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Modeling Solidification Phenomena in the
Continuous Casting of Carbon Steels

Panagiotis Sismanis
SIDENOR SA
Greece

1. Introduction

In recent years the quest for advanced steel quality satisfying more stringent specifications
by time has forced research in the development of advanced equipment for the
improvement of the internal structure of the continuously cast steels. A relatively important
role has played the better understanding of the solidification phenomena that occur during
the final stages of the solidification. Dynamic soft-reduction machines have been placed in
industrial practice with top-level performance. Nevertheless, the numerical solution of the
governing heat-transfer differential equation under the proper initial and boundary
conditions continues to play the paramount role for the fundamental approach of the whole
solidification process. Steel properties are critical upon the solidification behaviour.
Different chemical analyses of carbon steels alter the solidus and liquidus temperatures and
therefore influence the calculated results. Shell growth, local cooling rates and solidification
times, solid fraction, and secondary dendrite arm-spacing are some important metallurgical
parameters that need to be ultimately computed for specific steel grades once the heat
transfer problem is solved.

2. Previous work and current status

Solidification heat-transfer has been extensively studied throughout the years and there are
numerous works on the subject in the academic and industrial fields. Towards the
development of continuous casting machines adapted to the needs of the various steel
grades a great deal of research work has been published in this metallurgical domain. In one
of the early works (Mizikar, 1967), the fundamental relationships and the means of solution
were described, but in a series of articles (Brimacombe, 1976) and (Brimacombe et al, 1977,
1978, 1979, 1980) some important answers to the heat transfer problem as well as to
associated product internal structures and continuous-casting problems were presented in
detail. The crucial knowledge-creation practice of combining experiments and models
together was the main method applied to most of these works. In this way, the shell
thickness at mold exit, the metallurgical length of the caster, the location down the caster
where cracks initiate, and the cooling practice below the mold to avoid reheating cracks
were some of the points addressed. At that time, the first finite-element thermal-stress
models of solidification were applied in order to understand the internal stress distribution
in the solidifying steel strand below the mold. The need for data with respect to the
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122 Two Phase Flow, Phase Change and Numerical Modeling

mechanical properties of steels and specifically creep at high temperatures as a means for
controlling the continuous casting events was realized from the early years of analysis
(Palmaers, 1978). In a similar study, the bulging produced by creep in the continuously cast
slabs was analyzed (Grill & Schwerdtfeger, 1979) with a finite-element model. In order to
simulate the unbending process in a continuous casting machine a multi-beam model was
proposed (Tacke, 1985) for strand straightening in the caster. With the advent of the
computer revolution more advanced topics relevant to the fluid flow in the mold were
addressed. Unsteady-state turbulent phenomena in the mold were tackled using the large
eddy simulation method of analysis (Sivaramakrishnan et al, 2000); in extreme cases, it was
reported that the computer program could take up to a month to converge and come up
with a solution. Nevertheless, computational heat-transfer programs have helped in the
development of better internal structure continuously-cast steels mostly for two main
reasons: [1] the online control of the casting process and, [2] the offline analysis of factors
which are more intrinsic to the specific nature of a steel grade under investigation, i.e.,
chemical analysis and internal structure. Continuing the literature survey more focus will be
given to selected published works relevant to the second [2] influential reason.

The formation of internal cracks that influence the internal structure of slabs was
investigated from the early years (Fuji et al, 1976) of continuous casting. It was proven that
internal cracks are formed adjacent to the solid-liquid interface and greatly influenced by
bulging. As creep was critical upon bulging in continuously cast slabs a model was
proposed (Fujii et al, 1981) with adequate agreement between theory and practice for low
and medium carbon aluminum-killed steels. In another study (Matsumiya et al, 1984) a
mathematical analysis model was established in order to investigate the interdendritic
micro-segregation using a finite difference scheme and taking into consideration the
diffusion of a solute in the solid and liquid phases. As mechanical behavior of plain carbon
steel in the austenite temperature region was proven of paramount importance in the
continuous casting process a set of simple constitutive equations was developed (Kozlowski
et al, 1992) for the elastoplastic analysis used in finite element models. Chemical
composition of steel and specifically equivalent carbon content as well as the Mn/S ratio
were found to define a critical strain value above which internal structure problems could
appear (Hiebler et al, 1994). As analysis deepened into the internal structure and specifically
into micro- and macro-segregation, relationships between primary and secondary dendrite
arm spacing (Imagumbai, 1994) started to appear. In fact, first order analysis revealed that
secondary dendrite arm-spacing is about one-half of the primary one. The effect of cooling
rate on zero-strength-temperature (ZST) and zero-ductility-temperature (ZDT) was found to
be significant (Won et al, 1998) due to segregation of solute elements at the final stage of
solidification. The calculated temperatures at the solid fractions of 0.75 and 0.99
corresponded to the experimentally measured ZST and ZDT, respectively. Furthermore, a
set of relationships that take under consideration steel composition, cooling rate, and solid
fraction was proposed; the suggested prediction equation on ZST and ZDT was found in
relative agreement with experimental results. In a monumental work (Cabrera-Marrero et al,
1998), the dendritic microstructure of continuously-cast steel billets was analyzed and found
in agreement with experimental results. In fact, the differential equation of heat transfer was
numerically solved along the sections of the caster and local solidification times related to
microstructure for various steel compositions were computed. Based on the Clyne-Kurz
model a simple model of micro-segregation during solidification of steels was developed
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Modeling Solidification Phenomena in the Continuous Casting of Carbon Steels 123

(Won & Thomas, 2001). In this way, the secondary dendrite arm spacing can be sufficiently
computed with respect to carbon content and local cooling rates. In another study (Han et al,
2001), the formation of internal cracks in continuously cast slabs was mathematically
analyzed with the implementation of a strain analysis model together with a micro-
segregation model. The equation of heat transfer was also numerically solved along the
caster. Total strain based on bulging, unbending, and roll-misalignment attributed strains,
was computed and checked against the critical strain. Consequently, internal structure
problems could be identified and verified in practice. The unsteady bulging was found to be
(Yoon et al, 2002) the main reason of mold level hunching during thin slab casting. A finite
difference scheme for the numerical solution of the heat transfer equation together with a
continuous beam model and a primary creep equation were developed in order to match
experimental data. A 2D unsteady heat-transfer model (Zhu et al, 2003) was applied to
obtain the surface temperature and shell thickness of continuous casting slabs during the
process of solidification. Roll misalignment was proven to provoke internal cracks once total
strain at the solid/liquid interface exceeded the critical strain for the examined chemical
composition of steel slabs. As creep was proven to be important in the continuous casting of
steels, an evaluation of common constitutive equations was performed (Pierer at al, 2005)
and tested against experimental data. The proposed results could help in the development
of more sophisticated 2D finite element models. Once offline computer models are proven
correct they can be applied online in real-time applications and minimize internal defects
(Ma et al, 2008).

Consequently, very advanced types of continuous casting machines have appeared in the
international market as a result of these investigations. Different steel grades are classified
into groups which are processed in the continuous casters as heats cast with similar design
and operating parameters. Automation plays an important role supervising the whole
continuous casting process by running in two levels, i.e., controlling the process, and
computing the final solidification front as a real-time solution to the heat-transfer problem
case. The numerous steel products of excellent quality manifest the success of these
sophisticated casting machines.

3. Present work

In this work the modelling of the solidification phenomena for two slab casters installed in
different plants, one in Stomana, Pernik, Bulgaria, and the other in Sovel, Almyros, Greece,
is presented. Both plants belong to the SIDENOR group of companies. Simple design and
operating parameters together with the chemical analyses of the steel grades cast are the
basic data to approximate the heat transfer solution, compute the temperature distributions
inside the continuously cast slabs in every section of the caster, and investigate the
solidification phenomena from the metallurgical point of view. A 3D numerical solution of
the differential equation of heat transfer was developed and tested in a previous publication
(Sismanis, 2010) and is not to be presented in detail here. Some routines were also
implemented in the main core of that developed software in order to cover the extra
computational work required for the metallurgical analysis of the solidification phenomena.
Furthermore, strain analysis for any slab bulging and for the straightening positions was
implemented as well. The methodology applied for tackling the continuous casting
problem for different carbon steel grades from the metallurgical point of view is maybe
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124 Two Phase Flow, Phase Change and Numerical Modeling

what makes this purely computational study more intriguing and specific in nature. Critical
formulas that bind the heat transfer problem with the various solidification parameters and
strains in the slab are presented and discussed.

3.1 The heat transfer model applied

The general 3D heat transfer equation that describes the temperature distribution inside the
solidifying body is given by the following equation (Carslaw & Jaeger, 1986) and (Incropera
& DeWitt, 1981):

pCpaa—:f:V-kVT+S (1)

The source term S, in units W - m3, may be considered (Patankar, 1980) to be of the form:

S=5.+S,-T )

that is, by a constant term and a temperature dependent term and can be related to
correspond to the latent heat of phase change. Furthermore, T is the temperature, and p, C,,
and k are the density, heat capacity, and thermal conductivity of steel, respectively. The heat
transfer equation in Cartesian coordinates may be written as:

pC a—T:i(ka—Tj+i ka—T +i(k8—TJ+S ©))

Pot ox\ ox) dy\ dy ) dz\ oz
The solidification problem in the continuous casting may be considered as such of studying
the advance of the solidification front by means of mathematical solution of the global heat
transfer involved in the specific geometry, and the local heat transfer in the mushy zone. In

the present study, the heat conduction along the casting direction is considered to be
negligible. So, (3) can be written as:

OT o9 (,dT) d(, dT
Cp—=—|k— |+—| k— |[+S 4
P ot Bx( 8x]+8y( ayj+ @

The boundary conditions applied in order to solve (4) are as follows:
Heat flux in the mold is equalized to the empirical equation used by other researchers (Lait
et al, 1974),

g, =2.67x10° -2.21x10°\ [, (®)

The mold heat-flux (g,) is given in W/m2, and t, (in seconds) is the dwell time of the strand
inside the mold. Involving an expression for the local heat-transfer coefficient inside the
mold (Yoon et al, 2002) a more realistic formula was derived that exhibited good results in
the present study:

h,=135-10-(1-0.8z2)-q, 6)

The heat fluxes due to water spraying and radiation of the strand in the secondary cooling
zones were calculated using the following expressions:
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qs :hs -(T—Two) (7)

4 4
q,=h,(T-T,,) with hr:o'g-TT# ®)
qc th .<T_Tenv) (9)

where h,, h,, and h. are the heat transfer coefficients for spray cooling, radiation, and
convection, respectively, Ty is the water temperature, T, is the ambient temperature, o is
the Stefan-Boltzmann constant, and ¢ is the steel emissivity (equal to 0.8 in the present
study). Natural convection was assumed to prevail at the convection heat transfer as
stagnant air-flow conditions were considered due to the low casting speeds of the strand
applied in practice. The strand was assumed to be a long horizontal cylinder with an
equivalent diameter of a circle having the same area with that of the strand cross-sectional
area, and a correlation valid for a wide Rayleigh number range proposed by (Churchill &
Chu, 1975) was applied, written in the form proposed by (Burmeister, 1983):

Pr

05591
JNu, =0.60+0.387B"/° B=RaD|:1+( ' j } (10° < B<10") (10)

where Nu, Ra, and Pr are the dimensionless Nusselt, Rayleigh, and Prandtl numbers,
respectively. In this way, h. is calculated by means of the Nup number. It is worth
mentioning, however, that the radiation effects are more pronounced than the convection
ones in the continuous casting of steels. From various expressions proposed in the literature
for the heat transfer coefficient in water-spray cooling systems the following formula was
applied as approaching the present casting conditions:

1-0.0075T,,

h,=1570-W"> . n

(1)
where W is the water flux for any secondary spray zone in liters/m2/sec, and h; is in
W/m?2/K. At any point along the secondary zones (starting just below the mold) of the
caster the total flux g is computed according to the following formula, taking into account
that g; may be zero at areas where no sprays are applied:

Gt =9.+49,+4 (12)

In mathematical terms, considering a one-fourth of the cross-section of a slab assuming
perfect symmetry, the aforementioned boundary conditions can be written as:

—ka—T— q, atx=W_,0<y<W,h 0<z<L, 13
ox |q,, atx=W,_, 0<sy<W, z>L,

_ka_Tz q, aty=W,, 0sx<W, 0<z<L, (14)
W |G aty=W,, 0<x<W,_, z>L,
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where z follows the casting direction starting from the meniscus level inside the mold;
consequently, the mold has an active length of L,. W, and W, are the half-width and the
half-thickness of the cast product, respectively. Due to symmetry, the heat fluxes at the
central planes are considered to be zero:

oT

—k—=0atx=0,0sy<W,,z2>0 (15)
ox Y
oT

—ka—:Oaty:0,0SxSWx,220 (16)
Y

Finally, the initial temperature of the pouring liquid steel is supposed to be the temperature
of liquid steel in the tundish:

T=T,att=0(and z=0), 0<x<W, O<y<W, (17)

The thermo-physical properties of carbon steels were obtained from the published work of
(Cabrera-Marrero et al, 1998); the properties were given as functions of carbon content for
the liquid, mushy, solid, and transformation temperature domain values. The liquidus and
solidus temperatures were obtained from the work of (Thomas et al, 1987):

T, =1537 —88(%C) — 8(%Si) — 5(%Mn) — 30(%P) — 25(%S) a8)
— 4(%Ni) = 1.5(%Cr) — 5(%Ctt) — 2(%Mo) — 2(% V) — 18(%Ti)
T, =1535 — 200(%C) — 12.3(%Si) — 6.8(% Mn) — 124.5(% P) — 183.9(%S)

. (19)
— 4.3(%Ni) - 1.4(%Cr) — 4.1(%Al)

At any time step the simulating program computes whether a given nodal point is at a
lower or higher temperature than the liquidus or solidus temperatures for a given steel
composition. Consequently, the instantaneous position of the solidification front is derived,
and therefore, in the solidification direction the last solidified nodal point at the solidus
temperature.

3.1.1 Strain analysis computations
Bulging strain eg was computed based on the analysis by (Fujii et al, 1976) in which primary
creep was taken under consideration. Equations (20) through (27) contain the necessary
formulas used in these computations:

£,=1600-5,-S /1,2 20)
é‘B:ﬁ\/E /S’ and t, =0, /uc (21)
B=121-v?*) -0, - A, L, (22)

2 14%
oy, =————12cosh(y)—wtanh(y)-2 and =% 23
5 ”SCOSh(W){ cosh(y)-ytanh(y)-2} and y T (23)
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Some important parameters are included in the expressions: {p is the roll pitch in the part of
the caster under consideration, uc is the casting speed, tp is time in seconds, S is the thickness
of the solidified shell at the point of analysis along the caster, and v is the Poisson ratio for steel
which is related to steel according to the following relationship (Uehara et al, 1986):

v=0278+823x10"°-T, and T,= %(TS +Torr ) (24)

The Tp value (in °C) is taken as the average value between the solidus and the surface
temperature of the slab. Primary creep data were taken from the work of (Palmaers, 1978)
and applied with good results mostly for low and medium carbon steel slabs produced at
Sovel. Table 1 presents the data used. Equation (25) illustrates the expression used for the
calculation of the primary creep strain and op (in MPa) resembles the ferro-static pressure
(26) at a point along the caster which has a distance Hs measured along the vertical axis from
the meniscus level; it is clarified that the maximum value of Hs can be around the caster
radius (27).

E=Ay 0y 1" -exp(—%) (25)
o, = pgH; (26)
HS,max = RC (27)

For the steel slabs produced at Stomana, the constitutive equations for model II (Kozlowski
et al, 1992) were applied after integration (T in Kelvin=Tp+273.16):

& =C-exp(—Qcx /T)-0p" - 1" (28)

where, Qcx = 17160 and:
C =0.3091+0.2090 - (%C) +0.1773 - (%C)* (29)
n=6.365-4.521-10"-T+1.439-10°-T> (30)
m=-1362+5.761-10"*-T+1.982-107° - T? (31)

So, after appropriate integration of the strain rate (28), the following expression was applied
for the primary creep that exhibited better results than the correlations of (Palmaers, 1978)
specifically for the Stomana slabs, probably due to their much larger size compared to the
size of the slabs produced at Sovel:

&, =(C/(m+1))-exp(-Qcx /T)- 0" - t"" (32)

The unbending strain was computed according to equation (33) where R, R, are the
unbending radii of the caster, (Uehara et al, 1986) and (Zhu et al, 2003).

1 1

R

n-1 n

£,=100-(W, - S)- (33)
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128 Two Phase Flow, Phase Change and Numerical Modeling

Any caster misalignment of value 0 can be computed according to (34), as described in the
works of (Han et al, 2001) and (Zhu et al, 2003):

£,=300-S-8, /0, (34)

The total strain &, that a slab may undergo at a specific point along the caster is the sum of
all the aforementioned strains:

£, =EptEt+Ey (35)

The total strain should never exceed the value for the critical strain ec, which is a function of
the carbon equivalent value (36) and the Mn/S ratio, as this could cause internal cracks
during casting (Hiebler et al, 1994). It should be pointed out that low carbon steels with high
Mn/S (>25) ratios are the least prone for cracking during casting.

Copc =(%C) +0.02(%Mn) + 0.04(%Ni) — 0.1(%Si) — 0.04(%Cr) — 0.1(% Mo) (36)
% Carbon Temperature A m n Qc
range, °C (kJ/mol)

0.090 (low carbon) <1000 0.349 035 |31 150.6
0.090 (low carbon) 1000-1250 2.422 033 |25 146.4
0.090 (low carbon) > 1250 6.240 021 | 1.6 123.4
0.185 (medium carbon) <1000 141.1 036 |31 211.3
0.185 (medium carbon) 1000-1250 1.825 037 |25 144.3
0.185 (medium carbon) > 1250 1.342 0.25 1.5 102.5

Table 1. Data used for primary creep

3.1.2 Solid fraction analysis

The solid fraction values fs are very important especially at the final stages of solidification
in which soft reduction is applied in many slab casters in an attempt to reduce or minimize
any internal segregation problems. The following expressions extracted from the work of
(Won et al, 1998) were used:

4] | 1536-T 1-20x

fS :(1—2QK) 1- T(C]) and A= 1 (37)

> f(C;) = 6751(%C) +9.741(%Si) + 3.292(% Mn) + 82.18(%P) + 155.8(%S) (38)
Q=0o(1-exp(-1/ @)) —%exp(—l / Qo)) (39)
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o =337-C 0% (40)

k=0265 and k=(x""+x"") /2 (41)

As described by equations (37) through (41), considering an average equilibrium partition
coefficient k=0.265 for carbon at the delta/liquid and gamma/liquid phase transformations,
respectively, and a local cooling rate Cg, solid fraction values can be computed as a function
of mushy-zone temperatures and specific chemical analysis of steel. Dendrites are
characterized by means of the primary Apriv and secondary Aspas dendritic arm spacing. The
dependence of both Apriy and Aspas spacing on the chemical composition and solidification
conditions is needed for a correct microstructure prediction whose results can be employed
for micro- and macro-segregation appraisal. Primary dendrite arm spacing is related to the
solidification rate r and thermal gradient G in the mushy zone according to the following
formula (Cabrera-Marrero et al, 1998):

ﬂ’PRJM =N, -r LG (42)

Solidification rate r is actually the rate of shell growth:

das
=— 43
r=— (43)
and the thermal gradient G is defined as:
G= (TL _TS) (44)
w

where w is the width of the mushy zone. It is interesting to note that local solidification
times Tr are related to the local cooling rates with the expressions:

TF:TL_TS:TL_TS:TL_TS (45)

Cy G G( ds j
dt
Furthermore, Aspas is an important parameter as it plays a great role in the development of
micro-segregation towards the final stage of solidification. For this reason it has received
more attention than Apriv. Consequently, recalling the work of (Won & Thomas, 2001)
secondary dendrite arm spacing Aspas (in pm) was computed using the following equation:

(169.1 -720.9-. (%C)) . C,{M935 for 0< (%C) <0.15
SDAS — (46)

1439 . CR—043616 . (%C)(O.5501—1.996«(%C)) for (%C) > 015

4. Results and discussion

For the Stomana slab caster that normally casts slab sizes of 220x1500 mm x mm two
chemical analyses for steel were examined depending on the selected carbon concentrations,
as presented on Table 2.
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%C | %Si | %Mn | %P | %S | %Cu | %Ni | %Cr | %Al | Tig(°C) | Teai(°C)
0100 | 030 | 1.20 | 0.025 | 0.015 | 035 | 030 | 010 | 0.03 | 1515 | 1495
0185 | 030 | 1.20 | 0.025 | 0.015 | 035 | 030 | 010 | 0.03 | 1508 | 1479

Table 2. Steel chemical analyses examined for Stomana
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Fig. 1. Temperature distribution in sections of a 220 x 1500 mm x mm Stomana slab, at 5.1 m
for part (a) and 10 m for part (b) from the meniscus, respectively. %C = 0.10; casting speed:
0.80 m/min; SPH: 20 K; solidus temperature = 1495°C; (all temperatures in the graph are in °C)

In addition to this, two levels for superheat SPH (=T.-T1) were selected at the values of 20K
and 40K. Two levels for the casting speed u. were also examined at the 0.6 and 0.8 m/min.
Fig. 1 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 5.1 m and 10.0 m
from the meniscus level in the mold, respectively. The dramatic progress of the solidification
front is illustrated. The following casting parameters were selected in this case: %C=0.10,
SPH= 20K, and u. = 0.8 m/min. It is interesting to note that the shell grows faster along the
direction of the smaller size, i.e., the thickness than the width of the slab. Fig. 2 presents
some more typical results for the same case. The temperature in the centre is presented by
line 1, and the temperature at the surface of the slab is presented by line 2. The shell
thickness S and the distance between liquidus and solidus w are presented by dotted lines 3
and 4, respectively. In part (b) of Fig. 2 the rate of shell growth (dS/dt), the cooling rate (Cr),
and the solid fraction (fs) in the final stages of solidification are presented. Finally, in part (c)
the local solidification time TF, and secondary dendrite arm spacing Aspas are also presented.
It is interesting to note that the rate of shell growth is almost constant for the major part of
solidification. Computation results show that solid fraction seems to significantly increase
towards solidification completion. Apart from unclear fluid-flow phenomena that may
adversely affect the uniform development of dendrites in the final stages of solidification
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Modeling Solidification Phenomena in the Continuous Casting of Carbon Steels 131

and influence the local solid-fraction values, the shape of the fs curve at the values of fs
above 0.8 seem to be influenced by the selected set of equations (37)-(41). Fig. 3 depicts
computed strain results along the caster.

1600 E
£
o 1400 @
o 2
T £
< 1200 | ]
e
ES)
& 1000 [ & (a)
= =
£ 800 H
2 &
600 . E
% —0 —75 70 v A
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Fig. 2. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)
illustrate the centreline and surface temperatures of a 220 x 1500 mm x mm Stomana slab;
lines (3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cr, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite
arm spacing are depicted, as well. Casting conditions: %C = 0.10; casting speed: 0.80 m/min;
SPH: 20 K; solidus temperature = 1495°C; (all temperatures in the graph are in °C)

In part (a) of Fig. 3 line 1 depicts the bulging strain along the caster with the aforementioned
formulation. Left-hand-side (LHS) axis is used to present the bulging strain which is also
presented by dashed line 2 with the means of another formulation (Han et al, 2001) which is
presented by the following equations:

opt P4 \/7
=———Jt 47
"2 32ESY T @7
where most parameters were defined in the appropriate section and E. is an equivalent
elastic modulus that was calculated using the following equation:

_ Ts _Tp

, = x10*  in MPa (48)
T, —100
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Consequently, the bulging strain is computed by equation (20) in which 63 is substituted by
0p2. It seems that the computed results in the latter case are much higher than the ones
computed with the generally applied method as described in 3.1.1. Furthermore, the
recently presented formulation (47)-(48) was proven to be of limited applicability in most
cases for the Sovel slab caster and in some cases in the Stomana caster as it gave rise to
extremely high values for the bulging strain. Coming back to Fig. 3, the right-hand-side
(RHS) axis in part (a) presents the misalignment and unbending strains in a smaller scale. In
order to emphasize the misalignment effect upon the strain two different values, 0.5 mm
and 1.0 mm of rolls misalignment were chosen at two positions, about 8.9 m and 13.4 m,
respectively, along the caster. In this way, these values are depicted by lines 3 and 4 in part
(a) of Fig. 3. The caster radius is 10.0 m while two unbending points with radii 18.0 m and
30.0 m at the 13.5 m and 18.0 m positions along the caster were selected in order to simulate
the straightening process. Line 8 in part (a) of Fig. 3 actually presents the strain from the first
unbending point. The LHS axis in part (b) of Fig. 3 represents the total strains as computed
by the two methods for bulging strain and illustrated by lines 5 and 6. In this case, the total
strain is less than the critical strain (as measured on the RHS axis and illustrated by straight
line 7) throughout the caster.
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Fig. 3. In part (a), bulging strain (LHS axis), and misalignment and unbending strains (RHS
axis) are illustrated. Bulging strain is depicted by two lines (1) and (2) depending on the
applied formulation: line (1) is based on the formulation presented in section 3.1.1, and line
(2) is based on the formulation described by equations (47) & (48). Lines (3) and (4) depict
the strains resulting from 0.5 mm and 1.0 mm rolls-misalignment, respectively. Line (8)
shows the strain from unbending at this position of the caster. In a similar manner, the total
strains (LHS axis) are presented in part (b); the critical strain (RHS axis) is also, included.
Casting conditions: 220 x 1500 mm x mm Stomana slab; % C = 0.10; casting speed: 0.80
m/min; SPH: 20 K; solidus temperature = 1495°C
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Fig. 4. Temperature distribution in sections of a 220 x 1500 mm x mm Stomana slab, at 8.0 m
for part (a) and 16 m for part (b) from the meniscus, respectively. %C = 0.185; casting speed:
0.80 m/min; SPH: 20 K; solidus temperature = 1479°C; (all temperatures in the graph are in °C)
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Fig. 5. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)

illustrate the centreline and surface temperatures of a 220 x 1500 mm x mm Stomana slab;
lines (3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cg, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite

arm spacing are depicted, as well. Casting conditions: %C = 0.185; casting speed: 0.80
m/min; SPH: 20 K; solidus temperature = 1479°C; (all temperatures in the graph are in °C)
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Fig. 4 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 8.0 m and 16.0 m
from the meniscus level in the mold, respectively. The following casting parameters were
selected in this case: %C=0.185, SPH= 20K, and u. = 0.8 m/min. It is interesting to note that
the shell grows faster along the direction of the smaller size, i.e., the thickness than the
width of the slab. Fig. 5 presents some more typical results for the same case. The
temperature in the centre is presented by line 1, and the temperature at the surface of the
slab is presented by line 2. The shell thickness S and the distance between liquidus and
solidus w are presented by dotted lines 3 and 4, respectively. In part (b) of Fig. 2 the rate of
shell growth (dS/dt), the cooling rate (Cr), and the solid fraction (fs) in the final stages of
solidification are presented. Finally, in part (c) the local solidification time Tr, and secondary
dendrite arm spacing Aspas are also presented. It is interesting to note that the rate of shell
growth is almost constant for the major part of solidification.

In part (a) of Fig. 6 line 1 depicts the bulging strain along the caster with the aforementioned
formulation. LHS axis is used to present the bulging strain, while the RHS axis in part (a)
presents the misalighment and unbending strains in a smaller scale. The strains due to the
applied misalignment values are depicted by lines 2 and 3 in part (a) of Fig. 6. Line 4
presents the strain from the first unbending point. The LHS axis in part (b) of Fig. 6
represents the total strain and is illustrated by line 5. In this case, the total strain is less than
the critical strain (as measured on the RHS axis and illustrated by straight line 6) throughout
the caster.
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Fig. 6. In part (a), bulging strain (LHS axis), and misalignment and unbending strains (RHS
axis) are illustrated. Bulging strain is depicted by line (1); lines (2) and (3) depict the strains
resulting from 0.5 mm and 1.0 mm rolls-misalignment, respectively; line (4) shows the strain
from unbending at this position of the caster. In a similar manner, the total strain (LHS axis)
is presented in part (b); the critical strain (RHS axis) is also, included. Casting conditions:
220 x 1500 mm x mm Stomana slab; %C = 0.185; casting speed: 0.80 m/min; SPH: 20 K;
solidus temperature = 1479°C
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Fig. 7 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 9.3 m and 20.0 m
from the meniscus level in the mold, respectively. The following casting parameters were
selected in this case: %C=0.185, SPH=40K, and u. = 0.8 m/min. It is interesting to note that
the shell grows faster along the direction of the smaller size, i.e., the thickness than the
width of the slab. Fig. 8 presents some more typical results for the same case. The
temperature in the centre is presented by line 1, and the temperature at the surface of the
slab is presented by line 2. The shell thickness S and the distance between liquidus and
solidus w are presented by dotted lines 3 and 4, respectively. In part (b) of Fig. 2 the rate of
shell growth (dS/dt), the cooling rate (Cr), and the solid fraction (fs) in the final stages of
solidification are presented. Finally, in part (c) the local solidification time Tr, and secondary
dendrite arm spacing Aspas are also presented. It is interesting to note that the rate of shell
growth is almost constant for the major part of solidification.
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Fig. 7. Temperature distribution in sections of a 220 x 1500 mm x mm Stomana slab, at 9.3 m
for part (a) and 20 m for part (b) from the meniscus, respectively. %C = 0.185; casting speed:
0.80 m/min; SPH: 40 K; solidus temperature = 1479°C; (all temperatures in the graph are in °C)

In part (a) of Fig. 9 line 1 depicts the bulging strain along the caster with the aforementioned
formulation. LHS axis is used to present the bulging strain, while the RHS axis in part (a)
presents the misalignment and unbending strains in a smaller scale. The strains due to the
applied misalignment values are depicted by lines 2 and 3 in part (a) of Fig. 9. Line 4
presents the strain from the first unbending point, while line 5 presents the strain from the
second unbending point. The LHS axis in part (b) of Fig. 9 represents the total strain and is
illustrated by line 6. In this case, the total strain is less than the critical strain (as measured
on the RHS axis and illustrated by straight line 7) throughout the caster.

For the Sovel slab caster that normally casts slab sizes of 130x390 and 130x360 (mm x mm)
two chemical analyses for steel were examined depending on the selected carbon
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concentrations, as presented on Table 3. For the cases presented in this study only the slab
size of 130x390 was examined.

%C | %Si| %Mn | %P | %S | %Cu | %Ni| %Cr | %V | %Al | Tig(°C) | Tear(°C)
0.100 | 0.25 | 1.20 | 0.025 | 0.010 | 0.28 | 0.30 | 0.10 | 0.05 | 0.04 | 1516 | 1497
0.165 [ 0.25 | 1.20 | 0.025 | 0.010 | 0.28 | 0.30 | 0.10 | 0.05 | 0.04 | 1511 1484

Table 3. Steel chemical analyses examined for Sovel
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Fig. 8. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)
illustrate the centreline and surface temperatures of a 220 x 1500 mm x mm Stomana slab;
lines (3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cg, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite
arm spacing are depicted, as well. Casting conditions: %C = 0.185; casting speed: 0.80
m/min; SPH: 40 K; solidus temperature = 1479°C; (all temperatures in the graph are in °C)

Fig. 10 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 3.3 m and 6.0 m from
the meniscus level in the mold, respectively. The following casting parameters were selected
in this case: %C=0.10, SPH= 20K, and u. = 1.1 m/min. It is interesting to note that the shell
grows faster along the direction of the smaller size, i.e., the thickness than the width of the
slab. Fig. 11 presents some more typical results for the same case. The temperature in the
centre is presented by line 1, and the temperature at the surface of the slab is presented by
line 2. The shell thickness S and the distance between liquidus and solidus w are presented
by dotted lines 3 and 4, respectively. In part (b) of Fig. 11 the rate of shell growth (dS/dt),
the cooling rate (Cgr), and the solid fraction (fs) in the final stages of solidification are
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presented. Finally, in part (c) the local solidification time Tr, and secondary dendrite arm
spacing Aspas are also presented. It is interesting to note that the rate of shell growth is
almost constant for the major part of solidification.
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Fig. 9. In part (a), bulging strain (LHS axis), and misalignment and unbending strains (RHS
axis) are illustrated. Bulging strain is depicted by line (1); lines (2) and (3) depict the strains
resulting from 0.5 mm and 1.0 mm rolls-misalignment, respectively; lines (4) and (5) show
the strain from unbending at these positions. In a similar manner, the total strain (LHS axis)
is presented in part (b) as line (6); the critical strain (RHS axis) is also included as line (7).
Casting conditions: 220 x 1500 mm x mm Stomana slab; %C = 0.185; casting speed: 0.80
m/min; SPH: 40 K; solidus temperature = 1479°C

In part (a) of Fig. 12 line 1 depicts the bulging strain along the caster with the
aforementioned formulation. LHS axis is used to present the bulging strain, while the RHS
axis in part (a) presents the misalignment and unbending strains in a larger scale. The caster
radius is 9.0 m and unbending takes place at a point about 13.5 m apart from meniscus level
with a straightening radius of about 16.0 m. It seems that the computed unbending strains
are relatively low. Due to the small size of the produced slabs the design of the caster has a
relatively small number of rolls at large distances from each other. Roll pitches have values
from 2.5 m up to 3.0 m. In this way the caster is somewhat “forgiving” in the cases that
misalignment gets a bit out of hand. Actually, in this study relatively large misalignment
values from 20 mm up to 50 mm were examined. The strains due to the applied
misalignment values are depicted by line 2 in part (a) of Fig. 12, and seem to be low indeed.
For the Sovel caster, bulging strains were computed by the formulation presented in section
3.1.1; too high values for bulging strains were computed with the formulation presented by
equations (47) and (48). The LHS axis in part (b) of Fig. 12 represents the total strain and is
illustrated by line 3. In this case, the total strain is less than the critical strain (as measured
on the RHS axis and illustrated by straight line 4) throughout the caster.
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Fig. 10. Temperature distribution in sections of a 130 x 390 mm x mm Sovel slab, at 3.3 m for
part (a) and 6.0 m for part (b) from the meniscus, respectively. %C = 0.10; casting speed: 1.1
m/min; SPH: 20 K; solidus temperature = 1497°C; (all temperatures in the graph are in °C)
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Fig. 11. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)
illustrate the centreline and surface temperatures of a 130 x 390 mm x mm Sovel slab; lines
(3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cr, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite
arm spacing are depicted, as well. Casting conditions: %C = 0.10; casting speed: 1.1 m/min;
SPH: 20 K; solidus temperature = 1497°C; (all temperatures in the graph are in °C)
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m/min; SPH: 20 K; solidus temperature = 1497°C
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Fig. 13. Temperature distribution in sections of a 130 x 390 mm x mm Sovel slab, at 4.0 m for
part (a) and 7.7 m for part (b) from the meniscus, respectively. %C = 0.165; casting speed: 1.1

m/min; SPH: 20 K; solidus temperature = 1484°C; (all temperatures in the graph are in °C)
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Fig. 13 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 4.0 m and 7.7 m from
the meniscus level in the mold, respectively. The following casting parameters were selected
in this case: %C=0.165, SPH= 20K, and u. = 1.1 m/min. It is interesting to note that the shell
grows faster along the direction of the smaller size, i.e., the thickness than the width of the
slab. Fig. 14 presents some more typical results for the same case. The temperature in the
centre is presented by line 1, and the temperature at the surface of the slab is presented by
line 2. The shell thickness S and the distance between liquidus and solidus w are presented
by dotted lines 3 and 4, respectively. In part (b) of Fig. 14 the rate of shell growth (dS/dt),
the cooling rate (Cgr), and the solid fraction (fs) in the final stages of solidification are
presented. Finally, in part (c) the local solidification time Tr, and secondary dendrite arm
spacing Aspas are also presented. It is interesting to note that the rate of shell growth is
almost constant for the major part of solidification.
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Fig. 14. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)
illustrate the centreline and surface temperatures of a 130 x 390 mm x mm Sovel slab; lines
(3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cr, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite
arm spacing are depicted, as well. Casting conditions: %C = 0.165; casting speed: 1.1 m/min;
SPH: 20 K; solidus temperature = 1484°C; (all temperatures in the graph are in °C)

In part (a) of Fig. 15, line 1 depicts the bulging strain along the caster with the
aforementioned formulation. LHS axis is used to present the bulging strain, while the RHS
axis in part (a) presents the misalignment and unbending strains in the same scale. The
strains due to the applied misalignment values are depicted by line 2 in part (a) of Fig. 15,
and seem to be low indeed. The LHS axis in part (b) of Fig. 15 represents the total strain and
is illustrated by line 3. In this case, the total strain is less than the critical strain (as measured
on the RHS axis and illustrated by straight line 4) throughout the caster.
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Fig. 15. In part (a), bulging strain (LHS axis), and misalignment and unbending strains (RHS

axis) are illustrated by lines (1) and (2), respectively. In a similar manner, the total strain

(LHS axis) is presented in part (b) as line (3); the critical strain (RHS axis) is also included as
line (4). Casting conditions: 130 x 390 mm x mm Sovel slab; %C = 0.165; casting speed: 1.1
m/min; SPH: 20 K; solidus temperature = 1484°C
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Fig. 16. Temperature distribution in sections of a 130 x 390 mm x mm Sovel slab, at 7.3 m for
part (a) and 9.5 m for part (b) from the meniscus, respectively. %C = 0.165; casting speed: 1.1

m/min; SPH: 40 K; solidus temperature = 1484°C; (all temperatures in the graph are in °C)
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Fig. 16 presents the temperature distribution till solidus temperature inside a slab at two
different positions in the caster; parts (a) and (b) show results at about 7.3 m and 9.5 m from
the meniscus level in the mold, respectively. The following casting parameters were selected
in this case: %C=0.165, SPH= 40K, and u. = 1.1 m/min. It is interesting to note that the shell
grows faster along the direction of the smaller size, i.e., the thickness than the width of the
slab. Fig. 17 presents some more typical results for the same case. The temperature in the
centre is presented by line 1, and the temperature at the surface of the slab is presented by
line 2. The shell thickness S and the distance between liquidus and solidus w are presented
by dotted lines 3 and 4, respectively. In part (b) of Fig. 17 the rate of shell growth (dS/dt),
the cooling rate (Cgr), and the solid fraction (fs) in the final stages of solidification are
presented. Finally, in part (c) the local solidification time Tr, and secondary dendrite arm
spacing Aspas are also presented. It is interesting to note that the rate of shell growth is
almost constant for the major part of solidification.
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Fig. 17. Results with respect to distance from the meniscus: In part (a), lines (1) and (2)
illustrate the centreline and surface temperatures of a 130 x 390 mm x mm Sovel slab; lines
(3) and (4) depict the shell thickness and the distance between the solidus and liquidus
temperatures; in part (b), the solid fraction fs, the local cooling-rate Cr, and the rate of shell
growth dS/dt are presented; in part (c), the local solidification time and secondary dendrite
arm spacing are depicted, as well. Casting conditions: %C = 0.165; casting speed: 1.1 m/min;
SPH: 40 K; solidus temperature = 1484°C; (all temperatures in the graph are in °C)

In part (a) of Fig. 18 line 1 depicts the bulging strain along the caster with the
aforementioned formulation. LHS axis is used to present the bulging strain, while the RHS
axis in part (a) presents the misalignment and unbending strains in the same scale. The
strains due to the applied misalignment values are depicted by line 2 in part (a) of Fig. 18,
and seem to be low indeed. The LHS axis in part (b) of Fig. 18 represents the total strain and
is illustrated by line 3. However in this case, the total strain is larger than the critical strain
(as measured on the RHS axis and illustrated by straight line 4) in as far as the first 4 m of
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the caster are concerned. The effect of high SPH is affecting the internal slab soundness in a
negative way.
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Fig. 18. In part (a), bulging strain (LHS axis), and misalignment and unbending strains (RHS
axis) are illustrated by lines (1) and (2), respectively. In a similar manner, the total strain
(LHS axis) is presented in part (b) as line (3); the critical strain (RHS axis) is also included as
line (4). Casting conditions: 130 x 390 mm x mm Sovel slab; %C = 0.165; casting speed: 1.1
m/min; SPH: 40 K; solidus temperature = 1484°C

As of figures 1, 4, 7, 10, 13, and 16 it is obvious that the temperature distribution is presented
only for the one-quarter of the slab cross-section, the rest one is omitted as redundant due to
symmetry. It is interesting to note that due to the values of the shape factors, i.e., 1500/220 =
6.818, and 390/130 = 3.0 for the Stomana and Sovel casters, respectively, the shell proceeds
faster across the largest size (width) than across the smallest one (thickness). This is well
depicted with respect to the plot of the temperature distributions in the sections till the
solidus temperatures for the specific chemical analyses under study. It should be pointed
out that due to this, macro-segregation phenomena occasionally appear at both ends and
across the central region of slabs. These defects appear normally as edge defects later on at
the plate mill once they are rolled.

Comparing figures 2 and 5, it becomes evident that the higher the carbon content the more it
takes to solidify downstream the Stomana caster. For the Sovel caster similar results can be
obtained by comparing the graphs presented by figures 11 and 14.

Comparing figures 5 and 8, it is interesting to note that the higher the superheat the more
time it takes for a slab to completely solidify in the caster at Stomana. Similar results have
been obtained for the Sovel caster, just by comparing the results presented in figures 14 and
17.

Furthermore, the higher the casting speed the more it takes to complete solidification in both
casters, although computed results are not presented at different casting speeds. For
productivity reasons, the maximum attainable casting speeds are selected in normal
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practice, so to avoid redundancy only results at real practice casting speeds were selected
for presentation in this study.

The ratio of the shape factors for the two casters, i.e., 6.818/3.0 = 2.27 seems to play some
role for the failure of the application of the second formulation presented by equations
(47) and (48) for the Sovel caster compared with the formulation for the bulging
calculations presented in 3.1.1. In addition to this, even for the Stomana caster the
computed bulging results were too high and not presented at higher carbon and
superheat values. Low carbon steel grades seem to withstand better any bulging,
misalignment, and unbending strains for both casters as illustrated by figures 3 and 6 for
Stomana, and figures 12 and 15 for Sovel, respectively. The higher critical strain values
associated with low carbon steels give more “room” for higher superheats and any caster
design or maintenance problems.

Another critical aspect that is worth mentioning is the effect of SPH upon strains for the
same steel grade and casting speed. For the Stomana caster, comparing the results
presented in figures 6 and 9 it seems that by increasing the superheat from 20K to 40K the
bulging and misalignment strains increase by an almost double value; furthermore, the
unbending strain at the second straightening point becomes appreciable and apparent in
figure 9. In the case of the Sovel caster, higher superheat gives rise to such high values for
bulging strains that may create significant amount of internal defects in the first stages of
solidification, as presented in Fig. 18 compared with Fig. 15. Consequently, although
Sovel’s caster is more “forgiving” than Stomana’s one with respect to unbending and
misalignment strains it gets more prone to create defects due to bulging strains at higher
superheats.

In Fig. 19, an attempt to model static soft reduction is presented for the Stomana caster. In
fact, statistical analysis was performed based upon the overall computed results and the
following equation was developed from regression analysis giving the solidification point
(SP) in meters, that is, the distance from meniscus at which the slab is completely solidified:

SP =0.16XSPH +37.5x%C +19.7 X 11, — 8.5 (49)

Equation (49) is statistically sound with a correlation coefficient R2=0.993, an F-test for the
regression above 99.5%, and t-test for every coefficient above 99.5%, as well. In general,
industrial practice has revealed that in the range of solid fraction from 0.3 up to 0.7 is the
most fruitful time to start applying soft reduction. In the final stages of solidification,
internal segregation problems may appear. In the Stomana caster, the final and most critical
segments are presented in Fig. 19 with the numbers 5, 6, and 7. A scheme for static soft
reduction (SR) is proposed with the idea of closing the gaps of the rolls according to a
specific profile. In this way, the reduction of the thickness of the final product per caster
length in which static soft reduction is to be applied will be of the order of 0.7 mm/m, which
is similar to generally applied practices of the order of 1.0 mm/m. At the same time, for the
conditions presented in Fig. 19, the solid fraction will be around 0.5 at the time soft
reduction starts. Consequently, the point within the caster at which static soft reduction can
be applied (starting fs = 0.5) is given by:

SR,,=SP-55 (50)

start

where, SR+ designates the caster point in meters at which static soft reduction may prove
very promising.
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Fig. 19. Suggested area for static soft reduction (SR) in the Stomana caster: Casting
conditions: 220x1500 mm x mm slab; %C = 0.185; SPH = 30 K; uc = 0.8 m/min. Lines 1 and 2
depict the centreline and surface temperature, respectively. Lines 3 and 4 illustrate the shell
growth and solid fraction, respectively. The borders of the final casting segments 5, 6, and 7
are also presented

Closing the discussion it should be added that the proper combination of low superheat and
high casting speed values satisfies a proper slab unbending in the caster. The straightening
process is successfully carried out at slab temperatures above 900°C without any surface
defects for the products.

5. Conclusion

In this computational study the differential equation of heat transfer was numerically solved
along a continuous caster, and results that are interesting from both the heat-transfer and
the metallurgical points of view were presented and discussed. The effects of superheat,
casting speed, and carbon levels upon slab casting were examined and computed for
Stomana and Sovel casters. Generally, the higher the superheat the more difficult to solidify
and produce a slab product that will be free of internal defects. Carbon levels are related to
the selected steel grades, and casting speeds to the required maximum productivities so
both are more difficult to alter under normal conditions. In order to tackle any internal
defects coming from variable superheats from one heat to another, dynamic soft reduction
has been put into practice by some slab casting manufacturers worldwide. In this study,
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some ideas for applying static soft reduction in practice at the Stomana caster have been
proposed; in this case, more stringent demands for superheat levels from one heat to
another are inevitable.
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