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To properly model the cracking susceptibility during solidification under continuous casting
conditions, it is essential to have accurate data. Such data for the mechanical properties of steel
during solidification are scarce if not non-existent. An experimental tool called the Mold
Cracking Simulator (MCS) has been used to simulate the initial shell formation under
continuous casting conditions. As part of the test, the shell is mechanically subjected to
deformation. A mathematical model has been developed to translate the force and elongation
measured during the MCS trials into stress–strain components. To test the model and validate
the assumptions, two steel grades were tested, a peritectic steel grade and a higher-alloyed grade.
The results show that the reproducibility of the test is very good and the stress–strain curves are
consistent with the steel composition. Moreover, the metallographic and fractographic analysis
of the deformed MCS samples shows that the microstructure is comparable to that of a
continuously cast product and the cracks generated are interdendritic, i.e., hot tears.

https://doi.org/10.1007/s11661-018-4958-8
� The Minerals, Metals & Materials Society and ASM International 2018

I. INTRODUCTION

THE continuous trend towards improving casting
productivity by increasing casting speed in combination
with higher-quality demands for defect-free products
and development of new high-alloyed steel grades
demands an understanding of the thermomechanical
properties of steels during solidification.

Nowadays, modeling has become widely available
and has led to significant improvement in product
quality and process performance. However, models
require accurate input data but often mechanical

properties are scarce or even non-existent at tempera-
tures in the solidification range of steel alloys of
commercial interest.[1]

Material properties are inherent to each steel compo-
sition, and many methods have been used to measure
material properties at different temperatures.[2–14] Sev-
eral methods are available to assess the material strength
in the solidification region, but few include the influence
of casting process parameters. Many of these methods
are standard mechanical tests such as tensile, torsion, or
bending tests, where the samples are reheated to
temperature above liquidus, cooled to the test temper-
ature and deformed.
Because the originalmicrostructure during solidification

differs fromreheated samples, better in situ testingmethods
were developed to measure the mechanical properties of
metal during solidification. One such testing method is the
Submerged Split Chill Tensile (SSCT) test first introduced
in 1985byAckermann etal.[15] for testingaluminum,which
was later updated to include steels.[6,7,16] However, SSCT
has a disadvantage being a static model, meaning that the
device is not capable of simulating the dynamics of a
continuous casting process, particularly the oscillation
cycles andmold slag penetration. In this regard, the ‘‘Mold
Crack Simulator’’ MCS[17] developed in 2010 can mimic
most of the dynamics of continuous casting as well as
measuring the strength of different steels during solidifica-
tion. Recently Wang et al. have also developed a Mold
Cracking simulator at the Central South University,
China,[14] with the purpose of studying the dynamics of
shell tearing during solidification.
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However, to quantitatively compare data for different
material compositions or even the influence of different
process parameters in a material solidification, a proper
methodology is necessary that provides basic design
information on the strength of a material.[18] The
engineering tension test does not give a true indication
of the deformation characteristics of a material because
it is based on the original dimensions of the sample
tested which change continuously during testing. For
this reason a flow curve represents better the plastic-flow
characteristics of the material.[18] In this publication, a
model is described to convert the raw data obtained
from the MCS test to true stress–true strain flow curves.

II. TESTING PROCEDURE WITH THE MCS

In the MCS, the cylindrical mold is immersed into the
liquid metal until the steel cap is fully submerged. After
5 Sec of freezing time a scull is formed around the cap,
which further acts like a dummy bar as in the contin-
uous caster to pull down the shell. Simultaneously, the
mold tube is oscillated with an amplitude S of 3.5 mm
and frequency f of 2 Hz. Consecutively, the cap moves
downwards with a speed of 20 mm/s as an analogy of
the casting speed in a continuous caster. The internal
cooling block is tightly fitted in the mold and internal
water-cooled provides indirect cooling to the copper
mold. This indirect cooling system is chosen to reduce
the risk of water leakage during the mechanical testing
step, considering that the mechanical part of the test
should be allowed to work even inside the liquid metal.

After ten oscillation cycles, a solidified shell of about
10 cm is formed and the whole system is ejected from the
liquid steel bath. Due to strict safety precautions,
deformation is performed outside of the melt bath. As
soon as the oscillation is stopped, the hydraulic system is
opened and the cooling block is pulled upwards.
Consequently, due to sliding action between the wedge
and cooling block, the wedge moves outwards pushing
the shell in the radial direction. The signals recorded
during the experiment are shown in Figure 1.

As shown in Figure 1, the recorded signals needed for
the mechanical assessment are in the form of load and
displacement; therefore, a mathematical model is needed
to calculate the stress and strain from the data acquired.
The load applied in the radial direction by the wedge

pushing the shell causes circumferential stress on the
solidifying shell and tensile stress between dendrites,
perpendicular to their main growth direction, as expe-
rienced in the continuous casting process (Figure 2).
Two thermocouples are positioned on the opposite

side of the half-ring, embedded in the copper tube-mold
(see Figure 3, left). Their signals shows a slight increase
in temperature at the start of the loading procedure (see
Figure 3, right). This is coherent with the fact that the
shell is pulled away from the copper mold on the
opposite side by the wedge. As a result, it is pushed to
the mold where the thermocouples are located, increas-
ing the contact with the mold surface. As the thermo-
couples are positioned at the mold surface, the
maximum temperature values recorded by the upper
thermocouple are consistent with the 600 �C to 800 �C
expected values from the surface of a continuous casting
mold.[19,20] These temperatures are slightly higher than
actually measured in industrial casters but this is mainly
due to the indirect cooling of the MCS and because the
thermocouples do not really measure the copper tem-
perature, but in fact what is measured is the temperature
at the gap between the steel shell and the mold.
In the past, some attempts were made to measure the

actual shell temperature during testing without success
due to the dynamics of the parts. It is planned that in the
future a thermal imaging camera will be used to measure
the temperature at the steel shell.

III. MATHEMATICAL MODELING APPROACH

The mold cracking simulator has been designed with a
cylindrical geometry in order to avoid complex 3D heat
transfer effects. Since there are no sharp corners, the
steel shell formed will have the same process parameters
around its circumference. Moreover, a cylindrical shape
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Fig. 1—Signals recorded during the Mold Crack Simulator
experiment.

Fig. 2—Schematic representation of deformation between the
dendrites.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, JANUARY 2019—143



can be easily modeled using cylindrical coordinates, or
in this case an analogy can be found between the MCS
and bodies of annular cross section like pressure vessels.

Considering that the MCS is a circular cylindrical
body of annular cross section subjected to surface forces
and thermal loads, the present scenario of deformation
is similar to that of ‘‘Pressure Vessels’’[21] where a
cylinder is subjected to internal pressure by the fluid
flowing through it; the analogy in the MCS is that the
wedge exerts internal pressure on the solidifying shell.
Moreover, in both cases, the force applied in the radial
direction of the cylinder is transformed into circumfer-
ential stress.

According to the equations governing the stress state,
circular cylinders are divided into two groups[21]:

– The thin wall: when the wall thickness is small
compared to the inside radius (when, R/w � 1) (R:
Vessel Radius, w: wall thickness)

– The thick wall: (when, R/w � 1).

In the current work, the thin wall condition has been
assumed since the wall thickness w is very small
compared to the other dimensions of the shell and the
inside radius (R (34.68 mm)/t (6 mm) � 1). This implies
that the circumferential stress across the wall thickness is
uniform and that the radial stress is not considered.[21]

In addition to this, there are other assumptions consid-
ered to simplify the model:

1. Axial symmetry of the shell: All variables are
independent from h (shr = srh = szh = shz).

2. Plane state of stress: Stress in the thickness direction
is negligible (rrr = 0, szr = srz = 0, shr= srh = 0).

3. No friction between the wedge and the shell: The
force applied locally is transferred homogeneously
all over the shell.

4. Transverse cracks are neglected: Shear force created
by the wedge is ignored.

A. Calculation of Strain

During deformation, the cooling block is pulled in the
longitudinal direction. Due to slide motion between the
inclined plane on the cooling block and the wedge, the
load and displacement are transferred to the wedge,
which are then transmitted to the solidified shell formed
on the mold surface.
Figure 4 shows the movement of the assembly with

respect to the incremental displacement dy. When the
inclined plane moves dy in positive longitudinal direc-
tion, i.e., upwards from A to AI, the wedge moves dx in
radial direction from B to BI.
Therefore, dx can be calculated from the measured dy

using Eq. [1].

dxt ¼ dyt � tan hð Þ ½1�
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Upon the assumption that the solidified shell can be
treated as a circular cylindrical body of annular cross
section, the true strain ehh is defined as follows:

ehh ¼ ln
Circumference of the shellðtÞ

Initial circumference

� �
: ½2�

During the displacement dyt, a gap of magnitude dxt
is formed on both sides between the mold and wedge .
Therefore, the inner circumference of the shell at time t
is the sum of initial circumference and twice the gap
formed between mold and wedge dxt. Substituting into
Eq. [2] yields the following:

ehh ¼ ln
p � dmoldð Þ þ 2 � dxtð Þ

p � dmoldð Þ

� �
¼ ln 1þ 2 � dxt

p � dmold

� �
;

½3�

where dmold denotes the diameter of the mold (69.36
mm) and 2*dxt is the increase in circumference at time t
during deformation. It is obvious that the strain is
strongly affected by dxt, which is determined by Eq. [1].

The strain rate being the change in strain with respect
to time can be calculated thus [4]:

_e ¼ dehh
dt

¼ d

dt
lnð1þ ð0:009178 � dxtÞÞ½ �: ½4�

For these tests, the strain rate has been calculated to
be 0.008 to 0.010 (1/s).

B. Calculation of Stress

The force applied by the load cell in the longitudinal
direction is not completely transmitted onto the shell.
Due to sliding action between the inclined plane (on the
cooling bock) and wedge, only a part of the force
applied by the hydraulic cylinder is transmitted by the

wedge, which can be calculated by the resolving forces
along the inclined surface as shown in Figure 5 and
explained here further.
The force F applied on the cooling block during

deformation can be resolved into a normal force
perpendicular to the incline plane FN and the sliding
force FS along the inclined plane. The normal force
exerted perpendicular to the incline plane on to the
wedge is calculated by Eq. [5].

FN ¼ F � sinðhÞ: ½5�

The normal force FN can further be resolved into
forces acting in horizontal direction and transverse
direction Fw, FT, respectively. The force exerted by the
wedge Fw on the solid shell is calculated by Eq. [6].

Fw ¼ FN � cosðhÞ
Fw ¼ F � sinðhÞ � cosðhÞ

: ½6�

Since the friction coefficient l between various
moving parts in the assembly, i.e., between inclined
surface and wedge is not known and may be a
function of temperature, it is included in the overall
force measured. During every MCS experiment, the
apertures are made idling, i.e., the simulator is
operated without the liquid metal (here called ‘‘cold
test’’). The difference between force measured (DF) in
the hot test (with liquid metal) and in the cold test
gives the amount of force transmitted onto the wedge
by subtracting the force lost due to friction and weight
of the tool itself (Figure 6). However, this approxi-
mation has limitations because the cold test is carried
out at room temperature and the hot test with liquid
steel at high temperature. A temperature-dependent
friction coefficient is, therefore, a potential source of
error.

Fig. 5—Resolution of forces along the inclined plane: (a) cooling block, (b) wedge.
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Replacing F with DF and subsuming h = 11.9 in
Eq. [7],

Fw ¼ DF � 0:1954: ½7�

Thus only 19.54 pct of the load applied on the cooling
block is transmitted by the wedge onto the solidifying
shell.

Since the thin wall assumption is used, the circumfer-
ential and longitudinal stresses are considered to be
constant across the wall thickness, and because the

magnitude of the radial stress is small in comparison
with the hoop and longitudinal stresses, it can be
neglected.
The internal pressure applied by the wedge Fw on the

solid shell (on plane ABCD in Figure 7) is transferred as
a circumferential stress, acting on the planes ABHG and
CDFE as shown in Figure 7. The total resisting force
owing to hoop stress on the cylinder walls (on the planes
ABHG and CDFE) equals to the stress on the walls
multiplied with the corresponding area of the walls.
Therefore, Fw will be

Fw ¼ 2 rhh � L � tð Þ: ½8�

Substituting, Fw = 0.1954*DF from Eq. [8], the hoop
stress is:

rhh ¼
DF � 0:1954
2 � L � t : ½9�

Grouping all constants, the hoop stress can be
calculated by

rhh ¼
4:9095 � DF

t
ðMPaÞ: ½10�

IV. RESULTS AND DISCUSSION

Two steel grades (chemical composition given in
Table I) were chosen for testing and assessment of the
mechanical state with the mathematical model described
here, to translate the measured force and elongation into
stress–strain data.
Four tests, two for each of the two different steel

grades were performed using MCS. During the test,
the mold temperature was recorded with two type K
shielded thermocouples. The inlet and outlet cooling
water temperature, as well as the water flow were
measured for calculation of the heat flux. Load and
displacement were recorded throughout the test. All
signals were acquired via a data-logging system.
Temperature signals were logged at a frequency of
50 Hz (20 ms) and the other signals at 200 Hz
(5 ms).
After testing, the shell solidified around the mold was

taken for metallographic analysis. For the true stres-
s–true strain calculation, it is necessary to acquire an
accurate value of the shell thickness. For this reason, 3D
measurements of the shell thickness were made in
accordance with a method used for breakout shell
thickness analysis.[22] An example of this measurement is
in Figure 8 for steel 1. At the right-hand side of
Figure 8, the thickness of the shell is shown for the
position at the red-white dotted line. On the left-hand
side, the image shows that the thickness is rather
constant along the whole shell, ranging from 1 mm at
the top (meniscus) to 2 mm at the bottom; however,
some fluctuations are seen as expected, particularly at
the areas with oscillation marks.Fig. 7—Schematic view of half cut solidified shell.
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A. Stress–Strain Curves

Out of four tests performed, a good reproducibility
has been observed between the same steel grades.
Figure 9 shows the stress–strain curves for the two
grades considered in this study.

Considering that the chemical composition of both
steels is different, expectedly, their mechanical state
during solidification should be also dissimilar. A first
indication of cracking susceptibility of a steel grade
under testing conditions can be seen by the maximum
stress rp, and its corresponding strain ep, considering
that this point is the ultimate tensile strength (UTS).

The steel-2 with higher amount of alloying elements
showed better mechanical properties (rp � 9 MPa and ep

� 0.45 pct) both in terms of strength and ductility, when
compared to steel-1 (rp � 6 MPa and ep � 0.35 pct). The
maximum applied strain during testing exceeds 0.6 pct in
all the four cases; however, the samples were already
cracked before reaching this point. These values are
comparable with various other similar published
results.[6,23,24]

B. Metallographic Analysis

Considering that one of the design objectives of the
MCS test was to obtain thermomechanical data for steel
under solidification conditions, in particular to be used
to assess the hot tearing susceptibility; this implies that
the induced cracks should be interdendritic of nature.
All samples do crack longitudinally, i.e., parallel to

the casting direction and thus, against the oscillation
marks. All shells do have one single big crack. When
more than one crack is seen on the shell, it is obvious
that one of them is larger than the others.
The steel shells were cut on the transverse direction,

perpendicular to the main crack direction, polished and
etched with Bechét–Beaujard etchant.
The dendritic microstructure of the MCS steel shells is

comparable to the microstructure of a continuously cast
steel. Because steel-2 is a higher-alloyed grade, it shows
a finer dendritic structure compared to the lower-alloyed
steel (steel-1). The micrographs showing dendritic struc-
tures of both steels are presented in Figure 10. The
measured dendrite arm spacing (Figure 11) likewise
supports these observations.

Fig. 8—3D shell thickness scan for steel-1. Left: 3D shell thickness scan. Right: shell thickness measured at position x = 0.0.

Fig. 9—Stress–strain results for steel 1 and 2.

Table I. Chemical Composition of the Melt During MCS Experimental Trials

(Wt. Pct) C Si Mn S Cu Cr Mo Ni Nb N (TL) (TS)

Steel-1 0.13 — 0.1 0.005 — — — 0.02 — — 1799 K (1526 �C) 1763 K (1490 �C)
Steel-2 0.28 0.24 1.3 0.004 0.34 1.3 0.5 0.03 0.04 0.02 1779 K (1506 �C) 1712 K (1439 �C)
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In steels with higher alloy content, the segregating
ability of solute elements restricts the growth of
solid–liquid interface by reducing the rate of diffusion,
leading to a significant grain refinement.[25] Moreover,
the constitutionally undercooled zone in front of the
interface also increases the possibility for perturbations
(new nuclei) to grow and subsequently affects the
growth of the preceding ones.[26,27]

A refined dendritic structure is well known to improve
mechanical properties. Especially, secondary dendrite
arm spacing (SDAS) k2 affects the permeability and
coalescence of semisolid structures during solidification

which, in turn, affects the hot tearing susceptibility of an
alloy,[23,25] increasingly fine dendrites having increas-
ingly more contact area with the adjacent dendrites, thus
requiring more force to tear them apart. In the present
study, two steel grades with different alloy contents were
taken into account. One possible reason for the higher
strength of steel-2 during solidification is its high
coalescence between the dendrite arms when compared
to the lower-alloyed steel having coarser dendritic
structure.
Figure 12 shows polished and etched cross-sectional

view of the fractured surfaces. The micrographs show

Fig. 12—Cross-sectional view of fracture surface of Steel-2: (a) polished surface, (b) Bechét–Beaujard etched.

Fig. 11—Dendrite arm spacing’s (1) Primary Dendrite Arm Spacing (PDAS); (2) Secondary Dendrite Arm Spacing (SDAS).

Surface Surface

Steel-1 Steel-2

Fig. 10—Dendritic morphology of steel 1 and 2.
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that the dendritic structure was ripped apart during the
deformation. Many interdendritic cracks are visible over
the whole length of the specimen.

Because the shells have been ruptured along the
thickness, it can be considered that the strain distribu-
tion is uniform along the circumferential direction in the
shell.

For a more complete analysis of the cracks, fractog-
raphy has been performed at the fracture surface. The
fractured surfaces were observed and evaluated under
the Scanning Electron Microscope (SEM) at Tata Steel
R&D IJTC (IJmuiden Technology Centre) and Steel
Institute IEHK of RWTH Aachen University. The
dendrite arm network of dendrites arms was observed
on the fracture surfaces, thereby confirming that the
cracks are interdendritic. In some parts of the samples,
the fracture surfaces are partially covered by mold slag
which wets the surface of the formed shell upon its
removal from the MCS mold after solidification. When
the deformation occurs out of the bath, it is expected
that a small amount of slag penetrates the fracture
surface as it is still hot and not yet solidified. However,
the dendritic structure is visible in most of the areas. In
Figure 13, an example of the fractured surface of steel 2
is shown.

Combining that temperatures measured by the two
mold thermocouples are comparable to the expected
values at the gap between the steel shell and the mold at
the early stages of solidification,[28] and the fracto-
graphic analysis, it can be assumed that the test is
suitable for assessment of the mechanical state of a steel
during solidification.

V. CONCLUSIONS AND OUTLOOK

In the present work, a model has been developed to
determine true stress–true strain curves for steels during
solidification with the Mold Crack Simulator (MCS).

The mathematical model presented is based on the
thin wall assumption since the test piece is a circular
cylindrical body of annular cross section subjected to
surface forces and thermal loads.

Two steel grades were used for testing and validation
of such a model and the reproducibility of the results is
very good. The higher-alloyed steel grade showed better
mechanical properties, both in terms of strength and
ductility, when compared to the other steel grade, most
likely due the finer dendrite structure of that steel
resulting in increased load-bearing capacity.
The metallographic analysis of the solidified shells

showed that the dendritic microstructure is comparable
to a continuously cast product.
Combining the results of the fractography and met-

allographic analysis indicate firstly, that the strain
distribution is uniform along the circumferential direc-
tion in the shell; secondly, that the cracks are interden-
dritic in nature, thus suitable to mimic cracking at the
early stages of solidification; and thirdly, that the test is
suitable for assessment of the mechanical state of a steel
during solidification.
Further experimental investigations are needed using

MCS to study the strength of different steel grades
during solidification .A comparison with already pub-
lished similar results needs to be done as well, whenever
possible, considering that the testing conditions of the
few similar devices available up to now differ
considerably.

LIST OF SYMBOLS

TS Solidus temperature (�C)
TL Liquidus temperature (�C)
L Length of the wedge (19.9 mm)
dmold Diameter of the mold (69.36 mm)
h Angle of the curved inclined surface
R Radius of solidified shell in (mm)
t Thickness of the solidified shell in

(mm)
FN Normal force perpendicular to the

incline plane (N)
Fw Load transmitted by wedge on to the

shell (N)

Fig. 13—Overview of the fracture surfaces of Steel-2.
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FS Sliding force along the inclined plane
(N)

DF Difference between forces measured
during hot test and cold test (N)

dy Incremental displacement in positive
longitudinal direction, i.e., from A to
AI

dx Incremental displacement in radial
direction from B to BI (refer
Figure 4)

_e Strain rate, change in strain of a
material with respect to time (1/s)

rp Peak stress (MPa)
_ep Strain at Peak stress (pct)
ehh, err, and ezz Normal strains measured along the

radial, tangential, and axial
directions, respectively (elongation/
shortening of material per unit
length)

rhh, rrr, and rzz Normal stress along the radial,
tangential, and axial directions,
respectively (force per unit area)

shh, shz, and szr Shear stress, components
of stress coplanar with a material
cross section (force per unit area)
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