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Abstract During a hot rolling process, surface defects on
strips can severely affect the quality of the rolled product,
particularly for two conditions: (1) there are initial defects
on continuous casting slabs that propagate and/or are
inherited from those on the surface of rolled steels from
upstream rolling processes; and (2) there are no initial
defects on continuous casting slabs, and they consequently
appear on the surface of rolled steels due to improper rolling
technologies. In this paper, the authors present a new 3D
finite element model coupled with constrained node failure
to understand better the initiation and growth of surface
defects on strips during the hot rolling process for case 2.
The strip deformation processes were simulated for various
rolling reduction ratios and friction coefficients between the
roll and the strip. The occurrence of surface defects on strips
was modeled under some rolling conditions. The plastic
strain distribution in strips and the rolling forces were
obtained. The risk of occurrence of surface defects on strips
increases as the friction between the roll and strip increases
for the same reduction ratio.

Keywords Surface defect . Hot rolling . Finite element
method . Constrained node failure . Strip

1 Introduction

Surface defects of hot rolled steels are potentially serious
problems during the rolling process because they might cause
mill stoppage and rejection of the rolled materials. With more
stringent requirement from customers and worker competi-
tion, surface defects have been paid more and more attention.
However, there are many influencing factors that might result
in surface defects on rolled steels in the following processes
[1, 2]. The surface defects might occur for different reasons,
but they can be divided into two categories: (1) there are initial
defects on continuous casting slabs which propagate and/or
are inherited from defects generated by upstream rolling pro-
cesses [3] and (2) they are caused by improper rolling tech-
nologies and/or foreign bodies were rolled in the strip–roll
interface. For case 1, we have many methods to avoid, such as
cutting the slab edge and cleaning the slab surface, as shown
in Fig. 1. And, some defects might be eliminated through a
rolling process. However, for case 2, it will be difficult to
avoid. Surface defects have often been found on multiphase
steels [4, 5] and high silicon steels [6] whose slabs are of good
surface quality before the rolling process.

The finite element method (FEM) has been widely used to
analyze evolution of defects in strips during the rolling process
[7]. Awais [8] and Son et al. [9] employed the 2D FEM and
processing map to analyze the closure and growth of surface
cracks on bars in the rolling process. Ervasti et al. [10, 11]
simulated the closure and growth of longitudinal and trans-
versal cracks in flat rolling process under a variety of crack
sizes, roll radii, and friction coefficients. The authors [12, 13]
have also simulated the behavior of transversal and longitudi-
nal cracks on the slab surface during the vertical–horizontal
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rolling process, and the contact pressure on the cracked sur-
faces was used to analyze the evolution of cracks. Deng et al.
[14] simulated the closure behavior of inside cracks during a
heavy plate rolling process by FEM, and they found that the
minimum pass reduction needed for rectangular crack closing
was about 13.9 %. Tang et al. [15] used the FEM to simulate
the crack propagation in oxide scale under hot rolling con-
ditions for different profile parameters of the oxide scale layer.
Simulation results indicated that the larger was the initial
profile surface roughness, the larger the crack width remaining
after rolling. Yukawa et al. [16, 17] analyzed the deformation
of the micro-cracks and the foreign bodies pressing in the
rolling process by a 2D rigid-plastic FE code. In this case,
the researches on the evolution of surface cracks by 2D
thermo-mechanical FEM were carried out. Ghosh et al. [18]
predicted the occurrence of edge cracks of aluminum alloys
during cold rolling by taking the effective stress, equivalent
plastic strain, and void volume fraction as a damage parame-
ter. Xie et al. [19, 20] studied the edge crack propagation
during cold rolling of a thin strip using FEM, and the optimum
condition to eliminate defects was discussed. They also ana-
lyzed the influence of friction conditions on the evolution of
edge cracks.

In the above literatures, the researchers generally assumed
that the defects appeared on the strips before rolling and the
meshing around defects were refined, and then investigated
their evolution behavior during the rolling process. These
works mainly have provided recommendations regarding re-
moval of surface defects in continuous casting slabs (case 1
above) by analyzing which conditions the small defects will
not propagate and/or eliminate. The authors [21] discussed
three kinds of mechanisms for elimination of surface cracks
during the rolling process. However, it is important to know
what conditions the surface defects might appear on strips
caused by rolling processes, so we can adjust the rolling
technologies to avoid them, which will be valuable for dealing
with the surface defects for case 2. 3D FE simulations have
been carried out to understand better the crack initiation and
growth at the edge of a silicon steel sheet during cold rolling
process by Na and Lee [6], which is attributed to elastic
deformation of work roll. The strain-controlled failure model
was coupled with finite element method, and a series of FE

simulations were carried out while three different roll bending
modes were considered. In their models, the elements in the
regions where the edge defects might appear should be refined
to a certain small size because the failure elements were
deleted. The typical failure behavior is caused by increasing
the load with a non-uniform strain distribution. If the critical
strain is exceeded, the structures will fracture. The strain
failure model is widely used in plate, sheet material failure
[6, 22–24]. The critical strains for different steel strip speci-
mens could be obtained by uniaxial loading, etc.

In this paper, the authors present a new type of finite
element model using constrained node failure method to
simulate the occurrence of surface defects on strips during
rolling. Finally, we focus on the influence of friction be-
tween the roll and strip on the surface quality of rolled steel
for various reduction ratios. The calculated rolling forces by
the method were in good agreement with that obtained by
traditional FEM.

2 Theories and FE model

2.1 Surface defects on rolled strips

There are many surface defects that might appear on rolled
strips, such as map/star/pattern cracks, transversal/longitu-
dinal cracks, edge cracks, edge black defects, and scale

(a) Cutting slab edge (b) Cleaning slab surface

Fig. 1 Methods for preventing
defect propagation. (a)
Cutting slab edge, (b)
cleaning slab surface

Map cracks

Edge cracks

Macro cracks

Black defects

Rolling direction

Roll

Strip

Fig. 2 Surface defects in strips after the rolling process
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marks. Figure 2 shows the illustration of four typical surface
defects on a strip during rolling process. The map cracks
often appear on the full surface of the strip, which might be
caused by the structure stress on the strip surface in the
flame scarfing process and/or overheating in local regions
by a non-uniform heating in the reheat furnace. The edge
cracks might appear during the rolling process because the
stress strength at the strip edge is greater than the maximum
tensile stress of the materials. The macro cracks contain
transversal and longitudinal cracks. Their origin is similar
to that of edge cracks which might result in strip breakage
during rolling. The black defects present themselves as
continuous small defects near the edge, which might be
caused by the non-uniform temperature near the strip edge
during the rolling process and/or the movement of the strip
edge side surface to the strip up/down surfaces during
roughing. The above four kinds of surface defects on strips
might occur in the rolling processes where there are no
initial defects on the continuous casting slabs. They might

all be caused by the non-uniform deformation in local
regions during a rolling process that results in the excessive
stress concentration in local regions well above the maxi-
mum tensile strength of the materials. Thus, the FE models
presented here to simulate the occurrence of the above
surface defects during a rolling process should not contain
any initial defects.

Owing to the spread behavior of strips during hot rolling,
the strain and stress distributions are non-uniform along
strip width and rolling directions. The defects will appear
at the location where the strain is larger than the critical
value. Na and Lee [6] employed the FE models by element

 (a) Method by element kill(Before deformation (a1); after deformation(a2)) 

(b) Method by elements constrains failure(before deformation (b1); after deformation(b2)) 

Initiation of defects

Initiation of defects

a1 a2

b1 b2

Fig. 3 Illustration of
occurrence of defects by
using FEM. a Method by
element kill (before
deformation, a1; after
deformation, a2). b Method
by element constrain failure
(before deformation, b1;
after deformation, b2)

Table 1 Coefficient of parameters in Eq. (1)

Coefficient A B C D F

Value 1,715.706 0.17311 0.16952 0.05515 −0.267881

Strip

Roll

Fig. 4 Geometrical and FE meshing of the strip rolling process
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kill method to simulate the occurrence of edge cracks during
the cold rolling process. An illustration of the element kill
method is shown in Fig. 3a. When the plastic strain of an
element reaches the critical failure value, the element will be
killed and not calculated in the following steps. The method
requires refining the elements to a certain small size, which
is suitable to simulate certain defects, such as edge defects
where the elements near the strip edge could be refined. If it
is employed to predict the occurrence of defects at an
unknown position, it will require a prohibitive huge number
of elements. Figure 3b shows the method by constrained
node failure for simulating the occurrence of defects. In the
models, every element is established by their eight nodes,
and there is a very small space between the adjacent ele-
ments; the adjacent nodes are constrained with critical fail-
ure strain, and the defects will occur if the calculated value
is larger than it. Compared with the method by element kill,
the method by constrained node failure does not need a large

Strip width direction

Rolling direction

(a)

(b) (c) (d)

Rolling direction

DefectDefectDefect

Strip head

Strip tail

Strip middle zone

(e)

Fig. 5 Surface defects occur
on the strip after rolling with
reduction ratio, 45 %; critical
failure strain, 1.4; and friction
coefficient, 0.35
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Fig. 6 Equivalent plastic strain along strip width direction when the
reduction ratio is 25 %
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number of elements although it needs to define a series of
constrain for every group of adjacent nodes.

2.2 Parameters and models

In this paper, the method by constrained node failure is
employed to simulate the occurrence of surface defects on
strips during the rolling process. The roll diameter is
825 mm, and the strip profile sizes before rolling are
1,250 mm width×40 mm thickness [25]. The roll is consid-
ered as rigid. The isotropic plasticity material model is
employed for the strips. Four reduction ratios, 25, 35, 45,
and 55 %, were analyzed. In the simulation, the critical
plastic strain at failure is employed to judge failure. During
this simulation, the yield stresses of strips were computed by
Eq. (1).

σ0 ¼ A"B �"CTþDeFT ð1Þ
where ɛ is true strain; _" is true strain rate; T is the deforma-
tion temperature which is assumed to be 1,100 °C; and A, B,
C, D, and F are material constants as listed in Table 1.

Taking consideration of symmetry, a quarter of rolling
model was employed in the FE models. The strip was
established by eight-noded hexahedral elements which were
independent of each other. The adjacent nodes were con-
strained. The roll was meshed by eight-noded hexahedral
elements by traditional meshing method. There were
518,800 nodes and 108,392 elements in the strip and roll.
The geometry model and FE meshing of the rolling process
is shown in Fig. 4. There are three types of relationships
between adjacent nodes. (1) The nodes in the edges of the
strip (12 lines), two adjacent nodes, are set up as groups
considering plastic strain failure. (2) The nodes in the outer
surface of the strip (six surfaces), four adjacent nodes, are
set up as groups considering plastic strain failure. (3) The
nodes in the inner body of the strip, eight adjacent nodes, are
set up as groups considering plastic strain failure. During the
rolling process, the strip enters the roll gap with an initial
velocity of 0.8 m/s, and the velocity of the roll surface is
0.85 m/s. The Coulomb friction model was employed to
decide the friction behavior between the strip and the roll.
Four friction coefficients (f, in the figures as follows), 0.25,
0.35, 0.4, and 0.45, were used.
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Fig. 7 Equivalent plastic strain along the strip width direction under various friction coefficients for the reduction ratios 25 % (a), 35 % (b), 45 %
(c), and 55 % (d)
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3 Results and discussion

Figure 5 shows that surface defects occur on a strip after
rolling when the reduction ratio is 45 %, critical failure strain
1.4, and friction coefficient 0.35. Figure 5 (a) shows the whole
strip after the rolling process. Under the rolling conditions, the
surface defects mainly occur at one-eighth width from the strip

edge. Figure 5 (b–e) shows the occurrence and evolution of a
defect in the rolling deformation zone. In Fig. 5 (b), the
element H52056 passes through the forward zone without
defects. With further rolling deformation, the element
H52056 and its two neighbor elements fail first, and a small
defect firstly appears, and then it gradually propagates. Mean-
while, the concentration stress in this zone disappears with the
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Fig. 8 Change of the strain of element at one-fourth strip width in the strip middle zone in the rolling deformation zone for the reduction ratio 25 %
(a), 35 % (b), 45 % (c), and 55 % (d)
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occurrence of defects, as shown in Fig. 5 (c–e) (The color in
figures shows the stress distribution in the strip).

Figure 6 shows the equivalent plastic strain distribution
along the strip width direction when the reduction ratio is
25 % and the friction coefficient is 0.25, where the positions
of strip head, middle zone, and tail are shown in Fig. 5. In
the figure, the equivalent plastic strain at the strip middle
zone is greater than that at the strip head and tail with the
same position along strip width direction, which is caused
by the freedom constraining in the strip middle zone for
front and rear regions in the rolling deformation zone. Thus,
only the equivalent plastic strain at the strip middle zone is
analyzed because the failure parameter is the plastic strain
between constrained nodes in the models, and thus, the

defects will firstly occur at the larger plastic strain zones.
Figure 7 shows the equivalent plastic strain distribution at

the strip middle zone under a variety of friction coefficients
and reduction ratios for the reduction ratio (a) 25 %, (b) 35 %,
(c) 45 %, and (d) 55 %. In the figures, the equivalent plastic
strain increases with increase of the friction coefficient except
the strip edge zone. As reduction ratios increase, the maxi-
mum equivalent plastic strain gradually moves to the strip
central zones. For that, the surface defects will affect the
whole surface quality of the strip at higher reduction.

Figure 8 shows the change of the equivalent plastic strain
of the element at one-fourth strip width in the strip middle
zone in the rolling deformation zone under various reduc-
tion ratios, for reduction ratio (a) 25 %, (b) 35 %, (c) 45 %,
and (d) 55 %. In the figures, the change of equivalent plastic
strain could be divided into three stages corresponding with
the forward slip zone (zone 1), stick zone (zone 2), and
backward slip zone (zone 3). When the reduction ratio is
25 %, the three stages of equivalent plastic strain in the
rolling deformation zone under various friction coefficients
change slightly, as shown in Fig. 8a. With an increase in the
reduction ratios, the differences among them gradually in-
crease. And, it can be seen clearly that the strain in “zone 1”
increases while those in “zone 2” and “zone 3” do not
increase so much. Meanwhile, the influence of friction on
the change of equivalent plastic strain increases with in-
creasing reduction ratios. When the reduction is certain,
the period of “zone 1” increases as low friction, while the
equivalent plastic strain increases greatly in the period, as
shown in Fig. 8c and d.

Figure 9 shows the rolling force under different rolling
conditions by the proposed method and the traditional FEM.
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Fig. 11 Surface defects on
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In the models, the rolling force by using the new method
marches well with that by the traditional FEM although the
former is a little lower. In the models with the new method,
there are small spaces between elements where there is no
contact force, which results in reduction of the rolling force.
Figure 9b shows the error between two methods, which is
acceptable in the rolling production. Through analysis of the
rolling force, the FE model coupled constrained node failure
could be used to simulate the strip deformation during the
rolling process.

From the results above, we could find that the equivalent
plastic strain increases with increase in friction. For the hard
deformation steels, the materials might fail when their plas-
tic strains are greater than critical value. When the critical
failure strain is less than the equivalent plastic strain, the
defects will occur at the strips. According to the equivalent
plastic strain in the strip during the rolling process, we could
get the critical failure strain. Figure 10 shows the risk for
occurrence of surface defects on strips during the rolling
process, where the risk areas 1∼4 are for the reduction ratio

25∼55 % separately. When the reduction ratio is 25 % and
the critical plastic strain failure of materials fills in “risk area
1,” the surface defects on the strips will occur. When the
reduction ratio is 35 % and the critical plastic strain failure
of materials fills in “risk area 2” and “risk area 1,” the
surface defects on the strip will appear. When the reduction
ratio is 55 %, the risk for appearance of surface defects will
greatly increase when the friction coefficient is 0.4∼0.45. In
the figure, the risk for occurrence of surface defects on strips
increases as the friction between the roll and strip increases.
Figure 11 shows the occurrence of surface defects on the
strip under various frictions when the reduction ratio is
35 %. In Tang's work [15], they also pointed out that the
crack width retained on the strip surface is larger the higher
the roll surface roughness.

The surface defects approach the strip edge with an
increase in the friction coefficients when the reduction ratio
is about 25 %; for that, the black defects or simple macro

Fig. 12 Surface defects
on strips after rolling process
for various reduction ratios with
the friction coefficient 0.45

Fig. 13 Surface defects in a strip after hot rolling
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defects will occur first. When the reduction ratio is about
45 % and the friction coefficient is 0.45, the high plastic
strain occurs about three fourths of the strip width; under
these rolling conditions, the map cracks might appear. In
Fig. 7, with increasing reduction, the range of equivalent
plastic strain as high value increases greatly when the friction
coefficient is 0.45. Figure 12 shows the surface defects on
strips under some rolling conditions when the friction coeffi-
cient is 0.45. For that, the risk for occurrence of map defects
will increase. Results in Fig. 12, d, agree qualitatively with test
results in Fig. 13. Meanwhile, in the models, it could be found
that the equivalent plastic strain at the strip edge changes
slightly for a variety of friction coefficients. Under these
conditions, the non-uniform deformation behavior at the strip
edge will increase with both reduction ratio and friction coef-
ficient. The non-uniform strain increases until it reaches the
critical strain when cracks occur.

During the rolling process, it is expected that the defor-
mation of strips is uniform for decreasing the surface
defects. When the friction between the strip and roll was
large, lubrication could be employed in the rolling process.
In Fig. 7, the equivalent plastic strain from the strip edge to
the center first increases greatly and then increases slowly,
keeps on a range of maximum value, and then reduces
greatly and keeps uniformly until strip center. According
to the regularity, Fig. 14 shows the equivalent plastic strain
distribution when the rolling zone was divided as five sub-
regions along the strip width direction obtained from
Fig. 7a. Under this condition, the risk for appearance of
surface defects will decrease.

4 Conclusions

1. A finite element model coupled with the constrained
node failure method has been successfully developed
to simulate the occurrence of surface defects on strips
during the hot rolling process. The FEM model can
predict that the defects will occur if the parameter of
failure criterion is larger than the criteria value.

2. As friction between the strip and roll increases, it may
promote the occurrence of surface defects on the strips.
As reduction ratios increase, the defects gradually move
to the strip central zone.

3. The calculated rolling forces by the new method were in
good agreement with that by the traditional finite element
method.
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