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a  b  s  t  r  a  c  t

Edge  cracking  is  a commonly  observed  phenomenon  during  the  cold  rolling  process  of  silicon  steel,
which  may  cause  the  rupture  of strips  in  the rolling  mill.  In this  paper  the  initiation  and  prop-
agation  of  edge  cracks  under  the  tandem  cold  rolling  condition  were  investigated  by using  the
Gurson–Tvergaard–Needleman  damage  model.  The  damage  parameters  were  obtained  from  the  tensile
tests  data  and  the SEM  analyses.  Different  cold  rolling  experiments  were  carried  out by  a non-reversing
two-high  rolling  mill  and  the  experimental  results  agreed  well  with  the  finite  element  calculation  results.
Parametric  studies  were  carried  out  and  revealed  that  the  crack  propagation  increases  with  the increas-
ing of  total  reduction,  friction  coefficient,  and  unit  tension.  A  bigger  work  roll  is  beneficial  to  reduce  the
edge  crack  growth  as  well.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The silicon steel, generally called electrical steel, has excellent
electrical and magnetic properties, which makes it widely used as a
core material in electric transformers and motors. Cold rolling is an
essential process to produce the silicon steel sheet. However, edge
cracking is commonly observed during the cold rolling process of
silicon steels, which may  cause the rupture of strips in the rolling
mill and reduce the production efficiency.

Edge cracking during cold rolling process of steels can be
regarded as a result of ductile fracture (Ghosh et al., 2004). There
are two main approaches to derive constitutive equations of ductile
damage. The first one is based on a phenomenological description
of damage and is often referred to as continuum damage mechan-
ics (CDM). A typical model was proposed by Lemaitre (1985) on
the concept of effective stress and the damage was considered to
be linear with equivalent strain and influenced by triaxiality. Up to
the present day, a large amount of studies based on Lemaitre’s work
have been carried out. Soyarslan and Tekkaya (2009),  for instance,
presented a modified Lemaitre model and studied the prevention
of internal cracks in metal forming. Mashayekhi et al. (2011) inves-
tigated the strip tearing in a tandem cold rolling process with the
improved Lemaitre damage model. This approach is derived on a
thermodynamic framework and it takes no account of the mechan-
ical behavior of micro defects in the material.
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The other approach relies on a micromechanical description
of the material and the damage occurring during plastic defor-
mation is generally identified as the nucleation and growth of
microvoids. McClintock (1968) first proposed a microvoid model
with an ellipsoidal hole in the ductile matrixes and deduced an
analytical solution of volume expansion. Rice and Tracey (1969)
then studied the evolution of spherical holes and set the foun-
dation for numerous studies on the micromechanics associated
with the void growth. Based on these researches, Gurson (1977)
deduced a flow potential for void growth on an ideal plastic mate-
rial, which is the classical mechanics model for plastic materials
containing voids. The Gurson model was extended by Tvergaard
and Needleman (1984) (the GTN model) to take into account the
interactions between the neighboring voids when the localized
internal necking of the matrix occurs. The GTN model, which mod-
ified the von Mises yield potential by introducing a single scalar
damage quantity, can describe the nucleation and coalescence of
voids. Many different improved damage models based on Gurson’s
work have been proposed and successfully applied to interpret
the damage evolution in structures under different load condi-
tions. Nahshon and Xue (2009) used a modified Gurson model to
investigate the development of through-thickness cracks under the
low triaxiality condition. Considering the anisotropy of mechan-
ical property, different modified models have been presented. Le
Maout et al. (2009) studied the hemming process for aluminum
alloys using the GTN damage model combined with Hill type plastic
anisotropy. Chen and Dong (2009) predict the damage evolution of
anisotropic ductile materials with a modified GTN yield criterion
based on a quadratic anisotropic yield criterion and an isotropic
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hardening rule. Furthermore, many studies indicated that void dis-
tortion also contributed to the ductile fracture. An extension of the
GTN model incorporating damage growth under shear-dominated
stress states was proposed by Nahshon and Hutchinson (2008).
Using the Gurson porous model including a shear modification,
Soyarslan et al. (2012) investigated the crack initiation at the con-
vex surface and its propagation during bending. Dunand and Mohr
(2011) evaluated the predictive capabilities of the shear modified
Gurson model in the tensile and the punch experiments over a wide
range of stress triaxialities and Lode angles.

In recent decade, a lot of studies have been carried out on the
ductile fracture in cold rolling process and different damage crite-
ria have been presented as well. Ghosh et al. (2004) predicted the
occurrence of edge crack of aluminum alloys during cold rolling by
considering the effective stress, equivalent plastic strain as damage
parameters. Rajak and Reddy (2005) developed a ductile fracture
criterion for damage evolution along with a simple criterion based
on the nature and magnitude of hydrostatic stress to predict the ini-
tiation of central burst and split-end in plane strain rolling. Zhang
et al. (2011) analyzed the plastic-damage of Mg  alloy sheet in rolling
with Crockroft–Latham criterion which assumed that damage was
caused by the maximum tensile principal stress.

It can be found from the above researches that the GTN model
has been widely used to describe the damage evolution in duc-
tile fracture, but it is still limited in the study of cold rolling due
to its complex working process. On the other hand, in the exist-
ing cold rolling fracture criteria the stress and damage were not
coupled and the damage has no link with the development of the
microvoids. Thus, in the present work, the GTN damage model was
employed to investigate the onset of the crack near the edge flaw
and the crack propagation under rolling condition. Both the cold
rolling experiments and three dimensional finite element simu-
lations were performed to analyze the effects of rolling process
parameters such as total reduction, friction coefficient, roll radius
and unit tension on the crack initiation and propagation during the
tandem rolling.

2. The GTN damage model

2.1. Yield surface

The micromechanical damage model developed by Gurson
(1977) takes into account the degradation of the load carrying
capacity due to the presence of porosity in isotropic materials.
Tvergaard and Needleman (1984) modified the original Gurson
model by concerning the coalescence of voids. The yield surface
is given by
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where q1 and q2 are the fitting parameters proposed by Tvergaard
(1981) to amplify the hydrostatic stress effect for all strain levels.
The current void state is characterized by f*, which is a func-
tion of the void volume faction f, the von Mises equivalent stress∑
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3sijsij/2, where sij = �ij − 1/3�kkıij is the stress deviator,
�e is yield stress of the undamaged matrix material. The function
f*, which takes into account the final decrease in load, is given by
(Tvergaard and Needleman, 1984).
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In the above relation f is the volume fraction of voids or poros-
ity, fc is the critical value of the void volume fraction, and Z is

the coalescence rate of microvoids. The coalescence rate Z can be
obtained from the void volume fraction as:

Z = fu − fc
fF − fc

(3)

where fF is the void volume fraction at final failure and fu = 1/q1.

2.2. Void evolution

The total change of f due to the plastic deformation is corre-
sponding to the void growth and the nucleation of new voids:

ḟ = (ḟ )growth + (ḟ )nucleation (4)

(ḟ )growth = (1 − f )Ėp
kk

(5)

where (ḟ )growth is the increment of volume fraction caused by the
void growth and controlled by the trace of plastic strain increment
tensor Ėp

kk
.

Assuming the plastic strain only controls the nucleation as a
result of particle debonding and cracking. The effective damage
increment ratio is given by Chu and Needleman (1980) as

(ḟ )nucleation = A ˙̄ε
p
eq (6)

where (ḟ )nucleation is the increment of volume fraction caused by the
void nucleation which is controlled by the equivalent plastic strain
rate ˙̄ε

p
eq.

The parameter A is defined as a function of the matrix equivalent
plastic strain
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where εN is the mean strain for nucleation, fn is the void nucleation
volume fraction which determines the void volume fraction when
the nucleation begins and S is the standard deviation of εN which
represents the degree of homogeneity of materials.

2.3. Determination of the parameters

The material parameters in the GTN model can be determined
by the tensile tests. The load–displacement curve up to six stages
can be distinguished in the simple tensile test as shown in Fig. 1.
Each of the necessary material parameters (E, �, K, n, q1, q2, f0, εN, S,
fn, fc, fF) exhibits its influence in the tensile test at different stages
(Cuesta et al., 2010).

Fig. 1. Stages in load–displacement curve of simple tensile test.
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