
1. Introduction

Internal crack is one of the main defects in continuously
cast slabs. It is very important to predict and control this
defect in production of high quality and defect-free prod-
ucts in steel industry. It has been reported that the internal
cracks are resulted from the excessive tensile strains pro-
duced at the solidifying front of the slab.1–6) In continuous
casting process, the factors such as bulging,7–10) unbending
or straightening,11–13) and misalignment of the supporting
rolls14,15) can result in tensile strains near the solidifying
front of the slab. Once the total strain applied to the solidi-
fying front exceeds a limit strain, termed critical strain, the
solidifying front will crack along the columnar grain
boundaries, thus forming internal cracks in the slab. Ac-
companying the cracking of the solidifying front, the
solute-rich liquid ahead of the solidification interface is
sucked into the cracks.1) As a result, the internal cracks are
usually accompanied by heavy segregation lines, which can
be easily distinguished in sulfur prints.16) On the other hand,
the formation of the cracks also depends on the mechanical
properties of the solidifying front, especially strength and
ductility, which are closely related to the microsegregation
near the solidifying front.1,17) The enrichment of impurity

elements, such as P and S, in the interdendritic liquid sig-
nificantly decreases the freezing temperature of the liquid,
thus obviously decreasing the deformation-resistant ability
of the solidifying front. Accordingly, microsegregation is
also responsible for the formation of the internal cracks.

Some researchers developed finite element models to an-
alyze the strain status at the solidifying front as well as the
strain distribution in the solidified shell of the slab, for ex-
ample, the models for bulging,7,10) unbending,11,12) roll mis-
alignment,14,15) and thermal strain analysis.18) Most of these
models just focus on one or several roll pitches. However,
in most cases, we do not know in which segments in the
whole length of the caster will the cracks probably form. In
addition, these finite element models only considered one
or two factors resulting in tensile strains at the solidifying
front. In continuous casting practice, people are more inter-
ested in which of the factors dominates the formation of the
cracks or the combined effects of all these factors. More-
over, the huge computing time and the lack of reliable con-
stitutive relationship describing the mechanical behavior of
steel at elevated temperatures greatly restrict the application
of finite element method in quick analysis and diagnosis of
an under-operating continuous casting process.

In this paper, the effects of the strain status near the so-
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lidifying front and the steel composition on the formation
of internal cracks were studied using an empirical equation
based strain analysis model and a microsegregation model
developed in the present study. The tensile strains at the so-
lidifying front caused by bulging, straightening, and mis-
alignment of supporting rolls in a four-point-unbending
bow caster were calculated. The roll gap was measured for
the calculation of the strains caused by the misalignment of
supporting rolls. The calculated tensile strains were used to
predict the formation of the internal cracks. The sulfur
prints of the slab transverse sections were used to verify the
model predictions. On the other hand, the accumulation of
impurity elements, mainly S and P, in the interdendritic liq-
uid and its effect on the freezing temperature of the liquid
were studied using a microsegregation model, in which the
transition of ferritic/austenitic solidification and the precipi-
tation of MnS were taken into account.

2. Mathematical Models

2.1. Strain Analysis Model

The strain analysis model for the continuously cast slab
is based on a heat transfer model, which was developed to
calculate the variations of surface temperature and solidi-
fied shell thickness of the slab in the casting direction.
According to the characteristics of heat transfer and solidi-
fication of the slab, a quarter of the transverse section of the
slab was taken as the calculation domain. The heat transfer
of the domain during its movement through the mold and
secondary cooling zone is described by the following two-
dimensional transient heat conduction equation,

....(1)

where T is temperature, t is time, r , C, l are the density,
specific heat, and heat conductivity respectively. L is latent
heat, and fs is solid fraction. The model was numerically
solved using the control-volume based finite difference
method.19) In the mold, the heat transfer at the slab surface
was treated as a heat flux boundary. In the secondary cool-
ing zone, the heat flux at the slab surface was calculated
using heat transfer coefficients depending on the water flux
on the slab surface. The main thermophysical property data
used in the model are listed in Table 1. The solidified shell
thickness is determined by using the solidus temperature
after the temperature distribution in the slab is calculated.

The tensile strains at the solidifying front caused by
bulging, unbending, and misalignment of supporting rolls
were calculated using the following empirical equa-
tions,15,20)

.............................(2)

.............(3)

..............................(4)

where eB, eS, and eM are the strains caused by bulging,
straightening, and roll misalignment, respectively. S is so-
lidified shell thickness, l is roll pitch, dB is slab bulging de-
flection, d is slab thickness, Rn21 and Rn are the unbending
radii, and dM is the roll misalignment amount.

The slab bulging deflection dB was calculated using the
following equation,

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

where P is the static pressure of liquid steel, t is the time for
slab to travel a roll-pitch, and Ee is the equivalent elastic
modulus that can be calculated using the following equa-
tion,

N/cm2 .................(6)

where Ts is solidus temperature, and Tm is the average of
the surface temperature and the solidus temperature. The
total strain at the solidifying front was calculated by

eT5eB1eS1eM ............................(7)

2.2. Microsegregation Model

The microsegregation was calculated using the equation
proposed by Brody and Flemings21) based on the assump-
tions of limited diffusion in solid and complete diffusion in
liquid,

Cs*5kC0[12(122ak) fs]
(k21)/(122ak) .............(8)

where Cs* is equilibrium solid concentration, C0 is initial
concentration, fs is solid fraction, k is partition ratio, and a
is a solidification parameter defined as

.................................(9)

where Ds is the diffusion coefficient in solid, ts is solidifica-
tion time, and L is secondary dendrite arm spacing. The so-
lidification time ts is expressed by the following equation,
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Table 1. The main thermophysical property data.



..............................(10)

where Tl is liquidus temperature, and Ts is solidus tempera-
ture. The secondary dendrite arm spacing can be expressed
as the function of cooling rate,22)

...................(11)

For a50 (corresponding to no diffusion in solid) Eq. (8)
reduces to the Scheil equation.23) However, for complete
diffusion (a→`) no microsegregation appears, conflicting
with equilibrium solidification. To improve the model for
high a-values, the equation proposed by Clyne and Kurz24)

was used to correct a ,

.................(12)

For high a-values a9 approaches 0.5, which substituted in
Eq. (8) leads to equilibrium model. For low a-values a9
equals a , the model is not alternated. There is no physical
justification for this correction, it is purely mathematical
and was chosen to give the correct results at the two ex-
tremes of high and low a .

The mutual effects between alloy components on mi-
crosegregation were assumed negligible except for the ex-
treme of containing very high content of alloy elements.
For each component, microsegregation was calculated by
using Eq. (8), and the liquidus temperature as well as the
temperatures corresponding to any solid fractions was cal-
culated by summing the contributions of all alloy elements,

Tl5Tp2 miC0,i ........................(13)

T5Tp2 (mi/ki)C*s,i .....................(14)

where the subscript i denotes different alloying compo-
nents. Tp is fusion temperature of pure iron.

In solidification of steel, two solid phases can be distin-
guished, one is the ferritic (d) crystal structure (bcc) and
the other one is the austenitic (g) crystal structure (fcc). For
steel with carbon content lower than 0.1%, only ferritic
crystal structure develops in the whole solidification. For
steel with carbon content over 0.5%, only austenitic crystal
structure develops in the whole solidification process.
While for steel with carbon content lower than 0.5% and
higher than 0.1%, the liquid steel firstly solidifies as ferritic
phase, but when the carbon concentration in the interden-
dritic fluid exceeds 0.5%, the residual liquid will solidify as
austenitic crystal structure. This transition of solidification

mode has important influences on the microsegregation be-
cause of the very different solidification parameters in the
two crystal phases (see Table 2).

To incorporate this effect in the model it is assumed that
only carbon concentration controls this transition and other
components do not influence the transition. Using Eq. (8)
the solid fraction at which the transition occurs can be cal-
culated,17)

......(15)

where the ferritic data should be employed for a and k. In
order to calculate the microsegregation at any solid fraction
higher than fs,d →g, a virtual zero concentration must be cal-
culated. Based on Eq. (8) and the solidification parameters
in austenitic phase, the virtual zero concentration would
lead to the same concentration in residual liquid at the tran-
sition point. The virtual zero concentration can be calculat-
ed by the following equation,17)

C 905Cl,d →g[12(122ak) fs,d →g](12k)/(122ak) ......(16)

where the austenitic data should be employed for a and k.
Sulfur is a strongly segregating element (low partition

ratio), but its influence is limited by the precipitation of
MnS. The solubility of MnS is 0.506(%)2 at 1 500°C.17) If
the product of Mn and S concentrations exceeds this value,
MnS will precipitate. With the precipitation of MnS, the S
concentration decreases significantly without considerable
change of the Mn concentration because the later is far
higher than the S concentration. So, in present study, the S
concentration in the interdendritic liquid was adjusted to
satisfy the solubility demand and the Mn concentration was
maintained unchanged once the product of these two con-
centrations exceeded the solubility.

In the solution of this model, the cooling rate should be
determined in prior. According to Cornelissen,17) the cool-
ing rates during solidification are in the range of 186.5–
0.19°C/s from the surface to the center of a 210 mm thick
slab, and the corresponding dendrite arm spacing varies
from 19 to 280 mm. Considering that the internal cracks
usually occur in the fully developed columnar grain zones
in the slab, the dendrite arm spacing in these zones was
measured. Based on the measured results, the dendrite arm
spacing in the present model is taken as 200 mm, its corre-
sponding cooling rate is 0.45°C/s. An iterative procedure is
employed for solving the model. Firstly, the solidus temper-
ature is artificially assumed. By using the assumed temper-
ature, C s* can be calculated, based on which the solidus
temperature can be updated. The iteration is terminated
when the solidus temperature becomes convergent. After
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Table 2. Solidification parameters.17)



the solidus temperature is determined, the concentrations
and freezing temperatures of the interdendritic liquid corre-
sponding to any solid fractions can be calculated by using
Eqs. (8) and (14).

3. Results and Discussion

The calculation was based on a fully bowed continuous
caster that has 18 segments and 98 pairs of rolls in its sec-
ondary cooling zone. The roll diameter and the roll pitch
vary from f155 mm to f325 mm and from 199 mm to
370 mm, respectively. The metallurgical length of the caster
is about 33 m. The radius of the caster is 10.5 m. A four-
point unbending system is equipped in the caster, in which
the unbending radii are 13.5, 19.5, and 38.0 m.

3.1. Validity of Heat Transfer Model

The reliability of the heat transfer model is very impor-
tant to the validity of the strain analysis model. The results
of the heat transfer model were verified by using measured
surface temperature and liquid core length data provided by
the caster manufacturer. Four positions were selected as
measurement points along the length of the slab, and the
mid-width surface temperatures at these points were mea-
sured with a color comparator pyrometer. Figure 1 shows
the comparison of the measured and the calculated surface
temperatures. Although the calculated temperature has
some deviation at the second measurement point, the over-
all prediction shows good agreement with the measured re-
sults. In addition, the data of liquid core length provided by
the caster manufacturer were used for further verification of
the heat transfer model. The calculated results of the liquid

core length under various process conditions were listed in
Table 3. It is shown that the relative error of the predicted
results is usually less than 5%, and the maximum error is
no more than 8%. It is proved that the heat transfer model
has the ability to provide reliable data for the strain analysis
model.

3.2. Strain Distribution Characteristics

The calculated bulging strain and straightening strain at
the solidifying front along the length of the slab are shown
in Fig. 2. It can be seen that considerable bulging strain oc-
curs immediately when the slab moves out of the mold,
however, the strain decreases soon. After that, the bulging
strain gradually increases and then decreases again. A large
variety of calculations showed that although the magnitude
of the bulging strain varies when the process condition is
changed, the distribution of the strain along the length of
the slab nearly has the same characteristics. The slab
bulging between two adjacent rolls mainly depends on the
static pressure of liquid steel, the roll pitch, and the stiff-
ness of the solidified shell. When the slab just moves out of
the mold, although the static pressure and the roll pitch are
relatively small, severe bulging occurs because of the thin
solidified shell and high surface temperature, correspond-
ingly, the bulging strain at the solidifying front is very
large. However, the bulging decreases very quickly due to
the intensive cooling from the spraying water. With further
downward movement of the slab, the static pressure of the
liquid steel increases significantly and the roll pitch also in-
creases to some extent, while the thickness of the solidified
shell has not increased to a certain level at which the shell
is strong enough to resist the static pressure, thus consider-
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Table 3. The calculated and caster manufacturer provided liquid core length data.

Fig. 1. The comparison of calculated and measured surface tem-
peratures; steel composition C 0.16, Si 0.30, Mn 1.44, P
0.012, S 0.008%; section size 1 3003250 mm; tundish
temperature 1 526–1 529°C; casting speed 1.0–1.1 m/min.

Fig. 2. The distribution of bulging and straightening strains
along the slab length; carbon steel; section size 1 5503

230 mm; tundish temperature 1 535°C; casting speed
1.0 m/min.



able bulging takes place again. As a result, very serious ten-
sile strain occurs at the solidifying front. In the segments
near the end of the liquid core, the slab bulging decreases
again because the solidified shell is enough thick to hold
the static pressure. The straightening strain originates in the
unbending zone of the caster and occurs as tensile strain at
the solidifying front of the upper solidified shell of the slab.
In general, the straightening strain is about 0.1% and is
only 15–20% of the bulging strain for a multi-point un-
bending caster, which is shown in Fig. 2.

The misalignment of supporting rolls can cause addition-
al strain at the solidifying front of the slab. Figure 3 shows
the strains caused by assumed amounts of roll misalign-
ment, 0.5, 1.0, and 1.5 mm. It is necessarily to state that this
figure does not represent a real distribution of the misalign-
ment strain. Each datum point in the figure only represents
the strain caused by the corresponding roll that is assumed
to be the only misaligned one in the whole caster. It shows
that the strain caused by a given amount of misalignment in
the segments with a thicker solidified shell is higher than
that in the segments with a thinner solidified shell. In other
words, the harmful effect of the roll misalignment is espe-
cially significant in segments where the solidified shell is
relatively thick. So, more attention should be paid to the po-
sition precision of the rolls located in the middle and lower
parts of the caster.

3.3. Effect of Strain Status on Internal Cracks

The calculated strains near the solidifying front were
used to predict the internal cracks in the slab. In the predic-
tion, critical strains were adopted as the crack criteria. For a
considered process condition, if the total strain at the solidi-
fying front exceeds the critical strain, internal cracks are
predicted to form. Otherwise, the slab is predicted to be
free from the cracks. The critical strains mainly depend
upon the steel composition and the strain rate at the solidi-
fying front.1,4,6,25) With the increase of carbon content and
the decrease of the content ratio of Mn to S, the critical
strain decreases, and with the decreasing of the strain rate
at solidifying front, the critical strain increases. In this
study, the critical strains were chosen from the results pro-
vided by Hiebler et al.25) who summarized the experimental
data from many researchers and gave the relationship be-
tween the critical strains and the steel compositions, which

is shown in Fig. 4.
The strain analysis model was verified by comparing the

model predictions with the sulfur prints of practically pro-
duced slabs. Two examples were introduced to illustrate the
model predictions. Figure 5 shows the sulfur prints of the
transverse sections of the two slabs. The process parameters
of the slabs are listed in Table 4. In order to calculate the
strain caused by the misalignment of supporting rolls, the
roll gap of the caster was measured using a multi-functional
roll gap measurement instrument. Figure 6 shows the mea-
sured roll gap data along the length of the caster (corre-
sponding to sulfur print No. 1882). In the calculation, the
misalignment amount of each roll, dM, is taken as the dif-
ference of the measured and target roll gap data. By using
the process parameters of the two slabs, whether the inter-
nal cracks form and how the cracks extend in the slabs were
predicted. The predicted results for the slab corresponding
to the sulfur print No. 1882 were shown in Fig. 7. From the
figure it can be seen that in the range of 1.5–18 m to the
meniscus, the total tensile strain at the solidifying front ex-
ceeds the critical strain, 0.5%, thus it was predicted that in-
ternal cracks would be formed. By referring the variation of
the solidified shell thickness along the length of the slab, it
was predicted that the internal cracks most likely to appear
on the transverse section in the scope of 13–72 mm under
the wide surface of the slab. The sulfur print showed that
the cracks mainly located in the scope of 20–80 mm under
the surface of the slab. This prediction basically coincides
with the real situation of the internal cracks in the slab. On
the other hand, the process condition of the slab corre-
sponding to sulfur print No. 1939 was also calculated using
the strain analysis model. The calculated results (see Fig. 8)
show that the total tensile strain at solidifying front is lower
than the critical strain in the whole length of the caster, thus
the slab was predicted to be free from the cracks. This pre-
diction was well supported by the sulfur print of the slab
(see Fig. 5(b)).

Actually, the main difference between the two process
conditions is the content of P and S in the steel. With the
increasing of S content (i.e. decreasing of the content ratio
of Mn to S), the critical strain is decreased (see Fig. 4), and
the crack susceptibility of the steel is increased. The effect
of S content on the internal crack tendency is also support-
ed by the statistic data from the sulfur prints of 200 slabs,
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Fig. 3. The distribution of roll misalignment strains along the
slab length; carbon steel; section size 1 5503230 mm;
tundish temperature 1 535°C; casting speed 1.0 m/min.

Fig. 4. The relationship between critical strain and steel compo-
sition.25) Cp5C10.02Mn10.04Ni20.1Si20.04Cr20.1Mo



which is shown in Fig. 9. In the figure, the internal crack
probability is defined as the percentage of the slabs with in-
ternal cracks in the total slabs containing nearly the same S
content. Although it shows some randomicity, the crack
probability increases obviously with the increase of S con-
tent. When the S content exceeds 0.015%, the crack proba-
bility is higher than 80%. Besides the crack probability, the
severity of the cracks is also closely related to the S con-
tent. The statistic data show that no internal cracks form
when the S content is less than 0.005%, severe cracks form
when the S content is higher than 0.015%, and slight cracks
form when the S content is in the range of 0.005–0.015%.

3.4. Interdendritic Segregation in Solidification Process

The concentration and freezing temperature of the inter-
dendritic liquid during solidification were calculated using
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50 mm

Fig. 5. The sulfur prints of the slab transverse sections; (a) with (No. 1882) and (b) without (No. 1939) internal cracks.

Fig. 6. The measured roll gap data (corresponding to sulfur print
No. 1882).

Fig. 7. The model prediction for the slab corresponding to sulfur
print No. 1882.

Table 4. The process parameters of the slabs.



the microsegregation model. The calculated results were
shown in Fig. 10. In the figure, the vertical axis denotes the
ratio of the interdendritic liquid concentration to the initial
liquid concentration. It can be seen that with the increase of
the solid fraction, the concentration in the interdendritic
fluid increased gradually. When the solid fraction exceeds
0.9, the segregation of S and P increases significantly while
that of C, Si, and Mn has no considerable change and keeps
at a relatively low level. With the increasing of P and S seg-
regation, the freezing temperature of the interdendritic liq-
uid decreases especially when the solid fraction is higher
than 0.9.

3.5. Effect of Carbon Content on Segregation and
Freezing Temperature of Interdendritic Liquid

The effect of C content on the interdendritic segregation
was also calculated using the microsegregation model. The
calculated results are shown in Fig. 11, in which the verti-
cal axis represents the ratio of the interdendritic liquid con-
centration at the end of solidification to the initial concen-
tration of the steel. The segregation of C, Si, and Mn is
quite light and nearly does not change with the variation of
C content of the steel, while the segregation of S and P is
quite heavy. It should be particularly noted that the segrega-
tion of P increases suddenly as the C content increases from
0.1% to 0.2%. It can be seen in Table 2 that the diffusion
coefficients of C are two-order of magnitude higher than
those of other elements whatever in ferrite or in austenite,
and the partition ratios of C are far higher than those of S

and P. It means that carbon does not strongly segregate dur-
ing solidification. This is supported by the model calcula-
tion. However, it is well known that carbon content does
have significant influence on the formation of the internal
cracks. Actually, the effect of C content on the formation of
internal cracks is not caused by the segregation of carbon
itself. With the increase of C content, the solidification
mode of the steel is changed from ferritic to ferritic–
austenitic. Compared with the solidification parameters in
ferritic phase, the partition ratios of S and P in austenitic
phase reduce by more than one half and the diffusion coef-
ficients also decrease by one order of magnitude (see Table
2). Therefore, with the occurrence of the austenitic phase in
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Fig. 8. The model prediction for the slab corresponding to sulfur
print No. 1939.

Fig. 9. The effect of sulfur content on the internal crack proba-
bility; steel composition C 0.14–0.20, Si 0.17–0.24, Mn
0.30–0.45, and P,0.025%.

Fig. 10. The calculated (a) segregation and (b) freezing tempera-
ture of the interdendritic liquid; steel composition C
0.16, Si 0.21, Mn 0.4, P 0.02, S 0.03%.

Fig. 11. The effect of carbon content on the interdendritic segre-
gation; steel composition Si 0.21, Mn 0.4, P 0.02, S
0.03%.



solidification, the segregation of P increases significantly.
The segregation of S has no considerable change with the
variation of the C content. This is a reflection of the sup-
pression of Mn to S in the residual liquid. However, the ac-
cumulation of sulfur in the interdendritic liquid is still con-
siderable.

Figure 12 shows the effect of C content on the freezing
temperature of the interdendritic liquid. For a steel contain-
ing C less than 0.1%, the freezing temperature of the inter-
dendritic liquid at the end of solidification does not de-
crease considerably. While for a steel containing C more
than 0.1%, the freezing temperature of the interdendritic
liquid decreases significantly at the end of solidification.
The lower the freezing temperature, the larger the brittle re-
gion in the slab, and the higher the formation tendency of
internal cracks. The effect of the C content on the forma-
tion of the internal cracks is also illustrated by statistic data.
In contrast to the steel containing C 0.14–0.18% (its statis-
tic data are shown in Fig. 9), internal cracks rarely occur in
the steel containing C 0.07%. The statistic data of random-
ly selected 46 slabs showed that only 3 of them contain in-
ternal cracks. The process conditions and chemical compo-
sitions of these two steels are nearly the same except for the
difference in C content. These statistic data from continu-
ous casting practice justify the microsegregation model,
and at the same time, the theoretical model reveals the in-
herent reasons for the effect of the C content on the forma-
tion of the internal cracks.

4. Conclusions

The formation of internal cracks in continuously cast
slabs was studied using a strain analysis model and a mi-
crosegregation model. The study leads to the following
conclusions:

A strain analysis model for calculating the tensile strains
at the solidifying front caused by bulging, straightening,
and misalignment of supporting rolls was developed. By
using the model, the total strain at the solidifying front of

the slabs produced with a four-point unbending bow caster
was calculated. The internal cracks were predicted by com-
paring the strain status at the solidifying front with experi-
mental data based critical strains. The sulfur prints of the
slabs showed that the predicted results basically coincide
with the real situations of the internal cracks.

A microsegregation model for the solidification of con-
tinuously cast slabs was developed, in which the transition
of ferritic/austenitic solidification and the precipitation of
MnS were considered. The model revealed that the accumu-
lations of S and P in the interdendritic liquid are the prima-
ry causes resulting in the decrease of the freezing tempera-
ture of the liquid. The carbon content in steel has signifi-
cant influence on the interdendritic segregation of P. The
steel containing carbon more than 0.1% shows strong ten-
dency to internal cracks because of the occurrence of
austenitic phase in solidification process.
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Fig. 12. The effect of carbon content on the freezing temperature
of interdendritic liquid; steel composition Si 0.21, Mn
0.4, P 0.02, S 0.03%.


