Both with a large diameter roll of ¢ 480mm and a newly
added small diameter roll of ¢ 165mm, the results showed good
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x:y=1:5.7

IHEEE
LA

“A‘“ “‘ | I
ww.\ulwhvm il ‘\w\ \H‘ I iy H|‘Hh‘..\‘dh“w
\

Roll
}\ il "'H\W‘\II il
fil I il
Diameter ¢ 480mm NHMIHW
i
I
I

i ‘ I
F late thlckness 0 me }!‘HH"“}H“"

il
il
[l
i
i
A T

il
Il I\HmmmmmHI\HIII”\H.mlll\IIH\‘dHN

Fig. 24 Transcription of the roll surface asperity (in delivery side)

Table 3 Rolling conditions

(¢ 480mm, ¢ 165mm) x 400 mm width,
Roughness: 3.1 - 3.3 umRa (shot dull)

WR . .
— Asperity height: 10um
Asperity pitch: 62.5um
. 5% emulsion (50°C) —» m=0.2
Lubrication

No lubricating — m=0.275

Thickness: 0.2mm, Width: 150mm
Plate Upper yield stress: 400 MPa
Lower yield stress: 312 MPa

Entry unit tension: 82 MPa
Rolling conditions Delivery unit tension: 98 MPa

Rolling speed: 10 m/min

der the condition of no lubrication, the experimental result has an
elongation value around 10% less with respect to the calculated roll-
ing force, it is judged that this numerical analysis represents suffi-
ciently and appropriately the relationship between rolling force and
elongation in dull work roll rolling, including a clear distinction in
the difference in roll diameter sizes and lubricating effects.

In Fig. 26, the magnified minute rolling force region is shown
together with the result of the case of a small diameter roll in bright
work roll rolling reported in the previous paper.'” In bright work
roll rolling, as compared to the dull work roll rolling condition, in
the rolling force region of above 0.5 NM-m™', the elongation sharp-
ly increases with respect to rolling force. Then, in order to clarify
the characteristics of rolling with the respective rolling condition,
configurations of the roll and the plate and the equivalent plastic
strain rate distribution in the vicinity of the roll bite are shown in
Fig. 27.

From this result, in the bright work roll rolling of ¢ 165mm,
where roll surface asperity is not provided, although slight roll flat-
tening is observed, the arc of contact is close to a perfect circle in
shape, and therefore the state of rolling is considered to be the same
as that of the general classical theory of rolling where plastic defor-
mation progresses along the entire region of roll bite, from the roll
bite entry to the delivery. On the other hand, the large diameter dull
work roll is flattened on the entire region of contact with the plate
and looks as if it contacts with the plate in a parallel manner. Like-
wise, in the dull work roll rolling with ¢ 165 mm, roll flattening ex-
ists. However, as compared to the case of a large diameter roll, the
plastic strain rate in the neighborhood of the roll bite entry is large
and reaches the plate thickness center. It is considered that, as com-
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Fig. 25 Elongation of rolled plate with dull rolls
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Fig. 26 Elongation of rolled plate with dull and bright rolls
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pared to the case of large diameter work roll rolling, the roll and the
plate contacts at a more acute angle geometrically, and as a result,
stress concentration and significant plastic deformation take place.
However, even in the small diameter roll case, hydrostatic stress be-
comes higher, and elongation becomes smaller compared to the case
of bright work roll rolling due to the geometrical friction effect of
surface asperity.

From the above, the numerical analysis is judged to be a calcula-
tion method of high universality because the calculated result which
has high conformity to the experimental result as to the relationship
between rolling force and elongation has been obtained in each skin
pass rolling condition, including with small and large diameter rolls.
5.3 Transcription form of roll surface asperity

The form of transcription of the roll surface asperity to the plate
is explained based on the numerical analysis.

Figure 28 is the magnified figure showing the state of contact of
asperity in the neighborhood of entry to the roll bite and stress distri-
bution in the rolling direction (x) under the condition of a ¢ 165 mm
roll, a rolling force of 2MN-m!, and an elongation of 2.3%. It is
found that the front tension of 82 MPa uniformly developed in the
thickness direction (y) at the roll bite entry transforms to compres-
sive stress toward the thickness center from the surface as rolling
progresses toward the roll bite center, and asperity penetrates into
the plate corresponding to the increase in compressive stress. The
space of the asperity is filled in with the plate material.

Furthermore, for the purpose of observing the geometrical
change in the neighborhood of roll bite in a quantitative manner, the
displacement of the utmost surface of the steel plate and the moving
average values are shown in Fig. 29. It is found that at the moment

the roll surface asperity starts to contact, the average plate thickness
starts to decrease and starts to elongate, and the roll surface asperity
is transcribed. Transcription progresses even after the gradient of re-
duction in the plate thickness becomes gentle, the plate material
gradually fills in the asperity space, and finally the position of the
apex of the asperity on the plate becomes about 2 um above the
original plate thickness.

At this point, the relationship between the stress in the rolling
direction in the roll bite and its neighborhood is averaged in the
plate thickness direction, and the height of the surface asperity tran-
scribed on the plate plotted in the rolling direction is shown in Fig.
30. Transitions in the roll bite of stress ¢, in the rolling direction (x)
and the stress o in plate thickness direction (y) are shown in Fig.
31. ’

Further, since one cycle of surface asperity height has 12 nodes,
the maximum and minimum values of surface nodes in the section
of the front and rear 6 nodes in the rolling direction were sought for,
and the difference was defined as the asperity height. Furthermore,
as for the stress in the plate thickness direction, the value of the out-
ermost surface was used. However, as a large stress fluctuation cor-
responding to the asperity cycle is caused and affects the surface as-
perity if the value is used unprocessed, moving average processing
was applied by using the values of the front and rear sections of a
node. In the calculation result shown in Fig. 30, from the roll bite
entry toward the center, as the compressive stress in the rolling di-
rection becomes higher, the surface asperity height grows higher,
and the asperity transcription saturates in the neighborhood of the
roll bite center where compressive stress in the rolling direction
reaches a peak. Furthermore, as observed in Fig. 31, stress in the
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Fig. 28 Stress in rolling direction at rolling force 2 MN-m™!
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plate thickness direction has a strong correlation with stress in the
rolling direction, and transcription of asperity is generated as the hy-
drostatic pressure increases. From these results, it is understood that
the transcription phenomenon of asperity is closely correlated to
stress in the rolling direction, stress in the thickness direction, and
hydrostatic pressure within the roll bite.
5.4 Assessment of roughness transcription analysis

Shown in Figs. 32 and 33, respectively, are the results of experi-
ment and numerical analysis conducted for the surface roughness
Ra of the rolled plate after dull work roll rolling plotted vs rolling
force for a 165 and a 480 mm diameter roll. In the calculation for
the small diameter roll (165mm diameter), the transcribed rough-
ness Ra is not dependent on changes in the friction factor. However,
in the experiment result, the surface roughness in case of no lubrica-
tion is slightly larger under an identical rolling force. However, as
long as there is no lubrication, the experimental and calculated re-
sults show good agreement with each other. On the other hand, in
the experiment with a large diameter roll of ¢ 480 mm, transcription
progresses more slowly than in the case of a small diameter roll,
even under a higher rolling force. Above a rolling force of
4MN-m, the surface roughness Ra transcribed under no lubricat-
ing condition becomes slightly larger. For this, the calculated results
predict Ra larger by 20-30% than that obtained experimentally, and,
as in the case of small diameter rolls, the effect of friction factor is
not noticed.

Next, in Figs. 34 and 35, the relationship between the tran-
scribed roughness Ra and elongation are shown for comparison. As
for the small diameter roll of ¢ 165mm, in the arrangement as to
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the rolling force in Fig. 32, the effect of the friction factor m is not
noticed, but the difference appears when the surface roughness Ra is
examined from the viewpoint of elongation. However, in the case of
a large diameter roll of ¢ 480mm, although the effect of friction
factor emerges, the results do not agree quantitatively.

As the resistance of oil contained between the roll and plate is
not taken into account in this approach, it is considered that certain
limit can’t be helped in the discussion of transcription mechanism in
lubricated condition. According to the literature, there is a case '
wherein transcription of surface roughness Ra is suppressed to a
smaller scale by incompressible oil caught in between the roll sur-
face and plate in rolling with lubrication. Therefore, in the following
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section, an examination will be made limiting to the case of tran-
scription under no lubrication condition.

6. Examination of Roughness Transcription Phenom-

enon
6.1 Examination of asperity transcription phenomenon with 3D

die press analysis

Up to now, the transcription characteristics of surface asperity
have been shown with 2D rolling analysis based on a plain strain
condition. In the case of the small diameter roll, the predicted rough-
ness Ra agreed with the actually measured values in an approxi-
mately quantitative manner. However, in the case of the large diam-
eter roll, an error reaching 20-30% was generated. As the cause of
the error, it was presumed that the 3D asperity of actual rolls having
its convexo-concave configuration in the width direction is the cause
of the error. Then, the transcription phenomenon and its mechanism
were examined by conducting a simplified 3D die press numerical
analysis, wherein a die tool element of minimum unit of one cycle
of roll surface asperity is assumed, and the boundary conditions are
established in such a way that ¢, and elongation agree with the re-
sults obtained with the 2D rolling analysis. o_is the stress in the roll-
ing direction averaged in the plate thickness direction and consid-
ered to be the major factor in transcription.
(1) Analysis model

The model was a rectangular parallelepiped of 0.1 mm x0.0625
mm % 0.0625 mm in size, with a plain strain condition in the width
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Fig. 35 Relation between surface roughness and elongation
(with ¢ 480 mm roll)
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Fixed(Plane strain condition

Rolling direction

direction. When 2D rolling was simulated, the die tool was modeled
as a triangular prism having its generating line in the width direction
(hereinafter referred to as 2D asperity), and when 3D rolling corre-
sponding to an experiment was simulated, the die tool was modeled
as a square pyramid (hereinafter referred to as 3D asperity). Further-
more, the hatched square pyramid of the 3D die tool shown in Fig.
36 is upwardly convex, and the other is downwardly convex. The
height of the 2D asperity was defined as the distance between the
top and bottom peak of the asperity as originally defined and was set
at 10 um. The height of the 3D asperity was set at 15 um (half am-
plitude 7.5 um) so that the mathematical average of roughness be-
comes equal (the averages of the absolute heights of roughness of
die tool convex and concave form roughness center plane become
equal). This is intended to make the measured values become equal
to Ra of 2D asperity by including many asperity points when Ra is
measured on an arbitrarily chosen section in the rolling direction.
The details of the calculated conditions are shown in Fig. 36 and
Table 4.

The analysis procedure is as follows: (U press the die tool to the
work and force 1/2 of the prescribed stress in the rolling direction
[STEP 1]; @ stop die tool pressing and force the remaining stress in
the rolling direction [STEP 2]; (3 unload die tool and stress in the
rolling direction [STEP 3]; @ after unloading, in case elongation
calculated by displacement at the free end of the work (to be provid-
ed with the stress boundary condition) does not reach the prescribed
values (0.6 and 1%), further adjustment to the die tool pressing is to
be made in [STEP 1], and the procedure up to [STEP 3] is to be re-
peated until elongation after unloading of stress reaches the pre-

Table 4 Conditions of die press simulation

Width 62.5um, Length 62.5um

Thickness 0.1 mm (1/2 symmetry)

Upper yield stress: 400 MPa

Lower yield stress: 312 MPa

Entry unit tension: 82 MPa

Height (p-p) 10um (2D), 15um (3D)

Pitch 62.5um

0.6%, 1.0% reduction

Friction factor m=0.275 (MK-model)
Prescribed stress at boundary =—2 000—-0 MPa

Work
(rolled material)

Asperity

Pressing conditions

Fig. 36 2D, 3D die and work configuration and finite element mesh
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scribed value. Here, the free ends of the work are constrained to al-
ways remain in a flat state in order to simulate rolling. Concerning
two distinct loading steps STEP 1 and STEP 2, STEP 1 simulates
the average thickness reduction from entry of the roll-bite to
x=0.7mm in the roll-bite where the average thickness reduction
stops as is observed in Fig. 29, and STEP 2 simulates increase in
compressive stress in the rolling direction from x=0.7 mm to around
x=0mm in the roll-bite as is observed in Fig. 30.

Die-press analysis was conducted in the aforementioned proce-
dure, and the transcribed surface roughness Ra of the work was
sought for. Furthermore, as the transcription characteristics are con-
sidered to be compared based on an identical plasticity deformation
amount, namely, elongation, the die press analysis conditions of
elongation of 0.6 and 1.0% was determined taking into account the
results of experiments with small and large diameter rolls, as shown
in Figs. 34 and 35 and the results of their analysis. In addition, the
average stress in the rolling direction to be provided as a boundary
condition was set at 0——2000 MPa based on the result of the 2D
rolling analysis shown in Fig. 37.

(2) Examination of errors in 2D rolling roughness transcription
analysis with die press analysis

In Fig. 38, the relationship between stress in the rolling direction
and surface roughness Ra with respect to 2D, 3D surface asperity
models, and elongation obtained with die press analysis is shown.
These results reconfirmed an element of the most basic transcription
principle that, in both cases of 2D and 3D asperity, the transcribed
roughness Ra becomes larger as compressive stress in rolling direc-
tion becomes higher, regardless of the elongation as examined in the
2D analysis.
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Next, when the 2D and 3D transcription characteristics in Fig.
38 are compared, below the compressive stress in the rolling direc-
tion of 600 MPa, 2D and 3D asperity are almost equally transcribed,
and, with higher compressive stress, 2D asperity is more easily tran-
scribed. When this result is examined referring to the results of the
2D rolling transcription analysis shown in Figs. 34, 35, and 37, the
difference in the transcription characteristics between the results of
2D rolling analysis and the experimental values becomes explain-
able. Specifically, it is considered that; from Fig. 37, in small diame-
ter roll rolling, under the condition of elongation of below 2%, the
compressive stress in the rolling direction becomes below 600 MPa
and, in this region, transcription of 2D and 3D asperity proceeds
with nearly equal efficiency. This accounts for the good agreement
of 2D rolling analysis with the rolling experiment in view of rough-
ness transcription characteristics.

On the other hand, in the case of the large diameter roll, even
with an elongation of 0.6%, the compressive stress in the rolling di-
rection grows to as high as nearly 1000 MPa, as shown in Fig. 37,
and 2D asperity is transcribed more efficiently than 3D asperity in
this region as shown in Fig. 38. It is understood that the roughness
transcription shown in Figs. 33 and 35 is overestimated in 2D roll-
ing analysis as compared to experiment result due to this mecha-
nism.

Incidentally, when transcription characteristics of 3D asperity in
Fig. 38 are carefully compared, it is confirmed that, as compared to
the case of elongation of 0.6%, roughness Ra becomes larger by
about 0.1-0.2 um in case of elongation of 1.0%, and not only stress
in the rolling direction (similarly stress in thickness direction, hy-
drostatic stress as well) but also elongation itself exerts significant
influence upon transcription characteristics. This is considered to be
attributed to the result of a continuous flow of material into die tool
convexo-concave surface brought forth by a substantial reduction in
thickness as elongation increases from 0.6 to 1%.

(3) Difference in transcription characteristics of 2D and 3D asperity
and appropriateness of 2D rolling analysis.

As mentioned above, although errors caused in the 2D rolling
analysis as to roughness transcription characteristics have been
made explainable with the 3D die press analysis and here, the cause
of difference between transcription characteristics of 2D asperity
and that of 3D asperity in 3D die press analysis is examined.

Shown in Fig. 39 is a contour figure showing the stress in plate
thickness direction right before unloading in [STEP 2] in die press
analysis of 2D and 3D asperity die tool. The die-press condition is;
1% of elongation and —1200 MPa of stress in rolling direction. In ei-
ther die tool case, a high compressive force is exerted in the regions
where the die convex is pressed in, and stress in the plate thickness

Max
OMPa

Min
-2000MPa

Fig. 39 Distribution of stress in thickness direction (at ¢ =—1200 MPa)
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direction in the die concave regions is very small. As the figure
shows, the die convex is pressed to the plate material with high con-
tact pressure and the plate deforms dependably upon die-tool con-
figuration. However, stress in the plate thickness direction in the re-
gion of the concave of die tool is small, and the concave portion of
die tool comes to be filled in with metal pushed upward in thickness
direction from the center of the plate. In addition, it can be said that
roughness transcription is characterized by the filling-in phenome-
non of metal to the concave portion of die tool and examination
should be conducted focusing on behavior of the material flow to
the die tool concave portion.

Observing the state of deformation in Fig. 39 from this view-
point, it is observed that FEM elements undergo severe shear stress
in the neighborhood of the border line between the concave and
convex parts of the die tool. Specifically, it is found that the material
at the convex part of the die tool constrains the metal flow to the
concave part of the die tool. When the 2D and 3D asperities are
compared, in 3D asperity, convexo-concave configuration of the die
tool exists in the width direction. As a matter of course, vertical ma-
terial flow is also constrained by the adjacent portion of the metal in
the width direction. Since this vertical metal flow constraint is con-
sidered to be caused mainly by shear stress acting from metal in the
convex portion to that in the concave portion.

Figure 40 shows the distribution in the plate thickness direction
of the absolute value of shear stress 7, acting on a symmetrical (y-z)
plain averaged in the width direction. As a matter of course, in the
case of 2D asperity, the shear stress is not observed at all. However,
in the case of 3D asperity, the high shear stress is exerted within 1/4
thickness from the surface. As a result of this, metal filling in the

300

250 —O— 2D-asperity—1200MPa
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Fig. 41 Distribution of equivalent plastic strain (at stress in rolling direction —200 MPa or —1200 MPa, elongation 0.6%)
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concave area of the die tool is retarded by the existence of 7, in 3D
asperity, and therefore the transcribed roughness is considered to
become smaller than in the case of 2D asperity. When viewed at a
different angle, in the 2D rolling analysis corresponding to 2D as-
perity, the existing constraining shear stress exerted by asperity in
the width direction cannot be taken into account, and therefore the
transcribed roughness is overestimated.

Incidentally, in Fig. 38, in the case of 2D asperity, the transcribed
roughness decreases in a stepwise manner as the compressive stress
in the rolling direction becomes smaller, and consequently, coming
to the transcribed roughness equivalent to the one in case of 3D as-
perity. It is considered that, under the rolling condition with a small
diameter roll, where compressive stress in the rolling direction is
small, these findings suggest that the result of the 2D rolling analy-
sis in terms of the transcribed roughness approximately agrees with
the result of the experiment which is shown in Fig. 32.

To examine the cause of this, the equivalent plastic strain distri-
bution (in 0-0.1 range) before unloading in [STEP 2] in cases of
200 and 1200 MPa of compressive stress in the rolling direction in
die press analysis with 2D and 3D asperity (elongation 0.6%) is
shown in Fig. 41. In the Figure, in the case of 3D asperity, although
the difference in magnitude of the equivalent plastic strain due to
the difference in compressive stress in the rolling direction is appar-
ent, plastic strain is observed in the entire work, and no change in
strain mode is observed.

On the other hand, it is observed that in the case of 2D asperity,
with a compressive stress in the rolling direction of 1200 MPa, sig-
nificant plastic strain is observed in the entire area of contact with
the die tool. However, under the condition of compressive stress in
the rolling direction of 200 MPa, portion of no plastic strain in the
material corresponding to the die tool concave area is observed. As
mentioned above in this section, transcription phenomenon is char-
acterized by the fill-in of material in the die tool concave. Therefore,
if the material in this portion is not plastic-deformed, transcription
of die tool asperity is impeded, and, with this, surface roughness af-
ter pressing-in of die asperity in Fig. 38 is considered to decrease in
a stepwise manner as compressive stress in the rolling direction be-
comes smaller.

6.2 Proposal of roughness prediction method by means of 2D
rolling analysis and 3D die press analysis

Through study and examination by means of the above experi-
mental and numerical analysis, it was clarified that the roughness
transcription phenomenon in skin pass rolling depends on the rolling
pressure along the roll bite, the thickness-direction average value of

@3D die, 5, = -200MPa @3D die, 5, = -1200MPa
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stress in the rolling direction which represents hydrostatic stress,
and the elongation. And roughness transcription obtained with 2D
rolling analysis contains two essential error factors. These factors
are: (D transcription is overestimated as constrain by shear stress
exerted by an adjacent material in the widthwise direction cannot be
taken into account; and @), in case the compressive stress in the roll-
ing direction is small, an unrealistic, non-plastic deformation region
is formed in the material in roll concave portion and thereby, tran-
scription is underestimated.

In the rolling conditions taken up in this paper, although the
transcription results which almost agree with the experimental val-
ues are obtained with 2D rolling analysis under the condition of
small compressive stress in the rolling direction, this result is inap-
propriate to be rationalized in general since there are two different
error causes and it should be considered that they happened to al-
most cancel with each other in the the relevant rolling conditions.
Hence, as for the roughness transcription phenomenon, 2D rolling
analysis needs to be considered as containing errors. It is considered
that these problems could be solved by applying 3D rolling analysis
wherein roll deformation and roll surface roughness are appropriate-
ly taken into account; however the analysis cannot be used as a
practical calculation method because amount of computation time
and cost required would not be acceptable in view of current com-
puter capacity. Hence,the authors propose a practical roughness
transcription predicting method developed by combining the 2D
rolling analysis and the 3D die press analysis used in this report.

As mentioned previously, with the 2D rolling analysis linked to
roll deformation proposed in this research, good agreement with ex-
perimental data even in dull work roll rolling is obtained in terms of
rolling force and elongation. Agreements in rolling force and elon-
gation are considered to confirm that the calculation as to the mac-
roscopic state of stress in the roll bite which determines rolling force
is valid. In brief, the method is as follows. Based on a given rolling
condition (including elongation), conduct 2D rolling analysis and
calculate the rolling-direction average stress value in the plate thick-
ness direction, and then extract the maximum value from the roll
bite. After this, provide the stress in the rolling direction and elonga-
tion, and conduct 3D die press analysis under the 3D asperity condi-
tion as shown in Fig. 36 and Table 4. Finally, predict the roughness
after rolling.

In Fig. 42, roughness predicted with the aforementioned method
under the condition of elongation of 0.6% for a 480 mm diameter
roll, and the condition where elongation is 1% for a 165 mm diame-
ter roll are marked as 4> and A, respectively. The results shown in
Figs. 34 and 35 show good agreement with the experimental results.
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Fig. 42 Prediction of surface roughness by proposed method

Further, validation of this method under a wider range of rolling
conditions remains to be an issue for future research.

7. Conclusion

In order to clarify the skin pass rolling characteristics of ultrathin
steel plate, an experiment using a laboratory rolling mill with a large
diameter roll and numerical analysis based on elastoplasticity finite
element method under the experimental conditions were conducted,
and the following results are obtained.

1) In the dull work roll rolling, elongation gradually increases as
rolling force increases. However, when compared with the case
of bright work roll rolling, elongation is large in the low force
region before jumping and becomes remarkably small in the
high force region after jumping.

2) By using a 2D rolling numerical analysis method which takes
into account not only elastoplasticity deformation of the rolled
plate, but also the elastic deformation of the roll appropriately,
and by modelling roll surface asperity appropriately with a tri-
angular shape, dull work roll rolling characteristics obtained by
the experiment could be accurately reproduced.

3) It was clarified that the characteristics of the relationship be-
tween rolling force and elongation is explainable with two fac-
tors: first, the effect of local plastic deformation caused by roll
surface asperity penetrating through plates in thickness direc-
tion and second, the geometrical friction effect caused by roll
surface asperity.

4) It was clarified that the effect of geometrical friction on the roll
surface asperity is governed by the asperity slope angle.

5) It was clarified that roughness transcription phenomenon de-
pends on the rolling pressure in roll bite and thickness-direc-
tion average value of stress in the rolling direction which rep-
resents hydrostatic pressure and elongation, and that, as to
roughness transcription, 2D rolling analysis includes two es-
sential error factors; an error caused by neglecting the shear
stress in width direction, and another error of developing unre-
alistic deformation mode change.

6) To solve the problem of transcription prediction with 2D roll-
ing analysis, simplified roughness prediction methods devel-
oped by combining 2D rolling analysis with 3D die press anal-
ysis was proposed.
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