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INTRODUCTION

There has been a constant increase in expert

knowledge of the interaction between casting

process, material properties, microstructure and

crack sensitivity. The potential of numerical

simulation has increased and there has been

enormous technological progress. However, the

formation of defects is still an economic problem in

continuous casting.

In continuous casting the solidifying strand shell

experiences both mechanical and thermal loads

resulting from:

m contraction and phase transformation;

m temperature gradients along the surface or
across the shell;

m friction between strand and mold;

m bending and straightening;

m bulging;

m soft reduction etc.

These loads act on the material, which is more or

less crack sensitive within certain critical

temperature ranges depending on the steel

composition and the

m enrichment of segregating elements and/or
formation of low melting phases between
dendrites or grain boundaries,

m precipitation of oxy-sulfides, nitrides and
carbonitrides,

m formation of proeutectoid ferrite along austenite
grain boundaries.

These critical temperature ranges are often termed

the brittle temperature ranges: BTR | and BTR II.

In common hot tearing criterions, the critical limits

for shell deformation are often connected with BTR

I. One of these criterions was proposed by Won et

al.t. Figure 1 shows experimentally determined

critical strain values versus equivalent carbon

content Cq,, together with the calculated critical

strain from Won’s model for the testing conditions

of Matsumyiall. As can be seen, the model

considers the influence of microsegregation on

BTR I (here termed ATg), and hence, the influence

of the alloying elements. Increasing strain rate &

Critical strain, %

lowers the critical strain &.. ¢, n and m are fitting
parameters. This quite simple approach allows the
calculation of ¢ over a wide range of compositions
and testing conditions, in good correspondence
with the reported values, as can be seen in
Figure 2. The influence of steel composition and
strain rate on crack susceptibility within BTR | can
thus be quantified, but there are other influencing
parameters, much more difficult to consider.
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At higher temperatures, the mechanical properties
of the strand shell depend on the (micro)structure
of the solidifying material, the formation of
precipitates or the existence of harmful phases.
The influence of these parameters has not only to
be considered in numerical models, but also in
experimental simulation.

Crystallization perpendicular to the direction of

heat extraction generates a highly anisotropic

structure with unfavorable orientation of weak
regions caused by e.g. interdendritic voids and
grain boundaries perpendicular to the main load
directions. These microscopic inhomogeneities

can trigger the local damage mechanism and a

distinctly anisotropic crack susceptibility of the cast

material is evident.

A laboratory method for the simulation of crack

formation in continuous casting must therefore

take into account several aspects:

m the microstructure of the solidifying shell by
adjusting of the cooling conditions in the
simulated process;

m the fact that the main load directions are
perpendicular to the main dendrite growth axis;

m the existence of a deformable mushy zone in
order to simulate crack formation in BTR [;

m an anisotropic grain structure, not reheated or
normalized, with precipitation and proeutectoid
ferrite formation along austenite grain
boundaries (BTR II).

Most of these demands have been realized in the

submerged split-chill tensile (SSCT) test, a proven

laboratory method for the characterization of
thermal contraction, tensile forces and crack
sensitivity in the first ductility minimum. The results
of these tests are the basis of a current joint VAI -

MCC project on internal crack formation in higher

carbon steels.

A new modification of the testing procedure now

allows contraction and tensile tests to be

performed at lower temperatures, and provides
data on crack sensitivity within the second ductility
trough.

In this paper, some background information on the

test method and results from both projects are

presented together with conclusions and future
perspectives.

EXPERIMENTAL
The SSCT test

Figure 3 shows a schematic view of the SSCT test
method®'®. A solid steel test body, split in two

halves, is submerged into the liquid melt in an
induction furnace. The surface of the test body is
spray-coated with a thin zirconium oxide layer in
order to control the cooling conditions and to
minimize friction. A steel shell solidifies around the
test body with the main crystallographic orientation
perpendicular to the interface, similar to the
situation in a continuous casting mould. The force
between the upper and lower parts of the test
dummy is measured by a load cell, the position of
the lower part by an inductive position sensor. A
servo-hydraulic controller controls forces and
position.

Force, kN

Elongation, mm

olidified
hell

™~
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s

Figure 3: SSCT test method, schematic

This allows a number of different testing

procedures.

m Hot tensile test: after a certain holding time, the
lower part of the test body is moved downwards
at a controlled velocity at strain rates typically
between 102 and 102 s”. The tensile force is
recorded.

m Contraction force test: the lower part of the test
body remains in its original position, the
resulting force, proportional to the contraction
force, is recorded.

m Contraction test: after initial solidification the
shell is pre-loaded with a marginal load, the
lower part moves upwards under the contraction
force of the solidifying shell.

Each of these testing procedures takes place

inside the induction furnace, preventing direct

observation. The interpretation of results therefore
requires the numerical simulation of solidification
based on the temperatures measured. An inverse
model allows the calculation of heat transfer
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coefficients from temperature measurements
inside the test body. The numerical simulation
determines shell thickness and temperature
distribution across the solidifying shell during the
test procedure.

After tensile testing, the test body and solidified
shell are immediately removed from the melt. The
cooled specimens are cut and up to 16
metallographic specimens are prepared. The
number, length and width of all detected cracks —
classified according to characteristic types — are
summarized in a crack index, allowing a
quantitative indication of the deterioration of the
shell dependent on the testing conditions.

In-situ material characterization test

For thermal reasons, the duration of an SSCT test
is limited to approx. 30s. This restricts the shell/test
body interface temperature (corresponding to the
strand surface temperature) to temperatures just
above 1000 °C. A new testing procedure was
therefore developed in a co-operation between VAI
and the University of Leoben. After a short
solidification time inside the melt, the test body is
removed from the melt and is allowed to cool in an
inert gas atmosphere. The cooling rate is
determined by the radiation condition and the
atmosphere, resulting in cooling rates of the
reported experiments. During solidification and
cooling the servo-hydraulic control keeps the shell
free from contraction forces in the axial direction.
After cooling time of 20-30s, the mean temperature
of the shell amounts to between 900 and 700 °C.
At these typical temperature interval the ductility is
significantly influenced by the start of pro-eutectoid
ferrite formation and the precipitation of nitrides.
The lower part of the test body is moved
downwards at controlled velocity up to a strain of
0.1, exceeding the ultimate strain in most cases, or
to the maximum available force of 45 kN.

This new procedure allows tensile tests on steel at
temperatures in the BTR II. The microstructure and
hence also the material properties of the specimen
corresponds to the structure of a solidified strand
shell, compare Figure 4. It should be mentioned
that as a result of the relatively high cooling rate of
the first test series reported hereafter, the
precipitation of nitrides or carbo-nitrides might
have been suppressed.

FINE EXQUIAXED GRAINS

COARSE COLUMNAR GRAINS "!-

SURFACE

Figure 4: Anisotropic grain structure
(austenite grain boundaries plotted
in white) on the micrograph of a
SSCT-test specimen

Numerical Simulation

In order to evaluate the stress and strain
distribution within the test specimen, a fully
coupled thermo-mechanical model of the SSCT-
test has been developed on basis of the Finite
Element (FE) method.

Figure 5 shows the axissymmetric model of the
solid steel test body and the chosen mesh of the
three domains, the upper and lower part of the test
body and the steel melt. The mesh emploed
axisymmetric 4 node continuum elements. In
order to account for high level of stress — strain
gradients at the interface between the test body
and the melt, the mesh is locally refined.

Upper part

|/
Melt

Figure 5: Finite Element model of the SSCT
test (geometry and mesh)
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To reduce computation time, the first analysis
employed a rate-independent elasto-plastic
material law based on standard Mises plasticity .
The continuous improvement of the available high
temperature material data for simulation purposes,
as a result of adjustments to the experimental data
of the SSCT-tests is one of the additional tasks of
the actual project. The expected benefits are
“near-process” material laws including rate
dependent plasticity of a solidifying strand shell.

8, Mises

(Ave. Crit.: 75%)
7
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+B.3e-02
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Mises equivalent Plastic equivalent
stress strain

Figure 6: Results of equivalent stress and
equivalent plastic strain in the
solidified steel shell

Figure 6 shows equivalent plastic strain and the
equivalent stress for a tensile test after 4s
solidification time, strain rate 610° s and global
strain of 0.016. The test conditions and results will
be described in detail later. For these testing
conditions, a local maximum equivalent strain
arises in the shell between the upper and lower
part of the test body, resulting in a total tearing of
the shell in this region. This was confirmed by the
metallografic examination of the test specimen. It
should be mentioned, that longer solidification
times and hence, thicker shells yield a more
uniform strain distribution over the length of the
specimen. The described FE-model visualizes the
strain concentration on the macroscopic scale
within the solidifying shell, and allows to quantify
the relation between global and local strain. This is
essential for the definition of critical strain limits.

RESULTS AND DISCUSSION

SSCT tests

The test series described here, with 12 hot tensile
tests, was performed on steel of a constant

composition (Table 1) under different testing
conditions. For a =zirconium oxide coating

thicknesses of 0.15 and 0.4 mm the holding time
was varied between 4, 8 and 12s, and the strain
rate between 210° and 610° s”. The coating
thickness of 0.15 mm corresponds to the cooling
conditions in a typical bloom casting mold, a
maximum heat flux of 2.4 MW/m? and a mean
heat flux of 1.45 MW/m? whereas a coating
thickness of 0.40 mm corresponds to a maximum
heat flux of 1.7 MW/m? and a mean heat flux of
1.25 MW/m?, i.e. to slab casting conditions.

Aim 0,18 0,25 1,4 0,01 0,01 0,045

Min 016 02 13 0 0 002
Max 02 04 15 0025 001 0,07
Table 1: Steel composition for SSCT-test

As outlined above, the measured temperature
forms the basis of a solidification model. Figure 7
shows the calculated shell growth vs. solidification
time for the isotherms corresponding to solid
fractions of 0, 0.5 and 1 together with the
measured shell thickness after removal from the
melt for a coating thickness of 0.4 mm. As it can be
seen, the measured shell thickness corresponds
with a calculated solid fraction of approx. 0.2.
Hence the calculated results are in good
agreement with the measured results, an important
basis for the reliability of the test results, compare®.
Figure 7: Calculated and measured shell
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0.4 mm (low cooling rate)

Figures 8a and 8b show force-elongation curves
for the tests at a coating thickness of 0.15 mm (3a)
and 0.40 mm (3b), strain rate 610° s”, and
holding time of 4, 8 and 12 s. The tendency is as
expected: increasing the holding time and
therefore increasing the shell thickness and
lowering the shell temperature leads to increasing
tensile forces. The shape of the curve in Figure 3b
for a holding time of only 4 s and a coating thick-
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ness of 0.40 mm with a distinct maximum and
subsequent decreasing tensile force indicates the
occurrence of massive damage to the shell during
testing.
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Figure 8a: Force-elongation curves for tests at
the high cooling rate, strain rate
6107 s™, solidification time 4, 8,12 s
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Figure 8b: Force-elongation curves for tests at
the low cooling rate, strain rate
6107 s™, solidification time 4, 8,12 s
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Figure 9: Maximum tensile forces measured
over the mean shell temperature
during testing

Figure 9 summarizes the maximum tensile forces
measured over the mean temperature of the shell
during testing. The values on the right are from the
tests at the low cooling rate (0.40 mm coating
thickness). The values on the left from the test
series at higher cooling rates and comparatively
lower mean testing temperature. A decrease in the
mean shell temperature equates to an increase in
holding time and an increase in shell thickness.

foosy

1fnm
]

E===0> Solidification

Figure 10a:  Micrograph of specimen with
disrupted shell: low cooling
rate, strain rate 210> s™,

solidification time 4s

E====P> Solidification

Figure 10b:  Micrograph of specimen with
cracks: high cooling rate, strain
rate 6107 s, solidification time

4s
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The tendency towards increasing tensile force with
decreasing temperature is obvious, but there are
still differences between forces ascertained for
similar testing conditions. The reason for these
differences can be found in the metallographic
examinations of the specimens.

An analysis of micrographs from 16 specimens for
every test was carried out. Figures 10a and 10b
show micrographs of two test specimens tested at
constant solidification time, but at different strain
rates and cooling rates, which causes different
degrees of deterioration. In Figure 10a a wide,
open crack is visible. The shell deteriorated during
the early stages of tensile testing, leading to a
strain concentration within a very small area. The
crack initiation site is interdendritic but the crack
subsequently grew along grain boundaries.
Specimens with such a heavily damaged shell are
classified as “disrupted”.

In Figure 10b many interdendritic cracks, marked
by white arrows, are visible over the whole length
of the specimen. This indicates that the strain
distribution at crack initiation is uniform along the
interface direction in the shell. In Figure 11 test
specimens with interdendritic cracks, but with no
tearing are classified as “cracks”. In some test
specimens no cracks were found.

*

Coating Thickness

0.15 mm | 0.40 mm
0 T T

T T T T T

*

-4 16 T T T T T T T
K53

~ 14 | ] B no cracks B
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©

=
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Figure 11: Classification of shell deterioration
for the steels tested

Figure 11 summarizes the results of the
metallographic examinations and the maximum
tensile forces measured. As it can be seen,
“disrupted speciments ” correspond to lower
tensile forces than those specimens with cracks.

These first results indicate the dependence of the
crack susceptibility on the test conditions. An
applied strain of 0.024 does not necessarily result
in the formation of cracks. The tests at the higher
cooling rate, corresponding to a fine

microstructure, are obviously less crack-sensitive.
A higher strain rate results in more cracks at higher
temperatures corresponding to lower tensile
forces. If no cracks are formed, an increasing
strain rate slightly increases the maximum tensile
force.

In  combination with the numerical analysis
presented in the previous chapter this procedure is
applied to evaluate the influence of the steel
composition on the crack sensitivity in the BTR |

In-situ materials characterization test

The concept of the in-situ  materials
characterization test was realized in a joint
research project between the CD-laboratory for
functionally oriented materials design at the Vienna
University of Technology, VAl and the Department
of Metallurgy at Leoben University. The idea
behind the concept is to expand the advantages of
the SSCT test to temperatures below 1000 °C,
necessary for material characterization at
temperatures close to the austenite — ferrite
transformation, considering the characteristics of a
continuously cast microstructure.

For the reported experiments three different steel
grades were used, Table 2 gives the composition
of the three tests on steel grade C.

C1 0,173 0,4 1,6 0,026
C2 0,16 0,35 1,56 0,026
C3 0,155 0,42 1,58 0,024

Table 2: Composition of the three tests on
steel C
60 - Test C1, cooling time 20s, T, =920 °C .
Test C2, cooling time 25s, T, =820 °C
50 - Test C3, cooling time 30s, T, =780 °C -
40
4
> 30 \
) / \
[Z]
S 20 ~
e / ~N
10
0 / \\
' 2 4 6 8 10
Strain, %

Figure 12: Force-elongation curves for steel
grade C, cooling times 20, 25 and
30 s, strain rate 5107 s'1, total strain
0.1
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Figure 12 shows resulting force-elongation curves
for steel grade C, a solidification time of 4 s and a
cooling time of 20, 25 and 30 s, corresponding to
shell mean temperatures of 920, 820 and 780 °C,
respectively. The total tensile strain amounts to
0.1, strain rate 510 s™'. At 920 °C the tensile force
reaches over 40 kN. Based on a shell thickness of
approx. 4 mm, this corresponds to a maximum
tensile stress of 60 MPa, which is significantly
below data from literature for this steel grade in the
temperature range between 800 and 900°CM".
After reaching the ultimate tensile stress, the
stress suddenly decreases as a result of massive
crack formation in the specimen. Some parts of the
shell are still connected, and therefore the stress
does not decrease to zero.

Increasing the cooling time results in a lower
specimen temperature and a radical worsening of
the deformation capability: after reaching a
maximum tensile force of around 13 kN, the shell
tears and the remaining strength decreases to
nearly zero. The same behavior can be obtained
for a further decrease in temperature to 780 °C.
The strain to failure form these experiments
evaluated from the given force — elongation curves
is from 0.015 to 0.02. Typical values also
experienced in the continuous casting process.
These results are in contrast to the well-known
results of hot tensile tests where a decreasing
ductility does not necessarily result in decreasing
tensile strength and the critical strain levels leading
to material failure are typically one order of
magnitude higher.

It is assumed that this result is a consequence of
the anisotropic casting structure and additionally
the onset of pro-eutectoid ferrite formation. For
conventional hot tensile tests the crystal structure
is equiaxed and hence local disturbances like e.g.
grain boundaries and precipitation have a minor
influence on the material strength. It should be
mentioned that the reported investigation method
might lead to preexisting defects before the onset
of the tensile test . The existence of these defects
can not always be avoided, although the shell is
kept free from contraction stresses in longitudinal
direction circumferential contraction stresses can
not be avoided. The pre-damaging of the shell has
to be considered in the assessment of each test
run. In case of heavy pre-damaging the test has to
be excluded from evaluation.

Since the reported test runs are focused on the
influence of Niobium, test conditions were chosen
to avoid the formation of pro-eutectoid ferrite as a

major reason for the formation of the second
ductility trough. The cooling rate during testing is
relatively high, as no measures were taken to
reduce the heat removal. The proeutectoid ferrite
formation is suppressed (calculated equilibrium
ferrit formation temperature Ae3~800°C) and the
transformation is predicted to be bainite and
martensite. These results are confirmed by
metallography as shown in Figure 13.

The fracture surfaces were examined by electron
microscopy at the Erich Schmid Institute of
Materials Science at Leoben University and using
light optical microscopy at the Department of
Metallurgy. Figure 13 shows an example for the
micrograph (nital etch) of a ruptured shell. The
crack has mainly interdendritic but also
intergranular  characteristics. Thus also the
material failure appeared at temperatures, which
are classical related to the BTR Il (700-900°C) the
interdendritic crack growth path would typically
lead to the interpretation of BTR | failure
mechanism, e.g. interdendritic crack growth at
solid — liquid interface. In this case the most likely
explanation to this observations is, that Nb as
severely segregating element leads to the
precipitation of (Ti,Nb)(C,N) during solidification at
the dendrites boundaries. In consequence this
precipitates trigger a localized material de-
terioration leading to interdendritic crack growth
also in the fully solidified state. The clarification
and deeper understanding of these new insights
are the aims of further work.

FRACTURE SURFACE l

INTERDENDRITIC CRACKS

Figure 13: Micrograph perpendicular to the
fracture surface, Béchet-Beaujard
etch
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CONCLUSIONS AND OUTLOOK

The SSCT test is a proven method for the
characterization of high temperature mechanical
properties and the crack susceptibility of steel
under continuous casting conditions. By
considering the process parameters, limits for the
formation of cracks in cast microstructures in BTR |
have been derived. The current joint research
project between VAI and CDL-MCC will continue
with a focus on higher carbon steels and the
influence of alloying, microalloying and tramp
elements.

For BTR Il the joint development of the in-situ
materials characterization test between VAl and
the University of Leoben has yielded first novel
results for Nb alloyed steel. Although — at the
present state of development — some restrictions
with respect to temperature control and maximum
tensile forces exist, the method is adequate for
material characterization in the BTR Il fully
featuring the continuously cast material properties.
For the immediate future, the work will focus on a
further optimization of the testing conditions and an
improvement in the reproducibility of the test
results.
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