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1 Introduction

Transverse cracking is recognized as a problem
in continuous casting (CC) of steel. Experimen-
tal studies have demonstrated the existence of an
embrittlement of steel in the temperature range
from 600 to 1000°C. This loss of ductility is re-
sponsible for the appearance of cracks during the
bending and unbending operations of the strand.

The research aims to model the damage process
at elevated temperature using a microscopic ap-
proach. In the studied temperature range, creep
has to be considered. Experimentally, cracks have
been shown to be intergranular.

The first step in the development of the damage
model is the construction of a 2D cellular model
representative of the material. As the microstruc-
ture influences damage and creep, it has to be in-
troduced in the model if we want to determine the
predominant factors for crack initiation. Diffu-
sion of voids and grain boundary sliding are taken
into account. The cell, which includes grains and
their boundaries, will be submitted to stress and
strain fields determined by macroscopic experi-
ments.

The damage law will be implemented in the finite
element code LAGAMINE developed in the MSM
Department and it will be applied to model CC of
steel. The final goal of the research is a paramet-
rical study of various microscopic factors such as
grain size, precipitation state or oscillation marks
on the initiation of transverse cracking during the
CC process. '

2 Crack appearance in CC

The importance of two zones of low ductility in
steels has been demonstrated [1]: the first one ex-
ists above 1340°C and probably accounts for the
formation of all internal cracks and surface lon-
gitudinal cracks while the other one lies between

600 and 1000°C and is related to the appearance
of transverse cracks in slabs that is the partic-
ular point we want to study. To minimise crack
formation, the control of the steel chemistry is ab-
solutely essential. A lot of research work is done
in this domain by the metallurgical community.
Nevertheless, the measures to prevent transverse
cracks are divided into two parts: certainly the
control of the steel chemistry but also the preven-
tion of the crack initiation and propagation due
to the mechanical solicitations during the process.
This second point is the principal objective of our
study.

Mintz realised a large review on the hot ductil-
ity of steels and its relationship to the problem
of transverse cracking during CC [2], [3]. The
four most important variables that control duc-
tility are strain rate, grain size, precipitation and
inclusion content. Increasing the strain rate and
refining the grain size give rise to improved duc-
tility: the former by reducing the amount of grain
boundary sliding and the latter by making it more
difficult for crack to propagate along the bound-
aries. On the other hand, when the particles at
the boundaries are finer, they are closer to each
other and it is easier for cracks to interlink.

According to Harada et al. [4], the origin of cracks
is the microsegregation. The formation mecha-
nism of the surface segregation, particularly of
phosphorous, has a close relation with that of os-
cillation marks which are caused by the vertical
oscillations of the mould during the CC. When an
oscillation mark is formed, the partially solidified
shell is deformed and the dirty segregated liquid
steel between dendrite arms is squeezed out to
the surface. The degree of segregation depends
on the depth of the oscillation marks. Internal
cracks may be formed at the subsurface below an
oscillation mark. When the surface temperature
along the mark reaches the low ductility temper-
ature zone, cracks sensitivity increases.

Suzuki et al. [5] propose to reproduce experimen-
tally the oscillation marks and to study their in-



fluence. One of their most important conclusion
is that the oscillation marks have to be reduced
in order to enhance the resistance to transverse
cracking but the shape of these oscillation marks
seems to have no effect on the sensibility to crack,
only the depth has an influence. The effect of the
Nb content is also exposed, the conclusions are
that the trough of the ductility curve go deeper
and wider as the Nb content is incremented and
that the combination of Nb and Al is very detri-
mental due to the precipitation of nitrides and
carbonides. Also, the effect of strain rate was
studied, it has been shown that the embrittlement
decreases when the strain rate increases.

3 Creep damage modelling

3.1 State-of-the-art

Since the pioneering works of Kachanov, 1958,
and Robotnov, 1959, quite a large number of pa-
pers on modelling of creep damage for polycrys-
talline materials have been published (see [6] for
references). Most of the research work for damage
at elevated temperature focus on the computation
of the life time of a structure in service. Usu-
ally fatigue and creep are incorporated into the
models in which time is an important variable.
Models specially dedicated to creep are not very
accurate to reproduce the damage phenomenon in
CC where time scale is quite small. Another point
is that continuum damage mechanics (CDM) en-
ables to compute damage evolution in complex
structure ; nevertheless, a more accurate physical
description of microscopic process involving dam-
age is necessary to improve the existing models.
Indeed, it is difficult to account for all the physics
of the phenomena only with macroscopic descrip-
tions. Moreover, continuum damage models suf-
fer from a lack of mesh independence and from
localisation phenomenon. The introduction of a
material length scale is necessary to overcome this
problem.

In the framework of micro-macro modelling, Liu
et al. [7] propose a new approach where they
introduce a continuum damage variable and cal-
culate its evolution on the basis of polycrystal
microstructures simulated by Voronoi tessalation
and models of cavity nucleation and growth. This
approach to creep-cavitation damage is devel-
oped by combining the basic features of the CDM
approach and microscopic mechanisms. First,
an anisotropic continuum damage variable is de-
fined directly based on the microcrack system of
the simulated microstructure. Then, its evolu-
tion is given applying the mechanism-based equa-

tions of cavity nucleation and growth to each
grain boundary in a Voronoi microstructure. This
damage variable is then coupled with constitu-
tive equations of continuum damage mechanics to
analyse creep damage. Finally, macroscopic creep
deformation coupled with this damage variable is
calculated by CDM equations. Another scientific
team, Onck et al. [8], proposes a multiscale study
of polycrystalline materials at elevated temper-
ature under creep conditions which are subject
to intergranular cracking. The relevant damage
mechanisms at the microscale, i.e. viscous grain
boundary sliding, nucleation, growth and coales-
cence of cavities leading to microcracks are taken
into account. The zone around the crack tip is
modelled with special grain elements linked with
boundary element while the surrounding mater-
ial, far from the crack tip, is represented by a
classical creep law. Actually, the grains surround-
ing the propagating crack are represented indi-
vidually. Cavitation and sliding along all grain
boundaries in this zone are described by a set of
constitutive equations based on micromechanical
studies at smaller scales. Grain elements account
for creep deformation of individual grains and are
connected by interface elements that incorporate
physical mechanisis active at grain boundaries.

As far as intergranular failure is concerned, the
microstructure has to be reproduced. Voronoi
tessallation is used by various authors in order
to have a certain randomness of the grain dispo-
sition while keeping the specific characteristics of
the studied material [7], [9].

3.2 Development of a new micro-
scopic representative cell and
its exploitation for CC

The material used for the study is a microalloyed
steel with C level < 0.1 wt%. The elaboration of
the model requires lots of microscopic and macro-
scopic experiments. A metallographical analy-
sis will determine the size and the shape of the
grains. The chemical composition of the mate-
rial will inform us on the nature of the precipi-
tates which could be present at grain boundaries.
Hot traction and compression tests on healthy
or not material will help to identify the damage
and creep laws and to validate the damage model.
Non-destructive damage tests are also planed [10],
they use an acoustic technique to determine the
moment of initiation and the localisation of the
first cracking. The CC conditions should be re-
produced in the experiments, that is why the sam-
ples will be heated up to 1350°C before testing
and then cooled down to the test temperature.



In order to represent intergranular creep fracture,
the developed model contains grain elements and
grain boundary elements (see also [8]). The laws
governing our model are described here after, the
grain contains an elastoviscoplastic law without
damage and the boundary a law with damage.

3.2.1 Solid finite elements and grain rep-
resentation

The grain is modelled by thermomechanical solid
elements available in LAGAMINE code. Figure
1 shows an example of the microscopic represen-
tative cell. On the rigth part, a zoom on three
grains allows to visualise the meshing of these
grains and their interfaces.
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Figure 1: Microscopic representative cell

The creep behavior inside the grain can be repre-
sented by Norton Hoff law (1):

(1) 7 =2 exp(-pi¥) .p2.V3. <\/§E>p3

where p; to p, are parameters that depend on
temperature. These parameters will be identi-
fied thanks to the macroscopic experiments on
the healthy material.

The number of grains in the microscopic cell as
well as the density of the mesh inside the grains
have to be tested to define a cell which gives ac-
curate results with a reduced CPU time.

The shape and size of grains will be determined
from results of the microscopic analysis.

3.2.2 Contact finite elements and grain
boundary representation

As the thickness of the grain boundary is small
compared to the grain size, we represent the grain
boundary by a one-dimensional element (cohesive
zone). This element will be associated with a con-
stitutive law which includes parameters linked to
the presence of precipitates, voids, etc. The dam-
age variable will appear explicitly in this law.

We want to follow the initiation and the propaga-
tion of cracks by coalescence of micro-voids in the
grain boundary, so we propose to use interface el-
ements to represent the cohesive zone. This type
of elements is available in the LAGAMINE code,
it has been used by Charlier [11] for the study
of shear bands localisation. Here follows a brief
description. For the interface element the stress
tensor has only two components X7 = [p,7] =
[011, 012]. Let u be the distance between the two
faces of the cohesive zone, if the strain is constant
on the thickness e of the cohesive zone, we have:
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The assumption that the strain rate along the el-
ement can be neglected gives the last component
€92 equal to zero. If we consider, to simplify the

explanation, an elastic constitutive law for the in-
terface element, we have the following relation:
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The elastic tensor divided by the thickness e is
equivalent to a penalty matrix in contact finite
elements based on penalty approach. The elastic
law will obviously be replaced by a constitutive
law with damage in our model. This work is in
progress.

3.2.3 Application to CC

Figure 2 shows a schematic representation of the
CC process. Figures 3 and 4 illustrate the CC
problem at different scales: first at the slab scale
(figure 3) where the possible sections for the two-
dimensional representation are shown in relation
with the oscillation marks orientation ; then a
section (figure 4 left) on which the solicitations,
issued from a macroscopic model developed at the
present time in the MSM Department, will be
applied to be transfered to the microscopic cell ;
and finally (figure 4 right), the microscopic cell
surrounded by a transition zone, it is at this scale
that oscillation marks can appear.

Figure 2: CC process
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Figure 3: Slab: studied sections

If we want to take account of oscillation marks,
only planes 2 and 3 on figure 3 are useful, this re-
mark is important to choose the good orientation
for tensile and compression tests and for metal-
lographic observations. Moreover, due to the so-
lidification process, we supose that grains are not
equiaxe.
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Figure 4: Embedded cell

4 Conclusions and further

work

The research is dedicated to a microscopic study
of damage at elevated temperature of a microal-
loyed steel for CC. With our 2D model, we will
be able to determine the initiation of a crack and
its depth but not directly its propagation in the
transverse direction.

Our aim is to develop a model predicting fracture
for a specific steel during the CC process ; nev-
ertheless a bibliographical study concerning the
factors influencing transverse cracking in CC as
well as the creep damage modelling was useful
to understand the scope of the study. At present,
this work comes to end. It has given rise to a wide
reflection which allows us to begin efficiently the

development of the damage model in parallel with
convenient experimental tests.

5 References

1. J.K. Brimacombe and K. Sorimachi, Crack
formation in the continuous casting of steels,
Metallurgical Transactions B, Vol. 8, pp. 489-
505 (1977)

2. B. Mintz, S. Yue and J.J. Jonas, Hot ductil-
ity of steels and its relationship to the problem
of transverse cracking during continuous cast-
ing, International Material Reviews, Vol. 36, pp.
187-217 (1991)

3. B. Mintz, The influence of composition on the
hot ductility of steels and to the problem of trans-
verse cracking, IS1J International, Vol. 39, pp.
833-855 (1999)

4. S. Harada, S. Takana, H. Misumi, S. Mi-
zogichi and H. Horiguchi, A formation mecha-
nism of transverse cracks on CC slabs surface,
ISLJ International, Vol. 30, pp. 310-316 (1990)

5. M. Suzuki, H. Hayashi, H. Shibata, T. Emi, I.J.
Lee, Simulation of transverse crack formation on
continuously cast peritectic medium carbon steel
slabs, Process Metallurgy, Vol. 70, pp. 433-419
(1999)

6. J. Betten, S. Sklepus and A. Zolochevsky, A
microcrack description of creep damage in crys-
talline solids with different behavior in tension

and compression, Int. J. Damage Mech., Vol. 8,
pp. 197-232 (1999)

7. Y. Liu, Y. Kageyama ans S. Murakami, Creep
fracture modelling by use of continuum damage
variable based on Voronoi simulation of grain
boundary cavity, Int. J. Mech. Sci., Vol. 40, pp.
147-158 (1998)

8. P. Onck and E. van der Giessen, Growth of
an witially sharp crack by grain boundary cavita-
tion, J. Mech. Phys. Solids, Vol. 47, pp. 99-139
(1999)

9. P. Cannmo, K. Runesson and M. Ristinmaa,
Modelling of plasticity and damage in a polycrys-
talline microstructure, Int. J. Plasticity, Vol. 11,
pp 949-970 (1995)

10. R. Kopp and G. Bernrath, The determination
of formability for cold and hot forming conditions,
Steel research, Vol. 70, pp. 147-153 (1999)

11. R. Charlier, Modelling of shear band localisa-
tion using interface FE, Num. Models Geomech.,
Ed. Pande & Pietruszczak, Balkena, Rotterdam,
pp. 357-365 (1992)




