
1. Introduction

It is known that carbon steels with hypo-peritectic com-
position (carbon content between 0.1 and 0.16 wt%), show
surface crack susceptibility when they are produced by the
continuous casting process, particularly at high casting
rates.1,2) Frequently, this susceptibility is attributed to a vol-
umetric contraction associated to the “peritectic solidifica-
tion”, described by the reaction: liquid (L)�primary phase
(d)3)→secondary phase (g).2–6)

It is accepted that the formation of cracks begins during
the solidification process in the mold of the continuous
casting.1,4,7) Therefore, the control of the crack nucleation
requires the description of the mechanical behavior of the
solidified shell and its dependence on the formed phases.
Although some studies have been devoted to the study of
mechanical properties at high temperatures, only some of
them show a relationship of the mechanical behavior with
the evolution of phases during solidification.8–10)

The experimental description of phase evolution during
solidification in continuous casting is difficult because of
the high cooling rates involved. Frequently, mathematical
modeling is employed, and several models with different
degrees of complexity can be used to describe the solid
state diffusion as well as the segregation of solute elements
in the liquid.11,12) Most of the calculations assume linear
cooling rates.

A description of the peritectic solidification for multi-

component steel produced by continuous casting has to
consider the solute redistribution because of the relatively
high cooling rates employed (2 to 15°C s�1). Additionally,
the enrichment of the remaining liquid with solute elements
can influence significantly its thermal expansion coefficient
as well as the local equilibrium conditions at the
liquid–solid interface.5,14,15)

In order to describe the evolution of phases under contin-
uous cooling conditions, experimental work and mathemat-
ical simulation on the solidification of hypo-peritectic mul-
ticomponent steel were combined in the present research.
Moreover, the mechanical behavior of the solidified shell
was described by using mathematical expressions reported
in the literature, as a function of the proportion of the
formed phases.

2. Background

2.1. Peritectic Solidification Mechanism

For carbon steels with carbon content between 0.1 and
0.53 wt% when the melt cools down below the liquidus
temperature solid nucleates and grows as d phase until g
phase starts to form, i.e. peritectic solidification occurs.
Currently, it is accepted that the peritectic solidification oc-
curs through two mechanisms, “peritectic reaction” and
“peritectic transformation”, shown in Fig. 1.6) The peritec-
tic solidification starts with the peritectic reaction, in which
d , g and L phases co-exist and g phase is formed along the
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d /L interface; the solute rejected by the g phase diffuses
through the liquid toward the d phase, contributing to its
dissolution. Once the entire d /L interface is covered with g
phase, this forms a barrier separating the primary d phase
from the liquid. The growth of g phase continues through-
out the peritectic transformation, at the expense of the d
phase, as a result of the occurrence of solid state diffusion.
On the other hand, it is possible that under certain condi-
tions the g phase grows by direct solidification from the liq-
uid.

2.2. Simulation of the Solidification Process

The DICTRA program (Diffusion Controlled Transfor-
mations)16) allows to perform the simulation of diffusive
transformations with a moving boundary. It integrates ther-
modynamics and kinetics databases to solve unidimen-
sional diffusion equations in multicomponent systems,
using the Thermocalc17) program to calculate the local equi-
librium at the involved interfaces.

The volume of control considered for solidification simu-
lation is schematically shown in Fig. 2. A dendritic colum-
nar structure was assumed and the secondary arm spacing,
l , was selected as the characteristic longitude at the mi-
crosegregation scale as originally proposed by Brody and
Flemings.11)

Assuming a regular spacing for the secondary dendrite
arms as well as symmetrical properties between them, the
volume of control is half l . The volume of control shows
three stages: (1) before the beginning of solidification, t�0,
(2) during primary solidification, t�t1, i.e. nucleation and
growth of d phase, and (3) during peritectic transformation,
t�t2.

In order to simulate the growth of the phases during so-
lidification for a given steel, it is necessary to specify the
thermal evolution and the secondary dendrite arm spacing,
l . The thermal evolution can be stated by specifying heat
flux or cooling rate. In the latter case, a linear cooling rate
is frequently assumed; however, an experimental cooling
curve can be introduced. The value of l depends on the
cooling rate and it is frequently expressed as a function of
the solidification time.

2.3. Tensile Properties

The crack susceptibility is a function of the mechanical
behavior of solidified shell steel. Mizukami et al.9) have
shown that the tensile strength and elongation during solidi-
fication depend on the solid fraction and on the proportion
of phases and they have proposed the following equations

for the estimation of these properties:

sd
L/S�6.0�( fs�0.8)�fd .......................(1)

sg
L/S�33.5�( fs�0.8)�fg ......................(2)

ed
L/S�6.5�( fs�0.8)�fd ........................(3)

eg
L/S�6.5�( fs�0.8)�fg ........................(4)

where fi is the fraction of phase i; i can be s, d or g ; s i
L/S is

the tensile strength and e i
L/S is the elongation of phase i.

These equations have been validated for carbon and alloyed
steels and solid fractions in the range of 0.8–1.0.10)

2.4. Contraction

The thermal contraction associated to the phase growth
during solidification can be calculated with the aid of a
mathematical expression given by Jablonka et al.18):

.........................(5)

where e th(T) is the thermal contraction at temperature T;
r (Tref)

and r (T) are the densities at the reference temperature
Tref and at temperature T, respectively. In the case of peri-
tectic transformation where several phases are involved, the
average density at temperature T can be calculated with the
following expression:

..........................(6)

where fn(T) and rn(T) are the phase fraction and density re-
spectively for each one of the n phases coexisting at tem-
perature T. The density of the phases can be obtained using
the equations suggested by Miettinen,15) as a function of
temperature and chemical composition.
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Fig. 1. Mechanism of peritectic solidification.6)

Fig. 2. Volume of control.



3. Experimental Procedure

In this work the solidification of a multicomponent hypo-
peritectic steel was studied aiming to describe the growth of
phases. In a first stage, a thermal analysis technique was ap-
plied for solidification experiments under different continu-
ous cooling conditions in order to obtain the cooling curves
as well as characteristic temperatures such as solidification
start and starting and ending points of peritectic transfor-
mation; the solidification time was also calculated. In the
second stage, the software was used to simulate the phase
evolution during solidification.

Figure 3 shows a schematic diagram of the experimental
apparatus used to carry out the thermal analyses. The heat-
ing device consisted of a vertical resistance furnace fitted
with an alumina tube, inside which a movable mechanism
supports a crucible containing the melt sample. The mov-
able system was operated by a pneumatic mechanism, al-
lowing the melt sample to slide rapidly along the longitudi-
nal axis. Argon gas was introduced in the upper section of
the furnace through an alumina nozzle, just above the cru-
cible. The tip of a B-type thermocouple, protected with a
thin ceramic sheath, was introduced into the melt sample up
to a depth corresponding approximately to the mid length
of the solidified sample. The thermocouple was connected
to a data acquisition system in order to record the tempera-
ture evolution during the sample cooling. The weight of the
sample was approximately 1 g; the solidified sample had a
cylindrical shape, with diameter and length of 0.5�10�2

and 1.5�10�2 m, respectively; these dimensions were se-
lected in such a way as to ensure the heat transport in the
radial direction of the melt sample. The crucible charge for
the solidification studies consisted in metallic chunks ma-
chined from a chemically homogenized sample produced

by continuous casting at industrial scale. The chemical
composition of this material is given in Table 1.

For each solidification test, the samples were sequentially
heated, melt and solidified. For the melting stage, the cru-
cible containing the sample was placed in the hottest zone
of the alumina tube. After that, the argon gas was intro-
duced and the system was heated at an average rate of
0.1°C s�1 up to 1 530°C, holding it at this temperature for
600 s before solidification started. The solidification condi-
tions were changed for each one of the experiments in order
to obtain cooling rates in the range of those found along the
width of conventional slabs. The lowest cooling rate was
obtained by turning the furnace off and allowing the sample
to solidify inside it. High cooling rates were achieved by
sliding rapidly the liquid samples to predetermined posi-
tions along the alumina tube. The highest cooling rate was
achieved by taking the sample out of the alumina tube and
allowing it to solidify under ambient air. Five different
cooling rates obtained in the manner just described were
employed. Each one of the experiments was repeated at
least twice in order to corroborate their reproducibility.

For the simulation of the evolution of phases, each one of
the cooling rate conditions considered was introduced into
the software through the associated cooling curve and the
value of the secondary dendrite arm spacing, l . The l di-
mension depends on the cooling condition and it was calcu-
lated with the aid of Eq. (7) reported for steels solidified at
different cooling rates:

l�26.1� t 0.38 ...............................(7)

where t is the solidification time (time elapsed in the solid-
liquid region) in s and l is expressed in mm.5) The t value
was obtained through derivative analysis of the experimen-
tal cooling curves. The initial chemical composition consid-
ered C, Mn, and Si with contents specified in Table 1, and
the initial thickness value for d and g phase was l /20. The
type of grid used was double geometrical, dividing the re-
gion into two halves and generating a separate geometrical
grid (300) node in each half, thus allowing contact between
the two phases, with one of them acting as an interface for
the other one, keeping a uniform interspacing of the grid
for a close system.16) The software were used17) employing
the kinetic MOB2 and thermodynamic SSOL data bases.

4. Discussion and Results

4.1. Thermal Analysis

Figure 4 shows the cooling curves obtained for each one
of the cooling conditions employed. The calculated cooling
rates were in the range for conventional slabs, with the
smallest and largest values corresponding to the center and
to a region near the surface, respectively; this is in accord
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Fig. 3. Experimental apparatus, 1) in/out of argon, 2) carbon
coil, 3) alumine crucible, 4) melt, 5) B type thermocou-
ple, 6) alumine rod, 7) alumine insulate, 8) thermal
screen, 9) alumine tube, 10) neumatic system, 11) data
acquisition system and 12) personal computer.

Table 1. Chemical composition of steel.



with estimations carried out from cooling curves simulated
and reported by Louhenkilpi et al.19)

For the evaluation of the cooling rate, given by the differ-
ence between the liquidus and solidus temperatures, Tl and
Ts respectively, divided by the time elapsed in the solid–liq-
uid region, t, the equilibrium diagram for the studied steel
was calculated by using the software,17) Fig. 5. From this
diagram, the starting and ending temperature of solidifica-
tion and peritectic transformation were obtained (1 520 and
1 492°C, respectively). These values were determined from
the second derivate of the cooling curve obtained for the
lowest cooling rate employed, Fig. 6, which was assumed to
be close to the equilibrium condition; in this figure it is ob-
served that the temperatures predicted can be associated to
characteristic peaks appearing in the second derivative of
the cooling curve. The latter curve exhibited a peak after
which no thermal fluctuations were observed during the
continuous cooling of the sample; this peak was associated
with the end point of the peritectic transformation
(1 472°C). In this way, it was possible to estimate the time

elapsed in the solid–liquid region, t. The behavior showed
by the cooling curve of Fig. 6 was systematically observed
for all cooling rates. These results are presented in Table 2,
which also includes the estimated l values.

4.2. Simulation

The solidification simulation in terms of solid fraction
evolution is shown in Fig. 7, which includes the predictive
behavior for solidification under equilibrium conditions and
Scheil’s microsegregation model. The start temperature of
solidification (1 520°C) was the same in all cases because
its evaluation was based on thermodynamic aspects consid-
ering the chemical composition of steel.

The start temperature of g phase formation, indicated by
the vertical dotted line, was not affected by the cooling rate
and its value approached the equilibrium condition for all
samples. This suggests that the initial formation of g phase
is not controlled by carbon diffusion into the liquid and that
formation of g phase occurs massively from the liquid at
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Fig. 4. Continuous cooling curves.

Fig. 5. Fe–C pseudo-binary diagram (1.15% Mn, 0.15% Si,
0.15% Cu).

Fig. 6. The thermal analysis for the 0.4°C s�1 cooling curve.

Fig. 7. Solid fraction evolution.

Table 2. Values obtained by thermal analyze of the curves continuous cooling.



the interface between the d primary phase and the segre-
gated liquid that surrounds it, in agreement with the mecha-
nism known as “peritectic reaction”.6) On the other hand,
the temperature for the end of solidification or peritectic
transformation decreased with increasing cooling rate, and
its value was found within a range limited by the equilib-
rium conditions and Scheil’s model, i.e. within the lowest
and highest segregation levels. The temperature for the end
of transformation were lower than those at equilibrium in
15 and 30°C, approximately, for extreme cooling rates of
0.4 and 11°C s�1, respectively.

The temperature dependence of the mass fraction of
phases is shown in Fig. 8, in which for the sake of clarity
only the results obtained for cooling rates of 0.4, 3 and
10°C s�1 were included. It is seen that the fraction of d
phase increases until the starting temperature for the perti-
tectic reaction is reached, which is independent of the cool-
ing rate. From this point onwards, g phase grows at the ex-
pense of d phase and remaining liquid. In addition to that,
it is seen that the temperatures at which d phase disappears
and solidification ends are shifted toward lower values with
increasing cooling rate. Comparing the results obtained for
the cooling rates of 10 and 11°C s�1; it was observed that
solidification ended at a temperature 2°C lower for the case
of the fastest cooling rate. This anomalous behavior is
thought to be associated with an early formation of a gap
between the crucible wall and the solid metal skin in the
case of the fastest cooling rate, which results in a decrease
in the heat extraction, with a consequent solidification
delay.

4.3. Tensile Strength and Elongation during Solidifica-
tion

In accordance with the peritectic transformation mecha-
nism in which d and g phases are in contact, it is supposed
that the differences in the mechanical behavior of the
phases at high temperatures can induce strains at their inter-
faces, with a consequent generation of cracks.9,10) Equations
(2)–(5) were used with the aim of estimate the tensile
strength and elongation for both phases as a function of
solid fraction evolution. For illustration purposes, the re-
sults obtained for the sample with a cooling rate of
11°C s�1 are described, Fig. 9. The dark areas show the
ranges of solid fraction with susceptibility to the generation
of strains at the d /g interface.

Figure 9(a) shows the mass fractions of d and g phases
for solid fractions at which strains were generated during
solidification in the present study. For a solid fraction of
0.85, the fraction of d phase increased until g phase begun
forming. At higher solid fractions, the d phase fraction de-
creased, becoming equal to that of g phase at a solid frac-
tion of 0.92. Then, d phase disappeared at a solid fraction
of 0.98, and an additional amount of g phase was formed
from the remaining liquid.

Figures 9(b) and 9(c) show the variation of tensile
strength and elongation for d and g phases with respect to
solid fraction, respectively. In the solid fraction range of
0.85–0.87, g phase showed the lowest values of tensile
strength and elongation, which indicates that in this range
the strain was generated in the g phase. In the solid fraction
range of 0.87–0.92, d phase showed a lower tensile strength
and a higher elongation when compared to g phase, conse-
quently, in this solid fraction range the strain was not gener-

ISIJ International, Vol. 48 (2008), No. 4

458© 2008 ISIJ

Fig. 8. Evolution of mass fraction of phase during solidification
with the temperature for several cooling rates, (a)
0.4°C s�1, (b) 3.0°C s�1 and (c) 10.0°C s�1.

Fig. 9. Relationship between (a) mass fraction of phase, (b) ten-
sile strength, (c) elongation, and solid fraction for peri-
tectic carbon steel sample.



ated in any phase. At a solid fraction of 0.92, both phases d
and g had the same elongation. However, above the latter
solid fraction g phase exhibited higher tensile strength and
higher elongation values than d phase. This suggests that in
the solid fraction range of 0.92–0.98, the strain will be gen-
erated in the d phase.

The phase evolution, tensile strength and elongation of d
and g phases, with respect to the solid fraction, showed the
same behavior for all cooling rates used. However, it is nec-
essary to point out that the solid fraction changes occurred
more rapidly when the cooling rate was increased, causing
the formation of cracks at relatively low temperatures. In
this way, in the continuous casting process of conventional
slabs, the zones closer to the surface are the most suscepti-
ble to cracking because this zone has the severest cooling
conditions.

The mechanic behavior illustrated in Fig. 9., i.e. the pres-
ence at two zones of crack susceptibility, agrees qualita-
tively with that observed by Mizukami9) in a carbon steel
containing 0.14% C and a low alloy steel with 0.11% C,
0.5% Mn and 0.1% Si, for which the zones of crack sus-
ceptibility were found in solid fraction ranges of 0.88–0.92,
0.98–1, 0.94–0.965 for the former steel and 0.99–0.995 for
the second one. For the case of the latter steel, Mizukami9)

suggested that the end of solidification is marked by the
formation of the g phase from the liquid, as it was observed
in the steel of the present work, which has a higher Mn con-
tent (1.15 wt%).

Estimations showed that under equilibrium conditions
Mn causes a shift in the peritectic point toward lower C
mass content values, decreasing at the same time the solid
fraction/liquid fraction ratio at the temperature of peritectic
transformation. In this way, in a hypo-peritectic steel where
Mn segregation is high as in this work, the solidification
mode can be modified to correspond to that for a hyper-
peritectic steel, where g phase is formed from liquid at the
end of solidification. Thus, the peritectic transformation
and consequently the crack susceptibility range are shifted
toward lower solid fraction values.

4.4. Contraction

The contraction level was calculated with the aid of Eq.
(6), and its variation with solid fraction is shown in Fig. 10.
This figure shows a progressive increase of contraction
from a solid fraction of 0.85, for cooling rates higher than
3°C s�1, showing a change in this behavior at values near a
solid fraction of 0.98, where it shows an expansion instead
of a contraction. The expansion levels were particularly im-
portant for cooling rates of 10 and 11°C s�1. The highest
contraction level was found at solid fraction values close to
0.98 in agreement with the end of peritectic transformation,
which contributed to increase the crack susceptibility in the
solid fraction range of 0.92–0.98 (Fig. 9).

The expansion observed at a solid fraction value of 0.98
is associated with the formation of g phase from liquid as
well as with the microsegregation level. The software was
used to evaluate the mass content of the alloying elements
in the solid at the solidification front as a function of solid
fraction. For illustration purposes, Fig. 11 shows the results
obtained for the case of Mn, which had the highest segrega-
tion index with respect to other elements. In this figure it is

observed that at a cooling rate above 3°C s�1 microsegrega-
tion becomes important for solid fraction values close to
0.98.

5. Conclusions

From the description of the evolution of phases during
solidification of a hypo-peritectic steel and from the me-
chanical behavior of this as a function of solid fraction, the
following conclusions were drawn:

(1) Crack susceptibility is dependent on the content of
phases during solidification. Crack susceptibility occurred
independently of cooling rate in two ranges of solid fraction
(0.85–0.87 and 0.92–0.98), which were associated to the
mechanical behavior of g and d phases, respectively.

(2) The highest contraction observed at the end of the
peritectic transformation can be considered as an additional
contribution to the crack susceptibility in the solid fraction
range of 0.92–0.98.

(3) An increase in cooling rate promotes crack suscep-
tibility since it promotes a rapid evolution of the solid frac-
tion.

(4) At the end of solidification, the significant mi-
crosegregation of Mn observed for high cooling rates pro-
moted both a change in the solidification mode, from a
hypo-peritectic mode into a hyper-peritectic mode and the
expansion of the solid formed from the remaining liquid.
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Fig. 11. Variation of Mn content at the interface solid–liquid
with solid fraction for several cooling rates.

Fig. 10. Relationship between thermal contraction and solid
fraction for several cooling rates.
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