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Abstract: Residual stress is the main cause of flatness defects in sheet metal and the basic method to
improve the shape quality of the sheet is to reduce and eliminate the residual stress by multi-roll
levelling. The curvature coupling between repeated sheet bendings in multi-roll levelling greatly
affects the accuracy of the analysis of the residual stress evolution, which is rarely considered in current
research. Aiming to address this problem, a method for eliminating residual stress by multi-roll
levelling based on curvature coupling is discussed in this article. An evaluation criterion and an
analysis model are proposed to investigate the evolution of the residual stress in multi-roll levelling
considering the curvature coupling between bendings. The effects of the intermesh of the work rolls
and the plastic deformation of the sheet on the residual stress are also discussed. The results show
that multi-roll levelling will cause rolling residual stress while reducing the initial residual stress of
the sheet and the larger plastic deformation caused by the intermesh of the work rolls at the entry is
beneficial for the complete elimination of the initial residual stress, but the rolling residual stress will
increase at the same time. Therefore, the total residual stress of the sheet after levelling depends on
the appropriate levelling parameters.
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1. Introduction

Rolling is a primary processing method for sheet metal, in which the inevitable internal stresses
typically cause some explicit and implicit flatness defects [1]. An explicit defect means that the shape of
the sheet is not an ideal plane because the longitudinal internal stress caused by the uneven distribution
of the longitudinal fibre length of the sheet in the width direction exceeds the stress limit of the sheet.
An implicit defect means that the sheet is flat in appearance, but when it is cut along the longitudinal
direction, the explicit flatness defects reappear due to the release of internal stress [2–5]. The internal
stress that causes the flatness defects of the sheet in rolling is called residual stress, which is a main
factor affecting the quality of the sheet [6,7]. Therefore, reducing or eliminating residual stress as much
as possible to improve the flatness of the sheet is the basis for ensuring that the quality of the sheet is
good in subsequent processing [8].

The primary method of reducing and eliminating residual stress is multi-roll levelling. The basic
principle of multi-roll levelling is that a series of alternating and progressively decreasing loads are
applied to the sheet by a set of work rolls of the leveller to cause multiple elastoplastic deformations
and the residual stress in the sheet is gradually reduced until it is eliminated [9,10].

The current research on analysis of the evolution of residual stress in multi-roll levelling mainly
includes analytical methods, numerical methods, and experimental methods.

For analytical methods, Wang presented an iteration method with a relaxation factor to calculate
the entry and exit stress variation of a cold rolling strip, considering the relationship between stress
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variation and velocity variation and the incoming flatness propagation efficiency [11]. Kang et al.
established a mechanical model of the strip to evaluate the distributions of contact pressure and residual
stress of the strip, especially along the width direction, and calculated the longitudinal residual warpage
accordingly by the virtual layers method [6]. Xue et al. presented a 3D axisymmetric elastic-plastic
bending mathematical model of plates based on the Prandtle–Reuss increment theory according to the
relevant initial conditions and boundary conditions of the plate and leveller to predict the residual
stress and shape of the plate [12]. Liu et al. developed an analytical model with a computational
procedure for describing the continuous bending, reversed bending process and the unloading process,
evaluating the levelling process and residual stress distributions for typical H-beams [13]. Doege et al.
developed an analytic forming model that analysed the roll levelling process with sufficient precision
in a shorter time than is possible with the finite element method, investigating the states of multiple
forming under bending conditions, and calculating the residual stresses and residual bend of the sheet
metal [14].

For numerical methods, Abdelkhalek et al. calculated the shape and amplitude of the flatness
defects of strips generated by residual stresses in strip rolling, with and without tension, by using
a shell finite element model based on the asymptotic numerical method [7]. Weiss et al. analysed
the rolling process using finite element analysis, determined the distribution of residual stresses, and
obtained the theoretical moment curvature characteristics using the output of this analysis as the
input to the modelling for pure bending [15]. Nakhoul et al. used a coupled finite element method
to compute stresses and strains in-bite and out-of-bite in cold rolling of thin strips and predicted the
manifested flatness defect, taking into account the stress field in the pre- and post-bite areas reorganized
by the buckling [16]. Mathieu et al. introduced a numerical modelling of strip conveying through
an industrial leveller using FEM software and predicted the final strip shape from plastic strains and
residual stresses via width and thickness [17]. Abvabi et al. used numerical simulation to determine
the influence of residual stress and the effect of plastic deformation on the material behaviour in roll
forming, predicting the shape defects in the roll forming process if a residual stress profile exists in the
material [18].

For experimental methods, the nanoindentation technique is widely used to examine the residual
stresses distribution in the deformation machining process [19,20]. Sun et al. developed a slope cutting
method for determining the residual stresses in roll formed products, which utilizes a modification
of the current sectioning methods to obtain the membrane and bending residual stress components,
and they employed a tapered removal approach to determine the layering stresses component by
measuring the curvature variations of the remaining sample via its thickness direction [21].

The analytical methods predict the output variables by resolving the equations of the mathematical
model that is almost instantaneous, however a complicated manufacturing process has to be simplified
to a certain degree for mathematical modelling, which reduces the accuracy of the results. With the
help of modern analysis software and hardware, finite element model may produce more accurate
results but much slower in time. The experimental methods reveal the actual situation of the process,
but lack of efficiency and have very high cost in capital and manpower. To take advantage of the
benefits of each method, combinations of two or three of the methods may provide more information
about the manufacture process.

In combinations of analytical methods and numerical methods, Quach et al. proposed an
integrated analytical model and a closed-form solution for these residual stresses arising from the
coiling and uncoiling process experienced by steel sheets before they become cold formed into sections
and demonstrated the accuracy of the solution by comparing its predictions with those from a finite
element simulation [22,23]. Silvestre et al. presented a semi-analytical model based on a discrete
bending theory and classical beam theory for the process optimization of roll levelling, which is able
to calculate the critical levelling parameters, i.e., force, plastification rate, and residual stresses, in a
few seconds [24,25]. Nakhoul et al. studied a multi-scale method for modelling thin sheet buckling
under residual stresses in the context of strip rolling and proposed a two-scale model based on the
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generalized continuum approach for developing the unknowns in the Fourier series and solving von
Karman equations of thin strip buckling in an energetic formulation [26]. Fischer et al. dealt with
analytical and numerical considerations of buckling phenomena in thin plates under in-plane loads,
which typically appear during the rolling and levelling of sheet metal, and investigated the buckling
due to self-equilibrating residual stresses caused by the rolling process [2].

For combinations of analytical methods and experimental methods, Tan et al. expressed springback
and residual stresses as a function of geometric parameters and material properties of sheet metals,
determined the residual stresses using a layer-removing method, and carried out an analytical
measurement of the residual stress by simulating the layer-removing process [27]. Zhang et al.
developed a mathematical model to calculate the residual stress in stretched aluminium alloy thick
plates based on the balance of stresses, two-dimensional plasticity, and a conception of free size,
verifying the model against experiments performed on 7075 aluminium plates [28]. Milenin et al.
developed a model of residual stresses in hot-rolled sheets based on the elastic-plastic material model,
taking into account the nonuniform distribution of elastic-plastic deformations in the volume and
unloading of the sheet material and phase transformation during cooling, and performed experimental
verification of the model under industrial conditions [29]. Abvabi presented an inverse routine to
predict residual stress in sheet material and collected data in a free bending test using the measurement
of residual stress by X-ray diffraction to determine residual stress distribution in sheet material [30].

For combinations of numerical methods and experimental methods, Liu et al. carried out
three-point cold bending experiments and tension tests on a thick steel plate, performing a numerical
simulation with the finite element solver to replicate the experimentally determined residual stresses
and strains [31]. Mehner and Milenin investigated the residual stress evolution of cold-rolled
and hot-rolled steel sheets respectively by means of finite-element analysis simulations and X-ray
diffraction [32,33]. LI et al. studied the numerical simulation of the tension levelling process of thin
strip steel with the aid of finite element software, analysed the influence of the roll intermeshes in
the anti-cambering on the distribution and magnitude of residual stresses in levelled strip steel, and
carried out several experiments with the tension leveller based on the results from the simulation [34].
Tran et al. investigated the experimental and numerical modelling of flatness defects in strip cold rolling,
proposed an experimental setup to analyse the interaction between residual stress and buckling for
wavy edge flatness defects, and used finite element simulation for test validation [35,36]. Grüber et al.
used a numerical model of a seven-roll leveller to determine roll positions resulting in a flat sheet and
a defined residual stress distribution, measured the residual stresses across the sheet thickness after
levelling using diffraction analysis [9,10].

In combinations of analytical methods, numerical methods, and experimental methods, the
curvature integration method is a particularly noteworthy method. Liu et al. developed a mechanics
model for predicting the levelling process of plates based on the curvature integration method and
evaluated the residual stress using a global nonlinear unconstrained optimization method [8]. Cui et al.
introduced the curvature integration by elastic-plastic differences to analyse the effect of bending on
the levelling results and studied the plastic deformation ratio, residual stress, residual curvature, and
levelling force for different levelling strategies to find an effectual strategy [37–39].

In multi-roll levelling, each elastoplastic bending deformation of the sheet will cause a change
in the residual stress distribution, which in turn changes the curvature of the sheet and then affects
the distribution of residual stress again. Therefore, the evolution of the residual stress of the sheet in
multi-roll levelling is a multi-factor coupled process, which is particularly closely related to the bending
curvature. However, there are few studies on the curvature coupling between bendings. In addition,
improper parameter settings in multi-roll levelling of the sheet not only do not reduce the residual
stress but also cause new residual stress. The previous research is mainly focused on eliminating the
initial residual stress of the sheet and the new residual stress caused by the plastic deformation during
the levelling process has not received enough attention. Some studies analyse the initial residual stress
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evaluation of the sheet in multi-roll levelling, but the systematic calculation method of the residual
stress after levelling is not proposed, and the key factors affecting the residual stress are not discussed.

Based on the coupled curvature integral model, this article analyses the evolution of the residual
stress in multi-roll levelling, proposes the evaluation criteria and calculation model of the residual
stress, discusses the key levelling parameters affecting the residual stress, and provides support for the
design of the multi-roll levellers as well as the adjustment of the process parameters.

2. Residual Stress in Multi-Roll Levelling

During the multi-roll straightening process, the sheet metal is bent by the upper and lower
work rolls, resulting in multiple alternating elastoplastic bending deformations, as shown in Figure 1.
Considering the bending radius is much larger than the thickness of the sheet, the modelling of the
levelling process is based on simple bending theory [14], thus, some basic assumptions are applied:
(1) The cross sections remain on a plane and only rotate along the intersection lines with neutral layer
during bending; (2) the strain neutral layer and stress neutral layer always coincide with the geometric
centre layer of the sheet section during deformation; and (3) the stress state of any mass point on the
cross section is uniaxial stretching or compression.

Based on the above assumptions, the bending process gives rise to a symmetric strain distribution
along the sheet thickness [25]. If the bending radius is ρ and the curvature is A, the strain of the fibre
with a distance z from the neural layer can be expressed as,

εz = (ρ+ z)A− ρA = zA (1)

If the strain of the surface fibre reaches elastic limit εe, the current curvature At is called the elastic
limit curvature:

At =
2εe

H
(2)

The elastic limit stress σe and yield limit stress σs of typical elastoplastic materials are very close,
thus εe = σe/E = σs/E, E is the Young’s elastic modulus. When the bending curvature exceeds At, the
outer material will be plastically deformed. Ht denotes the distance from the elastic-plastic demarcation
point to the neutral layer at which the strain reaches εe. Then, the elastic region is between 0 and Ht,
and the plastic region is between Ht and H/2. The elastoplastic deformations occur only in the area
before the sheet metal contacts the roller. Ai represents the curvature of each bending at the contact
point between the metal sheet and roller.

Applying a certain degree of plastic deformation is considered an effective method to reduce
residual stress [40]. The mechanism of this phenomenon is that the grain sliding during the plastic
deformation can alleviate the misfits between different regions or between different phases within the
material, resulting in stress relaxation [41,42]. Experimental studies have also shown that when the
material strain reaches the yield limit, the residual stress is significantly reduced [43,44]. Based on
these results, in our model, the residual stress in the plastic deformation region before each bending
is considered to be eliminated by the following bending. Correspondingly, the residual stress in the
elastic region remains unchanged.

For each bending, the next bending is a reverse one, therefore, from the contact point with roller
i to the contact point with roller i + 1 the sheet curvature will have a continuous change from Ai to
zero and from zero to Ai+1, during which both the plastic and elastic regions will have a springback
process. If the material at the different layers springback freely, the material in elastic region returns to
the initial position, and the material in plastic region returns to the position by a certain springback εe.
However, the deformation of the material must meet the deformation coordination condition to keep
the cross sections on a plane, which means the two regions interact with each other in the springback.
The permanent plastic deformation will hold the elastic region, prevent it from full springback, and the
rebounding stress of elastic region will also force the plastic region to cause excessive springback [45].
Such interaction leads to new internal stresses, that is, rolling residual stress. The final residual stress
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after levelling is the superposition of initial residual stress and the rolling residual stress. Although the
distribution of initial residual stress is uneven and irregular along the thickness of the sheet metal, it
will be substantially eliminated in the first bending and most of the residual stress after levelling is due
to the rolling process. The rolling residual stress symmetrically distributed along the thickness can be
modelled and evaluated by analysing the deformation rule of the multi-roll levelling process [8,14].

As mentioned above, the key factor that affects the elastoplastic deformation is the curvature
Ai. Based on previous experiments and simulation studies, during the alternative bending process
in which the curvature Ai is gradually reduced, the residual stress is also gradually reduced and
homogenised [8,46].

The calculation of Ai is based on the coupled curvature integral model. This model is composed by
a geometric model and a bending moment curvature model, where the former describes the relationship
between the intermesh and the curvature, while the latter expresses the relationship between the
bending moment and the curvature. The modification of this model is to consider the influence of the
residual curvature of the previous bending on the subsequent bending, which improves the accuracy
of the model. The construction and solution of the model is not the focus of this study and will be
described separately.
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Figure 1. Variation of the residual stress in multi-roll levelling.

3. Evaluation Criteria for Residual Stress

To examine the residual stress comprehensively from a macroscopic perspective, it is necessary
to establish an evaluation criterion for residual stress. The distribution of residual stress along the
thickness is shown in Figure 2. The initial residual stress before levelling is uncertain because it
depends on the initial condition of the sheet. However it has no influence on the generation of rolling
residual stress and will be substantially eliminated in the first bending whether it is compressive or
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tensile. Thus, the uncertainty of the initial residual stress has little effect on the evaluation of residual
stress. The distribution of the residual stress after levelling typically consists of line segments and
each of them corresponds to a reverse bending of the sheet performed by a work roll. Each part of the
residual stress can be compressive or tensile, but we only consider the magnitude of the value. In this
article, the absolute mean value |σr| of the residual stress is used as the evaluation criterion to describe
the overall characteristics of the residual stress of the sheet. In Figure 2, the coordinates of a point T on
the lines of the residual stress are (σr(h), h) and |σr| is calculated by the following integral:

|σr| =
1
H

∫ H/2

−H/2

∣∣∣σr(h)
∣∣∣dh (3)
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4. Evolution of the Residual Stress in Multi-Roll Levelling

The sheet is typically bent many times in multi-roll levelling. Most of the bendings cause
elastoplastic deformation, which further causes the redistribution of residual stress. Therefore, the
distribution of residual stress is dynamically evolved.

Since no tension acts on the sheet in multi-roll levelling, the neutral layer of the sheet remains at
the centre of the thickness in the elastoplastic deformation of the repeated bending. In addition, the
distribution of the initial residual stress in the sheet is very close to the anti-symmetry in the thickness
direction after elastoplastic bending, so a half-thickness sheet is taken as the analysis object.

The evolution of residual stress includes two main stages, i.e., the stage of the first bending and
the stage from the second to the last bending, and the residual stress evolution of each bending in the
latter is similar.

4.1. Evolution of the Residual Stress in the First Bending

There are two cases of the residual stress evolution in the first bending depending on whether the
sheet contains initial residual stress. The case of no initial residual stress is shown in Figure 3a, where a
half-thickness sheet is used as an analysis object, the abscissa indicates strain, and the ordinate indicates
thickness. OA0

c represents the strain distribution corresponding to the initial residual curvature of the
sheet and OAN+1 represents the strain distribution corresponding to the curvature of the first valid
bending. The first valid bending refers to the bending that causes the maximum strain of the sheet
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with the initial curvature. Only the first and subsequent bendings are significant for the evolution
of the residual stress because the effect of the previous bending on the sheet will be eliminated as an
initial residual stress. The first bending in this article refers to the first valid bending and N is the
number of instances of bending before the first valid bending.

H1
t is defined as the thickness of the elastic region of the sheet corresponding to the first bending

then, the elastic region is between 0 and H1
t , and the plastic region is between H1

t and H/2. If the sheet is
bent to the position OAN+1 and then the external force is removed, a free springback will be presented.
If the interaction between the two regions in the springback is not taken into account, the elastic region
OB returns to the initial position OO1 by a full springback, and the plastic region BAN+1 returns to the

position O1A(N+1)′
c by a certain springback. εe. εe is the elastic strain limit, that is, the strain when

the sheet is bent from the free state to the critical position of the elastic region and the plastic region.

The lines that indicate the free position of the sheet under stress-free conditions similar to OO1A(N+1)′
c

are defined herein as the initial line. However, because the two regions interact with each other in
the springback, the actual springback position of the sheet that satisfies the deformation coordination

condition is located at line OAN+1
c instead of OO1A(N+1)′

c . The inconsistency between the unstressed

free position OO1A(N+1)′
c and the actual position OAN+1

c forms an internal stress region, including a

compressive stress region OO1P1 and a tensile stress region P1AN+1
c A(N+1)′

c . The numbers above the
lines OA0

c , OAN+1, and OAN+1
c indicate the order of bending and springback of the sheet.
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Figure 3. Evolution of residual stress in the first bending. (a) A sheet without initial residual stress and
(b) a sheet with initial residual stress.

According to the above-mentioned analysis, a sheet without initial residual stress exhibits internal
stress caused after the first bending. Therefore, the internal stress of the sheet due to the roll levelling
is defined as the rolling residual stress to distinguish it from the initial residual stress.

The springback of the sheet with initial residual stress is similar to that without residual stress,
as shown in Figure 3b. Y1 represents the initial residual stress of the sheet, including two regions,
OCD and DEA0

c , which are tensile stress and compressive stress, respectively. If the sheet is bent from
the initial position OA0

c to position OAN+1 and then the external force is removed, the elastic region
OG returns to the initial position OO1 with a free springback, the plastic section GAN+1 returns to the

position O1A(N+1)′
c with a springback εe, and finally the sheet returns to the position OAN+1

c due to
the deformation coordination, accompanied by a certain residual stress. Y2 represents the residual

stress after the first bending, including three triangular regions, where OO1P1 and P1AN+1
c A(N+1)′

c are
residual stresses caused by roll levelling and OO1B is the internal stress left by the initial residual stress.
During the bending process, OO1B is always in the elastic region and remains unchanged in the initial
state due to no plastic deformation, while O1BCD and DEA0

c in the plastic region all disappear and are
replaced by the residual stress caused by roll levelling.

According to the two cases of the first bending described above, the following results are obtained.
In the plastic region, there are only rolling residual stresses in both cases and the stress distributions



Appl. Sci. 2019, 9, 4975 8 of 15

are the same. In the elastic region, the distributions of the rolling residual stress are the same in both
cases, but if there is an initial residual stress, the part in the elastic region of it cannot be eliminated (the
residual stress corresponding to the region OO1B in Figure 3b), which is also the only trace of initial
residual stress left after levelling.

Therefore, the characteristics of the first bending in multi-roll levelling are as follows. First, the
roll levelling will cause some residual stresses. Second, the initial residual stress in the elastic region
remains unchanged, while the initial residual stress in the plastic region is completely eliminated.
Thus, if the plastic deformation region of the first bending is large enough, most of the initial residual
stress will be eliminated. However, large plastic deformation causes large rolling residual stress and
eventually the total residual stress cannot be effectively reduced.

4.2. Evolution of Residual Stress in Multiple Bendings

The evolution of residual stress in each bending after the first bending is similar and the second
bending is analysed first. Figure 4 demonstrates the evolution process of residual stress for the second
bending on the basis of the first bending, shown in Figure 3b, with the same initial residual stress.
The second bending starts from the springback position OAN+1

c after the first bending to the position
OAN+2 and ends with a springback, which also includes the elastic region and plastic region. The elastic
region is between 0 and H2

t , and the plastic region is between H2
t and H/2. Due to the gradual decrease

of the intermeshing of the of the work rolls in multi-roll levelling, the bending curvature is gradually
decreased, and the elastic region is gradually increased, that is, H1

t < H2
t .

In the second springback, the elastic region OB returns to the initial position OO1O2 after the

first springback and the plastic region BAN+2 returns to O2A(N+2)′
c by a springback εe. Thus, after the

second springback, the initial line for free position is OO1O2A(N+2)′
c , and the final springback position

is OAN+2
c due to the deformation coordination also. The residual stress at this time is three triangular

regions surrounded by OO1O2A(N+2)′
c and OAN+2

c , wherein the triangles OO1P1 and P2A(N+2)′
c AN+2

c
represent tensile stress and P1P2O represents compressive stress.
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In Figure 4, the rolling residual stress after the first bending corresponds to the triangles OO1C

and CAN+1
c A(N+1)′

c , and the rolling residual stress after the second reverse bending corresponds to

the triangles OO1P1, P1P2O, and P2A(N+2)′
c AN+2

c . Since the absolute mean value |σr| of the residual
stress is proportional to the area of the shadow in the figure, the rolling residual stress after the second
bending is found to be smaller than after the first bending by comparing the areas of the triangles.
The main concern of the second bending process is the rolling residual stress caused by multi-roll
levelling. As for the initial residual stress, the portion distributed in the plastic region has been
eliminated in the first bending, and the portion distributed in the elastic region cannot be changed in
the second and subsequent bendings. Therefore, the first bending is the only chance to eliminate the
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initial residual stress and the subsequent bendings can only reduce the rolling residual stress caused
by the first bending.

The third bending is similar to the second one. The thickness of the elastic region increases again,

from H2
t to H3

t . At this time, the initial line is OO1O2O3A(N+3)′
c , and the corresponding distribution of

residual stress becomes a region surrounded by OO1O2O3A(N+3)′
c and OAN+3

c . For the i-th bending,

the distribution of residual stress is the region surrounded by OO1 · · ·OiA
(N+i)′
c and OAN+i

c .
Figure 5 demonstrates the evolution of residual stress in the multi-roll levelling of a sheet. After the

first bending, the initial residual stress in the elastic region is maintained, the initial residual stress in
the plastic region is eliminated, and a new rolling residual stress is caused. The second and subsequent
bendings gradually reduce the rolling residual stress but have no effect on the remaining initial residual
stress in the elastic region.
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5. Modelling and Calculation of Residual Stress

The total residual stress of the sheet after levelling consists of two parts: One is the rolling residual
stress caused by multi-roll levelling, which is distributed over the entire thickness direction of the sheet
and the other is the remaining part of the initial residual stress, which is only distributed in the elastic
region of the first valid bending.

The calculation model of the rolling residual stress is shown in Figure 6. According to the evolution
rule of the residual stress of the sheet in multi-roll levelling, the distribution of the final rolling residual

stress after the m-th valid bending is the region surrounded by OO1 · · ·OmA(N+m)′

c and OAN+m
c . For the

convenience of calculation, the abscissa and the ordinate are divided by εe and H/2, respectively, with
the coordinate interchanging. The residual stress distribution after coordinate interchange is shown in

Figure 6, where OO1 · · ·OmOm+1 (which should be OO1 · · ·OmA(N+m)′

c according to the naming rules in

Figure 4, and Om+1 is an alias of A(N+m)′

c for modelling uniformity) represents the initial position and
OPm+1 (which should be OAN+m

c and Pm+1 is an alias of AN+m
c ) represents the actual stress distribution

after the last bending and springback. The sheet after levelling is nearly flat, so the strain at point Pm+1

is close to zero. If the sheet is completely flat, Pm+1 is on the abscissa axis. Since the plate thickness has
been normalised, the absolute mean value |σr| of the residual stress is the product of the shaded area in
Figure 6 and the stress yield limit σs, that is:

|σr| =
1
H

∫ H/2

−H/2

∣∣∣σr(h)
∣∣∣dh = σs

m+1∑
i=0

fi (4)

where fi is the area of the region with residual stress distribution between the i-th turning point Oi
and the i+1-th turning point Oi+1, which is determined by the line OPm+1, and the turning points Oi.
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The residual curvature after levelling is calculated by the bending moment curvature model, so OPm+1

is determined, but the coordinates of Oi need to be further calculated.
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According to Figure 4, the line equation of the strain line corresponding to the curvature of the
i-th valid bending in Figure 6 is:

y = kN+ix (5)

where,

kN+i =
AN+1

At
(6)

The line OiA
(N+i)′
c (i.e., OiOi+1) is obtained by translating the line OAN+i in the y direction with

distance 1, and the equation is:
y = kN+ix + (−1)N+i+1 (7)

When i ≥ 2, Oi is the intersection of line OiA
(N+i)′
c and line Oi+1A(N+i+1)′

c , and Equation (8) is
obtained according to Equation (7):  y = kN+ix + (−1)N+i+1

y = kN+i+1x + (−1)N+i (8)

The solution to Equation (8) is the coordinate (xi, yi) of Oi, which is solved as follows: xi = (−1)N+i+1 2
kN+i+1−kN+i

yi = (−1)N+i+1 kN+i+1+kN+i
kN+i+1−kN+i

(9)

When i = 1, O1 is on the line OA0
c and at the abscissa position of O1, the difference between line

OA0
c and line OAN+1 is exactly 1. Then,{

y1 = k0x1

y1 + (−1)N+1 = k1x1
(10)

The equation for line OPm+1 is y = knx and Qi is the foot of Oi to line OPm+1. The coordinate(
xq

i , yq
i

)
of point Qi is:  xq

i =
kn yi+xi

k2
n+1

yq
i =

k2
n yi+knxi

k2
n+1

(11)
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When point Oi and point Oi+1 are on opposite sides of line OPm+1, Pi is the intersection of line
OiOi+1 and line OPm+1, and its coordinate

(
xp

i , yp
i

)
is: xp

i = (−1)N+i+1 1
kn−kN+i

yp
i = (−1)N+i+1 kn

kn−kN+i

(12)

Equation (9) to (12) determine the calculation methods for points O through Om+1, Q1 through
Qm+1, and P1 through Pm+1. All of the slopes k0, k1, . . ., kn are solved by calculating the ratio of the
curvature at the contact point of each roll to the elastic curvature limit via the coupled curvature
integral model. After the coordinates of these points are determined, the area fi of each part can be
solved. When Oi and Oi+1 are on the same side and opposite sides of the line OPm+1, fi is a trapezoidal
region and two triangular regions, respectively. The method for determining the position of point Oi
and point Oi+1 is that the coordinates of the two points are substituted into the equation of line OPm+1

and their product is calculated by Equation (13):

g = (yi+1 − knxi+1)(yi − knxi) (13)

They are on the same side if g > 0 and on opposite sides if g < 0. According to Figure 6, fi is
calculated by Equation (14):

f0 = 1
2 |OQ1| · |O1Q1| fi = 1

2

(
|OiQi|+

∣∣∣Oi+1Qi+1
∣∣∣) · ∣∣∣QiQi+1

∣∣∣ (g > 0)
fi = 1

2 |OiQi| · |QiPi|+
1
2

∣∣∣Oi+1Qi+1
∣∣∣ · ∣∣∣PiQi+1

∣∣∣ (g < 0)
(1 ≤ i ≤ m)

fm+1 = 1
2

∣∣∣Om+1Qm+1
∣∣∣ · ∣∣∣Qm+1Pm+1

∣∣∣
(14)

The initial residual stress remains only in the elastic region of the first valid bending, which
shifts the point O1 to O1

′ or O1
′′ , as shown in Figure 6, thereby changing the total residual stress after

levelling. The calculation method is to superimpose the remaining initial residual stress and the rolling
residual stress in the region OO1Q after the rolling residual stress is determined and then correct to f0.

6. Influence of the Intermesh of Work Rolls on Residual Stress

The residual stress is closely related to the elastoplastic deformation of the sheet, in which the
plastic deformation controlled by the intermesh of the work rolls plays a decisive role. The multi-roll
levelling parameters discussed in this article are listed in Table 1.

Table 1. Multi-roll levelling parameters.

Parameter Value

Number of work rolls 11
Diameter of work rolls (mm) 280

Distance between work rolls (mm) 300
Yield stress (MPa) 127.6

Elastic Modulus (GPa) 115.9
Thickness of the sheet (mm) 20

Width of the sheet (mm) 3000
Absolute mean value of initial residual stress (MPa) 40

During the multi-roll levelling process of the sheet, the plastic deformation caused by the work
rolls at the entry of the leveller is large due to the large intermesh, plastic deformation caused by the
work rolls at the exit is small due to the small intermesh, and even the deformation is elastic. Therefore,
the intermesh of the work rolls at the entry is adjusted to control the plastic deformation and to make
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the residual stress as small as possible. Additionally, the intermesh of the work rolls at the exit is
adjusted to make the residual curvature close to zero.

The plastic deformation is typically the largest caused by the second or third work roll at the entry
and then gradually decreases. The influence of the intermesh of the work rolls at the entry on the
maximum plastic deformation ratio (the ratio of the thickness of the plastic deformation zone to the
total thickness of the sheet metal) based on the coupled curvature integral model is shown in Figure 7.
As the intermesh of the work rolls at the entry increases, the maximum plastic deformation ratio of
the sheet increases, which makes the elimination of the initial residual stress more sufficient, but the
rolling residual stress increases accordingly.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 12 of 16 

6. Influence of the Intermesh of Work Rolls on Residual Stress 

The residual stress is closely related to the elastoplastic deformation of the sheet, in which the 
plastic deformation controlled by the intermesh of the work rolls plays a decisive role. The multi-roll 
levelling parameters discussed in this article are listed in Table 1. 

Table 1. Multi-roll levelling parameters. 

Parameter Value 
Number of work rolls 11 

Diameter of work rolls (mm) 280 
Distance between work rolls (mm) 300 

Yield stress (MPa) 127.6 
Elastic Modulus (GPa) 115.9 

Thickness of the sheet (mm) 20 
Width of the sheet (mm) 3000 

Absolute mean value of initial residual stress (MPa) 40 

During the multi-roll levelling process of the sheet, the plastic deformation caused by the work 
rolls at the entry of the leveller is large due to the large intermesh, plastic deformation caused by the 
work rolls at the exit is small due to the small intermesh, and even the deformation is elastic. 
Therefore, the intermesh of the work rolls at the entry is adjusted to control the plastic deformation 
and to make the residual stress as small as possible. Additionally, the intermesh of the work rolls at 
the exit is adjusted to make the residual curvature close to zero. 

The plastic deformation is typically the largest caused by the second or third work roll at the 
entry and then gradually decreases. The influence of the intermesh of the work rolls at the entry on 
the maximum plastic deformation ratio (the ratio of the thickness of the plastic deformation zone to 
the total thickness of the sheet metal) based on the coupled curvature integral model is shown in 
Figure 7. As the intermesh of the work rolls at the entry increases, the maximum plastic deformation 
ratio of the sheet increases, which makes the elimination of the initial residual stress more sufficient, 
but the rolling residual stress increases accordingly. 

 
Figure 7. Influence of the intermesh of the work rolls at the entry on the maximum plastic deformation 
ratio. 

The variation of the residual stress calculated by the model described in Section 4 with the 
intermesh of the work rolls at the entry in the levelling is shown in Figure 8, where the total residual 
stress is the sum of the rolling residual stress and the remaining initial residual stress. Figure 8 shows 
that, as the intermesh of the work rolls at the entry increases, the rolling residual stress increases due 
to the large plastic deformation, but the remaining initial residual stress decreases. The result is a 
reduction in total residual stress after levelling, with the absolute mean value decreasing from 40 
MPa before levelling to 18.5 MPa. 

Figure 7. Influence of the intermesh of the work rolls at the entry on the maximum plastic
deformation ratio.

The variation of the residual stress calculated by the model described in Section 4 with the
intermesh of the work rolls at the entry in the levelling is shown in Figure 8, where the total residual
stress is the sum of the rolling residual stress and the remaining initial residual stress. Figure 8 shows
that, as the intermesh of the work rolls at the entry increases, the rolling residual stress increases due
to the large plastic deformation, but the remaining initial residual stress decreases. The result is a
reduction in total residual stress after levelling, with the absolute mean value decreasing from 40 MPa
before levelling to 18.5 MPa.Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 16 
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7. Discussions

The results show that the multi-roll levelling could reduce or eliminate the initial residual stress
and also cause new rolling residual stresses. The portion of the initial residual stress in the elastic
region was not changed and the portion in the plastic region was completely eliminated. The large
plastic deformation caused by the large intermesh of the work rolls at the entry was beneficial to the
complete elimination of the initial residual stress, but the rolling residual stress increased at the same
time. Therefore, if the main purpose of the multi-roll levelling is to eliminate the initial residual stress
of the sheet, the intermesh of the work rolls at the entry should be appropriately increased, and if the
main purpose is to eliminate the longitudinal bow of the sheet, the intermesh should be appropriately
reduced to avoid excessive residual curvature sensitivity.

Besides, the proposed method reveals the evolution mechanism of the residual stress in multi-roll
levelling. If combined with the data acquired from different smart sensors, it may help to achieve
real-time adjustment of levelling parameters aimed at minimising residual stress. This is one of
the steps to fulfilling the intelligent control of the multi-roll levelling lines, which is also a typical
application of Industry 4.0 and Intelligent Manufacturing.

The limitation of this method is that the sheet should be an isotropic single plastic material. If it
involves allotropic or multiphase materials, the material properties may vary along the thickness of
the sheet and stratified cumulative calculation may be needed to solve this problem, in addition, the
situation is more complicated if the material is anisotropy, which still needs to be investigated.

8. Conclusions

Accurate analysis of the residual stress evolution in multi-roll levelling of a sheet metal plays an
important role in the design of the levellers and the adjustment of the process parameters. Therefore,
an analysis method of the residual stress evolution based on the curvature coupling was studied
in this article. The absolute mean value of the residual stress in the thickness direction of the sheet
was established as the evaluation criterion for the residual stress after levelling. The evolution of
residual stress during the first and subsequent multiple bendings of the sheet in multi-roll levelling
was analysed. On this basis, the calculation model of the residual stress of the sheet after levelling
was established and the influence of the intermesh of the work rolls and the plastic deformation of the
sheet on the residual stress was studied.
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