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Abstract
The 6-high continuously variable crown (6-h CVC) cold rolling mill shows limited capability to control coupled edge and center
waves for both narrow strip and ultra-wide strip production. In order to solve this problem, an integrated three-dimensional (3D)
elastic-plastic finite element model (FEM) of rolls and strip is built to calculate the effect functions in consideration of work roll
bending (WRB), intermediate roll bending (IMRB), and CVC intermediate roll shifting (IMRS) with different strip widths. A set
of orthogonal vectors which is defined as eigenvectors is proposed to analyze the similarities and the complementarities of the
effect functions. It is applied to study the flatness control characteristics of the cold rolling mill. Based on the analysis of flatness
stress characteristics of different strip widths in the production, it is found that the similarities between the flatness stress and the
eigenvectors of different strip widths are relative low. The flatness defects are difficult to be eliminated. From the relationship
between IMRS and strip widths, a segmented CVC intermediate roll contour is then proposed and experimented in an industrial
production. The proportion of coupled edge and center waves is decreased by 15.2%, and the overall flatness is reduced by
0.7 IU.
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1 Introduction

Continuously variable crown (CVC)mill has been extensively
employed to more than 150 production lines around the world
since it was developed in 1982. It is one of the most important
mill type for the tandem cold mills [1]. 6-high continuously
variable crown (6-h CVC) cold rolling mill was developed
and successfully applied in practice production by
Schloemann-Siemag (SMS), Germany [2]. As a new genera-
tion cold rolling mill, it is installed with many flatness control
methods, such as work roll bending (WRB), intermediate roll
bending (IMRB), CVC intermediate roll shifting (IMRS), roll

tilt (RT), and roll sectional cooling (RSC) [3, 4]. It provides
strong flatness control capability, which is suitable for cold
rolling production of the ultra-wide strip [5, 6].

Two thousand one hundred eighty millimeters of 6-h CVC
cold rolling mill production line which is consist of five stands
is mainly applied to the production of car body plates and
other high-grade appliances strips. It possesses the longest roll
body and produces the maximum width rolled strip, which
covers the largest range of strip widths and the largest width
to thickness ratio for a cold rolling mill. Besides, the cold
rolling mill is equipped with advanced flatness detection
equipment, abundant flatness control methods, and advanced
flatness control model [7, 8]. However, in practice production,
such advanced cold rolling mill is still difficult to eliminate the
coupled edge and center waves for both narrow strip (strip
width B is about 1000~1300 mm), as shown in Fig. 1a, and
ultra-wide strip (strip width B is about 1600~2000 mm), as
shown in Fig. 1b. It affects the quality of follow-up products
during cold rolling and the stability of production process. By
collecting and analyzing the process parameters of practice
production, such as WRB, IMRB, IMRS, RT, and RSC
et al., it is found that the cold rolling mill does present some
limitations for controlling the typical flatness defects in
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narrow strip and ultra-wide strip production. Yang et al. [8]
built a three-dimensional (3D) finite element model (FEM) to
analyze the effect of different stands on flatness control for a
6-h CVC cold rolling mill. The results showed that the control
capability was not sufficient to eliminate the coupled edge and
center waves. Bao et al. [9] analyzed the influence of asym-
metric flatness of different strip widths in the rolling process
and pointed out that edge waves were more likely to be caused
when the strip was running in the annealing furnace. So, it is
indispensable to analyze the control capability and address the
problem of typical flatness defects with different strip widths
in a 6-h CVC cold rolling mill.

The flatness control performance of the cold rolling
mill is analyzed in order to analyze the feasibility and
effectiveness of the cold rolling mill on the control of
typical flatness defects. Generally, the analysis of flatness
control capability is based on the roll gap crown method
[10–12]. It can be used to calculate the range of secondary
crown and quartic crown of WRB, IMRB, and IMRS in
different strip widths in order to evaluate its flatness con-
trol capability. Rosenthal and Bald et al. [13, 14] used this
method to analyze the control capability of a 6-h CVC
cold rolling mill. However, on the one hand, simply in-
creasing the CVC roll gap crown range to expand the mill
roll gap crown has failed to adequately address flatness
problem in the production. On the other hand, adopting
crown to characterize strip profile cannot accurately de-
scribe the adjustment characteristics of a control method
along the strip width. The similarity and complementarity
between different control methods cannot be analyzed and
compared as well. Another method is based on the effect
function [15, 16]. Liu et al. [17] applied this method to a
900-mm HC 6-high mill for cold rolling strip and provid-
ed a theoretical framework for flatness control. Song et al.
[18] used this method and high-order Legendre

polynomial function to establish the dimensionality reduc-
tion efficiency inherited regulation method and the two-
loop comprehensive regulation control model. Yan et al.
[19] used this method to analyze the control capability of
1200 mm narrow strip for a 2180-mm tandem cold rolling
mill, and the work roll contour optimization was proposed
to solve the control problem for narrow strip flatness.
However, the roll contour was only suitable for a certain
strip width and cannot simultaneously address the prob-
lem of strip flatness for both narrow strip and ultra-wide
strip.

Many efforts have been made to further grasp the flatness
control capability of the cold rolling mill during rolling process
[20, 21]. Lu et al. [22] proposed a design method of a third-order
CVC roll profile. Li et al. [23] designed the new asymmetry self-
compensating work roll contour and the flatness control

Fig. 1 The internal stress nephogram of different strip widths: a The strip width is 1050 mm and b the strip width is 1990 mm

Fig. 2 6-h CVC cold rolling mill
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capability of entire rolling campaign was improved. Cao et al.
[24] built a 3D FEM of roll stacks and strip deformation and
analyzed the integrated design of roll contours for strip edge drop
and crown control in tandem cold rolling mills. Xu et al. [25]
developed a mathematic model to make the relationship between
CVC roll contour and the shifting position reasonable, and the
optimized CVC work roll contour had obtained good effect in a
1700-mm hot strip mill. Shang et al. [26, 27] found that the
shifting position of CVC roll contour was closely related to strip
widths and proposed a new CVC work roll contour. However,
these optimized contours are not suitable for 6-h CVC cold
rolling mill with different strip widths.

In this paper, finite element simulation analysis is conduct-
ed to investigate the similarity and complementarity of the
main flatness control methods and limitations of flatness de-
fect control. Based on the theoretical and simulated analysis, it
tries to address the problem of flatness control capability
through roll contour optimization. A segmented CVC inter-
mediate roll contour is proposed and implemented for the
production line on the fifth stand, which is considered both
narrow strip and ultra-wide strip. This work provides a

theoretical basis for the flatness control during the industrial
production.

2 The effect function analysis of flatness
control

The flatness control of 6-h CVC cold rolling mill essentially
controls the flatness stress distribution σ(x) of strip through the
methods of WRB, IMRB, IMRS, RT, and RSC. The effect
function of flatness control method is defined as Eq. (1),
which is used to characterize the change capability of flatness
stress under the unit adjustment of each control method
[15–17]. It is clear that there is consistency between the form
of the effect function and flatness stress distribution.

Eff i xð Þ ¼ Δσ xð Þ
Δai

i ¼ 1; 2;⋯nð Þ ð1Þ

where x is the width direction coordinates of strip; Effi(x) is the
effect function of ith flatness control method; Δai is the

Fig. 3 The 3D FEM for rolls
system and strip

Table 1 Key parameters for the
FEM Parameter Value Parameter Value

Work roll body (mm) ϕ520 × 2180 Work roll neck(mm) ϕ320 × 610

Intermediate roll body (mm) ϕ610 × 2580 Intermediate roll neck(mm) ϕ355 × 430

Backup roll body (mm) ϕ1400 × 2140 Backup roll neck(mm) ϕ900 × 630

Roll elasticity modulus (GPa) 210 Roll Poisson ratio 0.30

Strip width (mm) 1000~2000 Strip Poisson ratio 0.28

Strip elasticity modulus (GPa) 210 Friction coefficient 0.03
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adjustment valve of ith flatness control method; Δσ(x) is the
change of flatness stress along the width direction under the
action of flatness control method. When Δσ(x) is discrete
values, the flatness stress change can be expressed by the
vector Δσ. Therefore, the effect function can also be
expressed by the vector Effi.

RT is mainly used to control the asymmetric flatness de-
fects, and RSC is mainly used to control the partial flatness
defects, both of which show limited control capability.
Therefore, this paper focuses on analyzing the effect function
of the three most important and capable flatness control
methods for WRB, IMRB, and IMRS.

3 Finite element simulation analysis of strip
rolling process in 6-h CVC cold rolling mill

3.1 6-h CVC cold rolling mill parameters and model
establishment

A certain 2180 mm CVC tandem cold rolling mill with five
stands is anti-symmetrical arranged with the CVC roll contour
of upper and lower intermediate rolls (as shown in Fig. 2).
Taking the fifth stand which is responsible for the main control
task of flatness as the analysis object, and adopting finite ele-
ment method to obtain the exit strip transverse thickness pro-
file and flatness stress distribution vector σ, a 3D elastic-
plastic finite element simulation analysis model, including
rolls and strip, is established by using the common
MSC.Marc finite element software, as shown in Fig. 3.

During the modeling process, each roll contour built as the
actual roll contour of the rolling mill, where the work rolls are
positive crown roll, the intermediate rolls are five-order CVC
roll contour, and the backup rolls are flat roll with rounded
edges on both sides. The main geometric and physical param-
eters are shown in Table 1, and the strip stress-strain curve is
shown in Fig. 4. In order to ensure the calculation accuracy of
the model, eight nodes and six elements is chosen for the rolls
and strip [28, 29]. Plenty of three-dimensional elements are
generated as a result of the mesh refinement at the contact
interfaces between the rolls and strip. Finally, the number of
element of rolls system is 88,212, and element is divided
every 5 mm in the width direction and three layers of nodes
in the thickness direction for different strip widths.

According to the actual situation of the cold rolling mill and
the characteristics of rolling process, the following displace-
ment constraints are imposed on the established FEM: (1)
vertical displacement constraints (y-direction in Fig. 3) were
applied to the neck center of lower backup roll; (2) horizontal
displacement constraints (x-direction in Fig. 3) were applied to
the midpoint of all the roll axes and the z-section being zero of
strip (the plane of all roll axes); (3) x, y-direction rotation
constraints and z-direction displacement constraints were ap-
plied to all points on the roll symmetry plane. The FEM is
further loaded with the following loads: (1) reduction in the
rolling process was applied to the neck center of upper backup
roll; (2) WRB force and IMRB force were respectively ap-
plied to the neck center of work roll and intermediate roll; (3)
entrance and exit tension during the rolling process were cer-
tain displacement differences, and were imposed on the en-
trance and exit sections of strip along the z-direction.

3.2 Verification of the FEM and design of simulation
conditions

In order to verify the reliability of the FEM, the simulation
value of exit strip transverse thickness profile is calculated
when the rolling force is 10,520 kN, WRB force is 40 kN,
IMRB force is 58.5 kN, IMRS is 8.45 mm, entrance tension is
31 kN, exit tension is 121 kN, strip width is 1550 mm, en-
trance thickness is 0.59 mm, and rolling exit thickness is
0.581 mm. Compared the strip transverse thickness profile
with the actual strip transverse thickness profile from the
rolling exit, it can be seen that the profiles are basic coinci-
dence, as shown in Fig. 5.

According to the problem of flatness of different width
strips in the production and the urgency of analyzing the
flatness control capability of the cold rolling mill, based
on the actual process parameters of the fifth stand of
1000 mm, 1500 mm, and 2000 mm strip widths in the
production, the simulation conditions are designed, as
shown in Table 2. Firstly, the flatness control characteris-
tics of strip width of 1000 mm are analyzed in order toFig. 5 Verification of the FEM

Fig. 4 The stress-strain curve of strip
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connect the FEM with the actual production process pa-
rameters. It is taken 10 kN as a unit adjustment for WRB
and IMRB and 1 mm as a unit adjustment for IMRS to
simulate and obtain the flatness stress change Δσ along
the strip width, as shown in Fig. 6. The same method is
used for the strip widths of 1500 and 2000 mm respec-
tively. The simulated results lay the foundation for the
follow-up effect functions of flatness control methods
and the adjustability analysis of flatness detects.

4 Analysis of 6-h CVC cold rolling mill flatness
control and adjustability of flatness defects

4.1 The effect function of flatness control methods
in different strip widths

Combining with the simulated analysis results and Eq.
(1), the effect function of each flatness control method
can be obtained under the unit adjustment when the
strip widths are 1000 mm, 1500 mm, and 2000 mm
respectively. At the same time, in order to more directly
compare the control effect of the same flatness control
method among different strip widths, the strip width [−
B/2, B/2] is normalized to [− 1, 1] and the flatness
stress change is normalized as Eq. (2) [30, 31]. The
results are as shown in Fig. 7.

f xð Þ ¼ Δσ xð Þ
maxjΔσ xð Þj ð2Þ

where max|Δσ(x)| is the maximum values of the varia-
tion of flatness stress along width direction under the
unit adjustment of each flatness control method.

From Fig. 7a, c, e, it is clear that the control capability of
WRB is stronger in the same strip width. As the strip width
increases, the flatness stress change of each control method
also increases under the unit adjustment. Though the control
capability of the same control method is different for different
strip widths, from the normalized results, it can be seen from
Fig. 7b, d, f that the control effect of each control method is
similar, which is consistent with the similar flatness defects of
different width strips in the production.

4.2 Similarity and complementarity analysis
of the flatness control methods

It can be seen from Fig. 7 that the flatness control methods
present some similarities among the effect functions. The re-
lationship among the effect function should be qualitatively
and quantitatively analyzed in order to comprehensively mas-
ter the control capability of the cold rolling mill. Assumed that
the cold rolling mill has n kinds of flatness control methods,
the effect function of any two different control methods can be
presented as Eq. (3):

Eff 2 ¼ a•Eff1 þΔEff2 ð3Þ
where ΔEff2 is the difference between Eff2 and Eff1; a is
the coefficient to be determined. When ΔEff2 is orthog-
onal to Eff1 in Eq. (3), the orthogonal vector set of both
can be used to describe the control capability of flatness
stress. The Eq. (3) of both sides is multiplied Eff1, and the
result is shown as Eq. (4):

a ¼ 1

Eff 1j j2 Eff 1•Eff 2 ð4Þ

In the same way, the first two control methods can be used
to express the third control method:

Eff 3 ¼ b1•Eff 1 þ b2•Eff 2 þΔEff3 ð5Þ
where ΔEff3 is the difference between Eff3 and Eff1, Eff2; b1
and b2 are the coefficient to be determined. Combined with
Eqs. (3) and (5), the result is shown as Eq. (6):

Table 2 The design of simulation
conditions Strip width

(mm)
Reduction
(μm)

Exit
thickness
(mm)

Entrance
tension (kN)

Exit
tension
(kN)

WRB
(kN)

IMRB
(kN)

IMRS
(mm)

1000 2 0.46 16.4 70.4 225 150 100

1500 4 0.7 32.8 147.4 223 147 10

2000 5 0.76 46.3 224.8 205 180 − 160

Fig. 6 Calculations of different simulation conditions
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Eff 3 ¼ E•cT þΔEff3 ð6Þ
where c is [b1 + b2a, b2], E is [Eff1,ΔEff2]. WhenΔEff3 and
Eff1,ΔEff2 are orthogonal, the orthogonal vector of the three
can be used to describe the control capability of flatness stress.

The Eq. (6) of both sides is multiplied ET. The result is shown
as Eq. (7):

c ¼ ET •E
� �−1

•ET •Eff 3
h iT

ð7Þ

Fig. 7 The effect functions of
flatness control methods of
different strip widths. a The effect
function of WRB, b the
normalized effect function of
WRB, c the effect function of
IMRB, d the normalized effect
function of IMRB, e the effect
function of IMRS, f the
normalized effect function of
IMRS

Fig. 8 Flatness control
characteristics of different strip
widths: a The strip width is
1000 mm, b the strip width is
1500 mm, c the strip width is
2000 mm
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From Eqs. (3) and (5), it is shown that the cold rolling mill
has some similarities among the control methods. Defining
sim(Effi, Effj) as the similarity between the effect functions
of any two control methods, the expression of sim(Effi, Effj)
is shown as Eq. (8):

sim Eff i;Eff j
� � ¼ Eff i•Eff j

jEff ij•jEff jj i≠ jð Þ ð8Þ

It can be seen that the ith control method not only shows the
same flatness control capability as the former i-1 methods, but
also has the unique flatness control characteristic ΔEffn. In
order to evaluate the unique effect of ΔEffn in the flatness
control process, the complementarity index con is defined as
Eq. (9):

coi ¼ jΔEff ij
jEff ij i≥2 ð9Þ

WRB presents strongest control capability in the analysis
of Section 4.1. This work applies Eff1, Eff2, and Eff3 to ex-
press the effect functions of WRB, IMRB, and IMRS, which
are calculated in Section 4.1. In order to analyze and describe
conveniently, the effect function of WRB is expressed as E1;
the differencesΔEff2 between IMRB and WRB is expressed
as E2; the differenceΔEff3 between IMRS and both of WRB
and IMRB is expressed asE3. E2 and E3 are calculated by Eqs.
(3) ~ (7), as shown in Fig. 8. Regarding the different strip
widths, it can be seen that the flatness control characteristics
E2 and E3 increase with the strip width. For same strip width,
the value of E2 is obviously greater than the value of E3 along
the width direction. The set of orthogonal vectors E1, E2, and

E3 is named as eigenvectors, which is to describe the flatness
control characteristic of the cold rolling mill.

Using Eq. (8) to calculate the similarities between any two
control methods of WRB, IMRB, and IMRS, as shown in
Table 3. It can be seen that the similarities between any two
different control methods reach more than 0.96 in different
strip widths. From Eq. (9), the complementarity of IMRB
and IMRS can be presented as Eq. (10):

coi ¼ jΔEff ij
jEff ij ¼ jEij

jEff ij i ¼ 2; 3 ð10Þ

The complementarities of two control methods of IMRB
and IMRS are calculated by E2 and E3, both of which are less
than 0.2 in different strip widths, as shown in Table 3. The
complementarity of IMRS is extremely low. It indicates that
the cold rolling mill obtains three typical flatness control
methods, but the similarities between three control methods
are too high that only work on the same flatness defects. In
particular, although IMRS has a strong capability to control
roll gap crown, the complementarity withWRB, IMRB is still
poor, which makes it difficult to address the typical flatness
defects.

4.3 Adjustability analysis of the flatness defects

Based on the analysis of control flatness capability above, as
well as combined with the actual flatness defects from the
industrial production, the control capability of typical flatness
defects is further analyzed. Before the control is applied, if the

Table 3 Similarity and
complementarity of flatness
control methods of different strip
widths

Strip width (mm) Similarity Complementarity

sim (Eff1, Eff2) sim (Eff1, Eff3) sim (Eff2, Eff3) co2 co3

1000 0.990 0.996 0.996 0.141 0.301 × 10−4

1500 0.981 0.980 0.985 0.194 23.0 × 10−4

2000 0.982 0.969 0.997 0.189 134 × 10−4

Table 4 The similarity between
flatness stress and eigenvectors
and the elimination degrees of
flatness defects

Strip width (mm) Flatness stress (MPa) Similarity Degrees of the flatness defects

E1 E2 E3 α

1000 σ1 − 0.114 − 0.009 − 0.052 0.79%

σ2 0.190 0.281 0.241 9.07%

1500 σ1 0.181 0.312 0.294 11.49%

σ2 0.194 0.361 0.327 14.85%

2000 σ1 0.205 0.338 0.374 16.10%

σ2 0.371 0.541 0.567 50.28%

Int J Adv Manuf Technol (2019) 100:2387–2399 2393



flatness stress is σ0 along the strip width direction, the con-
trolled flatness stress Δσ0 can be expressed as Eq. (11):

Δσ0 ¼ σ0− ∑
n

i¼1
Δai � Eff i i ¼ 1; 2; 3ð Þ ð11Þ

According to the method of least square method [32], the
square of the controlled flatness stress Δσ0 can be further
calculated as Eq. (12):

Δσ0j j2 ¼ σ0j j2 1− ∑
n

i¼1
sim2 σ0;Eið Þ

� �
ð12Þ

where sim(σ0, Ei) is the similarity of σ0 and Ei. If |σ0| is
known, it can be seen that the square of |Δσ0| and the square
sum of sim(σ0, Ei) is negatively linear. The smaller sum of
squares of sim(σ0, Ei), the closer |Δσ0| and |σ0|, which indi-
cates that the current flatness control methods of the cold
rolling mill cannot effectively control the flatness defects.

In order to more intuitively describe the control capability
of the cold rolling mill for the flatness defects, the flatness
defect elimination degree α is defined as follows Eq. (13):

α ¼ 1−
jΔσ0j
jσ0j ¼ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ∑

n

i¼1
sim σ0;Eið Þ2

s !
� 100% ð13Þ

According to the data mining theory, the proposed method
of cluster analysis for strip flatness stress characteristics grid
shape and density is used to extract the flatness stress charac-
teristics of different strip width of 2180 mm cold rolling mill
and then the adjustability of flatness stress characteristics are
analyzed [33, 34]. On the basis of the concept of “big data,”
the flatness stress σ1 and flatness stress σ2 essentially present
two different forms of stress distribution of the same strip
width. From Eq. (13), the similarities between flatness stress
σi (i = 1,2) and eigenvectors Ei (i = 1,2,3), and the flatness

Fig. 9 Comparison of the flatness
stress before and after control of
different strip widths: a, b The
strip width is 1000 mm; c, d the
strip width is 1500 mm; e, f the
strip width is 2000 mm

Fig. 10 The relationship between strip widths and IMRS of the fifth stand
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defect elimination degree α are calculated in different strip
widths of 1000 mm, 1500 mm, and 2000 mm, as shown in
Table 4. It can be seen that except for the defect elimination
degree of flatness stress σ2 of strip width of 2000mm reaching
50%, the flatness defect elimination degrees of the other strip
widths are no more than 16%.

Through the analysis above, the flatness stress before and
after control of different strip widths are compared, as shown
in Fig. 9. It can be seen from Fig. 9a that the flatness stress σ1
is hardly improved and from Fig. 9b, the flatness stress σ2
shows a more serious edge waves. From Fig. 9c, d, it can be
seen that the center waves are basically controlled, while the
edge waves are not improved at all. From Fig. 9e, f, it can be
seen that although the center waves can be significantly im-
proved, the coupled edge and center waves of strip are con-
verted to more serious edge waves. It is clear that the overall
flatness defects cannot be improved in different strip widths.
Thus, the current 2180 mm tandem cold mill with flatness
control methods is really difficult to control complex waves,
which appear in the production of both narrow strip and ultra-
wide strip.

5 Segmented CVC roll contour optimization
and industrial experiment

5.1 IMRS characteristic of CVC roll contour

Based on data analysis in the industrial production, it is found
that the value of IMRS is greatly affected by the change of

strip widths. Taking the strip widths as the variable, a large
number of statistics is made on IMRS positions of the fifth
stand and strip widths (as shown in Fig. 10). It is found from
Fig. 10 that there is a clear correspondence between IMRS and
strip widths. By using the numerical analysis to linearize the
channeling data of different width strips, it can be seen that
more than 90% IMRS fall in the regression line deviation of ±
50 mm channeling range. The relationship between strip
width B and IMRS can be expressed as Eq. (14):

−0:327Bþ 433:152≤ IMRS≤−0:327Bþ 533:152 ð14Þ

From the Fig. 10, it can be further found that the positive
and negative IMRS are basic to the limit, which shows the
cold rolling mill is lack of control capability for the coupled
edge and center waves when the strip width is less than
1300 mm or more than 1700 mm. Therefore, it can be seen
whether the adjustability analysis of flatness defects based on
the effect function or the analysis of relationship between
IMRS and strip widths, the 2180 mm cold tandem mill is
difficult to control the flatness defects and especially control
the flatness defects of strip edges with different strip widths
under the existing roll contour configuration.

5.2 Segmented CVC intermediate roll contour
optimization

For a certain mill, roll contour optimization is the most direct
and effective means to control flatness defects [35-37].

Fig. 11 Segmented CVC
intermediate roll contour: a The
diagram of roll contour, b roll
contour design method

Fig. 13 The effect function of chamfer depthFig. 12 The range of chamfer length l

Int J Adv Manuf Technol (2019) 100:2387–2399 2395



Combinedwith the corresponding relationship between IMRS
of the fifth stand and strip widths (as shown in Fig. 10), a new
local edge wave control capability of variable crown interme-
diate roll contour is proposed which aims to convert the
coupled edge and center wave defects into center wave de-
fects. Then, the converted waves can be eliminated by using
the existing flatness control methods. The specific method for
optimizing the roll contour is as follows: a contour called a
chamfer curve is superimposed on the end of intermediate roll,
which is determined by the chamfer length l, curve form y1
and chamfer depth h. The available length of chamfer in the
strip is l1 and the corresponding chamfer depth isΔgwhen the
strip width is determined (as shown in Fig. 11). The chamfer
length is determined by Eq. (15). The curve form y1 is
expressed by Eq. (16) in order to ensure that the roll contour
curve is smooth and continuous with the original roll contour
curve after superposition at the boundary.

l ¼ l1 þ 1

2
lIMR−Bð Þ þ IMRS ð15Þ

y1 ¼ b0 x−lð Þ2 ð16Þ
where l is the chamfer length; l1 is the available length of
chamfer in the strip; lIMR is the body length of intermediate
roll; b0 is the coefficient to be determined; x is the distance
from cone end.

The relationship among roll body length lIMR, strip width B
and corresponding IMRS is known from Eqs. (15) and (16). If
the relationship between available length l1 and strip width B
is determined, the chamfer length l can be determined. From
the flatness stress σi (i = 1, 2) of different strip widths shown in

Fig. 9, it can be seen that the localized peaks of flatness stress
are within 0.2 ± 0.1 times B/2 of the strip edge. Therefore, if
the intermediate roll segmented roll contour is used to control
the strip edge flatness, the segmented available length l1
should be matched with the scope of local peaks. The avail-
able length l1 can be expressed as Eq. (17):

B
20

≤ l1≤
3B
20

ð17Þ

Combined with Eqs. (14), (15), and (17), the range of
chamfer length l can be obtained as shown in Eq. (18) and
Fig. 12.

−0:123Bþ 756:848≤ l≤−0:023Bþ 856:848 ð18Þ

Considering that the chamfer length cannot be modified in
the rolling process and the margin for the subsequent optimi-
zation of chamfer can be reserved, the chamfer length l is
selected as 700 mm. From Eq. (16), the chamfer curve can
be determined by using the segmented length l1 and the cor-
responding chamfer depth Δg when the chamfer length l is
determined. Taking chamfer depthΔg 10 μm as a unit adjust-
ment, the new roll contour is put into the established FEM to
calculate the effect function Effg of chamfer available depth
under the unit adjustment when the strip is 1500 mm men-
tioned above, as shown in Fig. 13. Denoting the correspond-
ing influence on the effect functions of WRB and IMRB as
ΔEffWRB andΔEffIMRB respectively, the results are as shown
in Fig. 14.

The similarities of flatness stress σ2 betweenΔEffWRB and
ΔEffIMRB are 0.68 and 0.59 respectively when the strip width
is 1500 mm (as shown in Fig. 9d). Compared with the original
CVC roll contour, the flatness defect elimination degree in-
creases from 14.85 to 56%. It shows that the new CVC roll
contour not only adds the control capability Effg but also
strengthens the control capability of WRB and IMRB on strip
edges, which makes it possible to control complex flatness
defects for the 2180 mm cold rolling mill.

The chamfer available segmented length l1 and chamfer
depth Δg vary with IMRS because of strip width changes.
Taking the strip widths of 1000 mm, 1500 mm, and
2000 mm as examples, the optimal chamfer depth Δg is ob-
tained and the corresponding coefficient b0 and chamfer depth

Table 5 The parameters of
intermediate roll chamfer curve of
different strip widths

Strip width
(mm)

IMRS
(mm)

l1
(mm)

Δg (μm) b0 (μm) H (μm)

σ1
(MPa)

σ2
(MPa)

σ1 (MPa) σ2 (MPa) σ1
(MPa)

σ2
(MPa)

1000 150 135 14.152 14.355 7.765 × 10−4 7.877 × 10−4 380.493 385.951

1500 − 10 175 24.835 24.988 8.273 × 10−4 8.159 × 10−4 405.360 399.808

2000 − 180 230 43.138 44.184 8.163 × 10−4 8.344 × 10−4 400.003 408.840

Fig. 14 Chamfer depth influence on the effect function of WRB and
IMRB
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h are obtained from Eq. (16), as shown in the Table 5. It can be
seen that the chamfer depths h of different strip widths are
relatively close. The chamfer depth h is applied as 400 μm
to match the control of flatness defects on strip edges with
different widths.

In order to verify the feasibility of the new CVC roll con-
tour, the flatness control effect is further analyzed when the
strip width is 1500 mm, as shown in Fig. 15. It can be seen
from Fig. 15 that the strip edge flatness is effectively con-
trolled and the center flatness defect is also controlled on some
extents. The corresponding flatness value of flatness stress σ1
is reduced from 2.8 to 1.8 IU, and the corresponding flatness
value of flatness stress σ2 is reduced from 3.6 to 1.6 IU. It is
further demonstrated that the new CVC roll contour has the
potential to effectively control the flatness defects of strip
edges and improve the overall flatness quality.

5.3 Industrial experiment

To verify the flatness control effect of the new CVC roll con-
tour for 2180 mm tandem cold mill with different width strips,
an industrial production experiment has been carried out. The
new CVC roll contour is installed on the fifth stand. At the
same time, replacing work rolls of five stands is prepared to
ensure stable production without downtime for replacing

intermediate roll. During production, the rolled strip width
distribution of the new CVC roll contour is shown in
Fig. 16, a total of 266 strip coils, which cover about 80% of
the strip width specifications of the 2180 mm tandem cold
rolling mill.

The rolling process with different strip widths is
tracked during production. And the actual flatness stress
distribution of different strip widths is compared and
analyzed under original CVC roll contour and new
CVC roll contour, as shown in Fig. 17. It can be seen
from Fig. 17a that the deviation of flatness stress is
reduced from 40 MPa to less than 20 MPa within
200 mm from the edge of both driving side (DS) and
operating side (OS). From Fig. 17b, it can be seen that
the deviation of flatness stress is reduced from 76 to
32 MPa within 200 mm of the DS. From Fig. 17c, it
can be seen that the deviation of flatness stress is re-
duced from 81 to19 MPa within 200 mm of the DS,
and the deviation of flatness stress is reduced from 49
to 20 MPa within 200 mm of the OS. It is shown that
the edge flatness has been improved of different strip
widths. The actual flatness stress of 100 strip coils is
collected and analyzed for different strip widths under
the original CVC roll contour and the new CVC roll
contour. It is found that the proportion of coupled edge

Fig. 16 Rolled strip widths
distribution during the new CVC
roll contour production

Fig. 15 Comparison of the flatness stress before and after control: a flatness stress σ1; b flatness stress σ2

Int J Adv Manuf Technol (2019) 100:2387–2399 2397



and center waves decreases by 15.2% and the average
flatness decreases by 0.7 IU. The quality of rolled strip
flatness has been improved with proposed contour.

6 Conclusion

(1) The importance and limitations of flatness control capa-
bility is analyzed simply for the 6-h CVC cold rolling
mill. An integrated 3D elastic-plastic FEM of rolls sys-
tem and strip is built by using the MSC.Marc software,
and the effect functions of WRB, IMRB, and IMRS un-
der a unit adjustment are calculated. The control capabil-
ity of each control method is clarified for different strip
widths.

(2) From qualitatively and quantitatively analysis of the
effect functions, it is found that the effect functions
of the similarities between any two kinds of flat-
ness control methods are more than 0.96, but the
complementarities are less than 0.20. In particular,
IMRS has very low complementarity with the
WRB, IMRB and decreases as the strip width de-
creases. The relationship between different flatness
control methods is further clarified, and a set of
orthogonal vectors defined as eigenvectors is pro-
posed for describing 6-h CVC cold rolling mill
flatness control characteristics.

(3) According to the analysis of flatness defects in the
industrial production, the flatness defects can be
eliminated is influenced by the similarity between
flatness stress and eigenvectors. The low similarity
between each other makes it difficult to eliminate
the flatness defects, especially for edge waves. The
root reason why the cold rolling mill cannot con-
trol the coupled center and edge waves is found.
The research results provide theoretical basis for
explaining the flatness control problems in the in-
dustrial production.

(4) Combined with the theoretical analysis and the actual
situation in the production, a segmented CVC interme-
diate roll contour is proposed, which enhances the con-
trol capability of 6-h CVC cold rolling mill on the flat-
ness. The new CVC roll contour has been implemented
in the production line on the fifth stand. The proportion
of coupled edge and center waves decreases by 15.2%.
The average flatness reduces by 0.7 IU.
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