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Abstract 
Hypo peritectic steels exhibit a high possibility of longitudinal crack during continuous casting. Therefore, many researchers 
have studied the mechanisms of crack generation in hypo peritectic steel. Stress in solidified shell, or volume contraction 
with small liquid fractions were suggested as the mechanisms of crack generation. A new model was developed for predict-
ing possibility of crack generation by calculating strain rates in solid, volume contraction rate during solidification, and the 
probability of liquid unfilling in continuous cooling processes. The results show that massive transformation from the δ 
phase to the γ phase, and peritectic transformation during solidification can be the main crack generation mechanisms. Fur-
thermore, a linear relationship exists between the amount of undercooling for peritectic transformation (dTp) and the carbon 
content of the boundary for dividing the two crack generation mechanisms. Additionally, the longitudinal crack ratios of 
the field results are analyzed through strain rates in solid and liquid unfilling possibilities. Relative positions in the range of 
hypo peritectic steel and effective carbon contents are suggested to analyze the crack ratio of steels with alloying elements. 
This analysis shows that the results obtained from the new models for crack generation possibility are usable, and dTp can 
generate the behavioral differences in crack generation according to the conditions.
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1  Introduction

Longitudinal crack generation on solidified slab surfaces 
is one of the major problems experienced in continuous 
casting processed. Especially, hypo-peritectic steels with 
approximately 0.09–0.16 wt% carbon are known to show 
high crack generation ratios [1, 2]. This phenomenon is gen-
erally believed to be influenced by peritectic transformation, 
as well as the solidification of the γ phase at the interface 
of the δ and L phases, at the early stage of continuous cast-
ing. Large volume changes by peritectic solidification and 
cooling may lead to the local deformation of the solidified 
shell, resulting in uneven heat transfer in the mold or stress 

generation on the shell surface, thereby causing cracks on 
the cast shell surface [2]. However, the exact mechanisms of 
surface cracks remain controversial.

Many researchers have suggested various crack genera-
tion mechanisms on the shell. Several groups have suggested 
that the stress generated inside the solidified shell during 
cooling and phase transformation is the main mechanism 
of crack generation in hypo peritectic steel [2–4]. Suzuki 
et al. proposed a stress index using the product of the volume 
change rate and the magnitude of volume change caused 
by cooling and phase transformation [2]. They opined that 
hypo peritectic steels have large stress index values due to 
phase change from the δ phase to the γ phase. Several com-
putational models to calculate distribution of stress in the 
solidified shell have been developed for considering hypo 
peritectic steel behaviors [4–6].

Other groups have been interested in the remaining liquid 
fraction between dendritic arms during solidification, because 
their studies have shown that crack generations in the continu-
ous casting process were evident in interdendrites [7]. These 
may be related to the inflow of the liquid phase into the den-
dritic arm spacing during solidification. Borland suggested that 
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it was difficult for liquids to penetrate the dendrite arm spacing 
during solidification, especially when the liquid fraction was 
between 0.01 and 0.1 [8]. Consequently, Clyne et al. divided 
the mushy zone into the liquid feeding zone (0.4 < solid frac-
tion (fs) < 0.9) and the cracking zone (0.9 < fs < 0.99) [9]. Since 
liquid can penetrate the dendrite arm spacing in the liquid 
feeding zone, the stress generated by phase change and cooling 
can be released by the refilled liquid. However, in the crack-
ing zone, liquid cannot penetrate the dendrite arm spacing, 
because the channel narrows with lower liquid fractions. Xu 
et al. suggested a crack susceptibility index based on volume 
shrinkage during peritectic solidification and the remaining 
liquid phase [1]. They also suggested that liquid feeding into 
the dendrite arm spacing became difficult and the possibility 
of crack generation increased with solid fraction.

These two mechanisms are applicable to the solidification 
process of hypo-peritectic steels. However, previous studies 
related to the mechanisms had limitations that their algo-
rithms assumed that all transformation processes occurred by 
diffusion-controlled transformation, and peritectic transforma-
tion started at the equilibrium temperature. However, various 
experimental results showed that the phase change behaviors 
of hypo-peritectic steels differed from those at the equilibrium 
state in continuous cooling. Lopez et al. analyzed tempera-
ture change during the solidification and phase transforma-
tion of hypo-peritectic steel, and they also calculated the first 
and second derivatives of the cooling curve [10]. Addition-
ally, they reported that peritectic transformation started below 
the peritectic temperature and occurred within a temperature 
range. These phase transformation behaviors deviated from the 
equilibrium behaviors observed in other experimental results 
[11–13]. Furthermore, a massive transformation could occur 
during the solidification and phase transformation of hypo 
peritectic steel [14, 15]. Moon et al. reported that the speeds 
of the δ/γ interface were faster than 1 mm/s during the phase 
transformation from the δ phase to the γ phase, which could 
not be explained by diffusional transformation.

In the present study, volume contractions during solidifi-
cation and cooling, ae well as strain rates and unfilling pos-
sibilities are calculated to estimate the crack susceptibility 
related to the crack formation model. Quantitative prediction 
for crack generation is calculated considering phase trans-
formation and kinetics. The predictions of the possibility of 
crack generation are compared to the field results for model 
verification.

2 � Modeling Procedure for Predicting 
Possibility of Crack Generation

Volume contraction by cooling and phase transformation can 
generate stress in shells. Thus, calculating the amounts and 
speeds of volume contraction are important to understand 

crack generation. To calculate volume contraction, it is 
assumed that phase transformation with peritectic transfor-
mation occurs mainly at the secondary arm spacing, accord-
ing to Mondragon et al. [16]. This secondary arm spacing is 
affected by the carbon content and cooling rate. Moreover, 
solidification to the δ phase above the peritectic temperature 
occurs through dendritic growth during continuous casting. 
Therefore, a cylindrical domain with a diameter of the sec-
ondary arm spacing is used to evaluate volume change in 
this study. Eq. (1) is the secondary arm spacing suggested 
by Cicutti et al. [17] as follows:

where �2 is the secondary arm spacing and ts is cooling time 
of the primary δ phase.

Figure  1 represents the schematic diagram of phase 
change in hypo-peritectic steels by new models by consid-
ering the phase transformation behaviors deviated from the 
equilibrium behaviors [18]. In the two phase transformation 
paths of hypo-peritectic steels, the formation of the γ phase 
can be generated by diffusion-controlled transformation and 
massive transformation. In path 1, the liquid is solidified 
to the δ phase, which is then transformed to the γ phase by 
massive transformation. The γ phase is formed from the δ/γ 
interface with fast speeds of δ/γ interface calculated by the 
movements of iron atoms at a lattice parameter. In path 2, 
peritectic transformation starts at the δ/L interface during 
solidification to the δ phase, and solidification ends during 
the formation of the γ phase in the directions of liquid and 
δ phase. For phase transformation to the γ phase, carbon 
diffuses from the liquid, through the γ phase, to the δ phase. 
Furthermore, the total carbon amounts are constant during 
phase transformation. After solidification, the δ phase is 
transformed to the γ phase by diffusion-controlled transfor-
mation. At this stage, phase transformation to the γ phase is 
generated without carbon inflow from liquid. The formation 
speeds of the γ phase are calculated by carbon diffusion at 
the condition whereby the total carbon amounts are main-
tained. Consequently, the formation speeds of the γ phase 
differ from those of the phase transformation mechanisms. 
More details about this model have been explained in the 
literature [18].

These phase change behaviors in a cylindrical domain 
affect volume change, which by solidification and peritectic 
transformation, is generated at different speeds according to 
the phase change behaviors. Additionally, each phase con-
tracts by cooling. Therefore, the effects of steel grades and 
temperature need to be considered for volume contraction 
during continuous cooling. In this study, density, which is 
affected by temperature and steel grades, is used for calcu-
lating the volume at each time step. Total density of the liq-
uid, δ, and γ phases is obtainable by a simple mixture rule. 

(1)�2 = 26.1ts
0.38
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The following equations are used to determine the density 
according to the carbon content and temperature for each 
phase [19]. Afterward, the total volume per mass is calcu-
lated through the reciprocal of the total density.

As explained in the introduction, two crack genera-
tion mechanisms during continuous casting have been 
suggested in previous studies. In the first mechanism, the 
stress generated in the solidified shell during cooling is 
the main driving force. Stress is generated in the solid 
phase by cooling and phase transformation from the δ to 
the γ phase. Suzuki et al. suggested that the transforma-
tion rate and volume change of solidification, as well as 
the δ to the γ phase transformation, affected the stress in 
the solidified shell by using the relation between stress 
and strain, according to temperature [2]. Eq. (7) is a stress 
and strain relation according to temperature [20]. Where 
σ, ϵ, 𝜀̇,Q,R, and T  are the stress, strain, strain rates, activa-
tion energy, gas constant, and temperature, respectively.

(2)�tot

(

kg

m3

)

= ��f� + �� f� + �LfL

(3)�� =
100(8011 − 0.47T(◦C)

(100 − (wt%C))(1 + 0.013(wt%C))3

(4)�� =
100(8106 − 0.51T(◦C)

(100 − (wt%C))(1 + 0.008(wt%C))3

(5)
�L = 7100 − 73(wt%C) − (0.8 − 0.09(wt%C))(T(◦C) − 1550)

(6)Vtot

(

m3

kg

)

=
1

�tot

Thus, it can be assumed that stress in the solidified shell 
is mainly determined by the strain rate.

The following equation is the strain rate in each time step 
that is used to predict the possibility of crack generation. 
The stress can be released when liquids exist together [9]. 
Therefore, strain rates are important after solidification is 
completed. Volume per mass can be used as the strain rate 
because the mass term is included in the numerator and 
denominator.

𝜀̇ , V1, V2, and dt are strain rates, volume at the previous 
time, volume at the current time, and time step, respectively.

The second mechanism is related to liquid penetration 
into the dendrite arm spacing. Many researchers interested 
in this model suggested that thermal contraction and phase 
transformation could generate internal cracks during cool-
ing, especially when the liquid fraction is smaller than 0.1 
[7, 9, 21]. Therefore, it is assumed that the volume contrac-
tion rate is important for crack generation in the present 
model when solidification is incomplete. The penetration 
ability of liquids becomes poorer with larger volume con-
traction rates, and stress cannot be released when there is 
no liquid in the dendrite arm spacing; thus, cracks can be 
generated with large volume contraction with liquids.

For the volume contraction rate with liquid, the filling of 
liquids into the dendrite arm spacing must be considered, 
specifically when solidification is incomplete, because the 
volume is maintained by the filling of liquids. So, V0, the 
normalized initial volume of the calculated domain, is used 
as the denominator for the volume contraction rate, unlike 

(7)σ = F × 𝜀n × 𝜀̇m × exp(−Q∕RT)

(8)𝜀̇ =
−(V2 − V1)∕V1

dt

Fig. 1   Schematic diagram of phase change of hypo peritectic steel [18]
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Eq. (8) of strain rate. Also, the amount of volume contrac-
tion can be considered as the amount of liquid that is filled 
at dendrite arm spacing newly. Thus, the following equation 
presents the volume contraction rate in each time step used 
to predict crack generation without liquids. ċv , V1, V2, and 
dt represent the volume contraction rate, previous volume, 
current volume, and time step, respectively. These volumes 
are calculated using Eqs. (2–6).

The volume change (V1–V2) of Eq. (9) includes various 
behaviors of phase transformation and cooling. The volume 
change can occur by the cooling of each phase, solidifica-
tion, and transformation from the δ phase to the γ phase.

Volume contraction rates are calculated for understand-
ing the effects of volume change by cooling and phase 
transformation for crack generation, when the liquid frac-
tion is small. However, the volume contraction rate with 
liquid is insufficient to comprehend the behaviors at the 
dendrite arm spacing for predicting the possibility of crack 
generation. Xu et al. suggested an index of solidification 
shrinkage by volume change during peritectic transfor-
mation and remaining liquid fraction after solidification. 
Moreover, it is revealed that this value is proportional to 
the crack ratio [1]. The following equation presents the 
index of solidification shrinkage (Rv) in this study.

where ΔV is the volume change by peritectic transforma-
tion and L is liquid fraction after peritectic transformation. 
Eq. (10) shows that the possibility of crack generation can 
increase with large volume shrinkage and small liquid frac-
tion. Because the dendrite arm spacing, as the channel is 
filled by the liquid, becomes narrow, when liquid fraction is 
small. Therefore, it is difficult for the liquid to penetrate the 
narrow dendrite arm spacing and stress cannot be released.

In the present study, the liquid unfilling ability at the 
dendrite arm spacing is assumed to be an important fac-
tor to generate cracks. But, the effects of liquid unfilling 
for crack generation generation are considered differ-
ently from those of Xu et al. When the width of the liq-
uid channel is narrow by a small liquid fraction, it can be 
assumed that the width of liquid channel is proportional 
to the liquid fraction while the pressure of the fluid at 
the channel is inversely proportional to the area of the 
channel. Therefore, it can be suggested that the penetra-
tion ability of the liquid into the dendrite arm spacing 
is inversely proportional to the liquid fraction. Conse-
quently, it is propounded that the liquid unfilling possibil-
ity is inversely proportional to the liquid fraction. Thus, 
we define the liquid unfilling possibility as the maximum 

(9)ċv(volume contraction rate with liquid) =
(V1 − V2)∕V0

dt

(10)Rv = ΔV(1 − L)

value of the volume contraction rate divided by liquid frac-
tion, as shown in Eq. (11). The maximum values are used 
because crack generation probability is maximized at this 
condition.

3 � Results and Discussion

3.1 � Prediction Possibility of Crack Generation 
by a Model with Simple Peritectic 
Transformation Behaviors

3.1.1 � Phase Fraction According to Temperature

The phase transformation of hypo-peritectic steels has been 
studied by many researchers [2, 22]. In their studies, the 
main phase transformation mechanism was carbon diffusion; 
it was assumed that the interfaces of δ/γ and γ/L were at local 
equilibrium, and peritectic transformation started at peritec-
tic temperature. Furthermore, the massive transformation 
from the δ phase to the γ phase was not considered. Figure 2 
depicts the change of phase fraction of Fe-0.095 wt% C and 
Fe-0.12 wt% C during cooling by using the assumptions of 
these studies. Liquid is solidified to the δ phase until peri-
tectic temperature, whereby peritectic transformation starts. 
Once solidification completes, the δ phase is transformed to 
the γ phase. The difference between Fe-0.095 wt% C and 
Fe-0.12 wt% C is the amount of phase change by peritectic 
transformation. For Fe-0.095 wt% C and Fe-0.12 wt% C, 
the fractions of γ phase that remain are approximately 13% 
and 52%, respectively, after peritectic transformation. This 
is because more liquid remains at the peritectic temperature 
when the carbon content is 0.12 wt% C.

3.1.2 � Volume Contraction Rates and Liquid Unfilling 
Possibilities During Cooling

Large volume contraction with small liquid fraction can 
cause liquid unfilling at the dendrite arm spacing, and sub-
sequently, crack generation. To estimate the possibilities 
of this mechanism, volume contraction rates, according to 
carbon content, are calculated by using Eq. (9), as shown at 
Fig. 3a. The maximum volume contraction rates of Fe-0.095 
wt% C and Fe-0.12 wt% C are generated when the liquid 
fractions are approximately 1.5% and 6.7%, respectively. 
These liquid fractions are the values when the tempera-
ture of each steel is peritectic temperature. At these condi-
tions, maximum volume contraction rates are generated by 

(11)

Liquid unfilling possibility

= Maximum of

(

Volume contraction rate with liquid

Liquid fraction

)
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peritectic transformation (L + δ → γ). Because the volume of 
the γ phase is smaller than that of the liquid and δ phase, the 
total volume decreases by peritectic transformation. Thus, 

additional volume contraction by peritectic transformation is 
generated by comparing the cooling and solidification to the 
δ phase above the peritectic temperature. Additionally, the 

Fig. 2   Phase change according to temperature at 800 K/min by a model with simple peritectic transformation behaviors: a Fe-0.095 wt% C and 
b Fe-0.12 wt%

Fig. 3   Volume contraction rates, maximum volume contraction rates, and liquid unfilling possibilities by model with simple peritectic transfor-
mation behaviors
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volume contraction rates are generated by the fast peritec-
tic reaction at the initial stage of peritectic transformation; 
subsequently, the volume contraction rates decrease rapidly 
and increase during solidification. At the peritectic transfor-
mation stage during solidification, the formation speeds of 
the γ phase are affected by the speeds of carbon diffusion. 
After peritectic transformation at peritectic temperature, the 
difference in the equilibrium carbon contents at the δ/γ and 
γ/L interfaces is small; thus, the speeds of phase transforma-
tion are lessened by the small carbon gradient in the γ phase. 
Moreover, the gradient of the carbon content in the γ phase 
increases, as do the speeds of peritectic transformation.

The maximum volume contraction rates according to 
carbon content are calculated as shown in Fig. 3b. These 
values are between 0.045 and 0.036 /s. Thus, the values of 
the maximum volume contraction rate are similar in the 
hypo-peritectic region. However, the liquid fraction values, 
whereat maximum volume contraction rates occur, are dif-
ferent when the carbon content change, as shown in Fig. 3c. 
Therefore, the liquid unfilling possibilities have a maximum 
value at 0.095 wt% C and decrease as the carbon content 
increases, as shown in Fig. 3d. These results suggested that 
cracks by liquid unfilling could easily occur at low carbon 
regions of hypo-peritectic steels.

3.1.3 � Strain Rates in Solid Phase During Cooling

The strain rates in the solid phases of Fe-0.095 wt%C and 
Fe-0.12 wt%C are calculated from approximately 1762 K 
and 1757 K, respectively, and are shown in Fig. 4a. The 
peritectic transformations of Fe-0.095 wt%C and 0.12 wt%C 
start at the peritectic temperature, although the liquid frac-
tion of the Fe-0.12 wt%C at the peritectic temperature is 
larger than that of Fe-0.095 wt%C. Therefore, the tempera-
ture at which solidification ends by peritectic transformation 
decreases as the carbon content increase. Both strain rates 

decrease from the maximum values because the width of 
the γ phase increases during its growth. As the width of 
the γ phase increases, so does the distance of carbon dif-
fusion. Thus, the speeds of phase transformation decrease. 
The maximum strain rates, according to carbon content, are 
shown in Fig. 4b. The maximum strain rates decrease from 
0.0059 to 0.0041 /s. Therefore, it can be suggested that the 
maximum strain rates are similar, according to the carbon 
content. Consequently, the effects of the carbon content on 
crack generation by this mechanism are minimal compared 
to maximum strain rates. Furthermore, it can be suggested 
that the maximum strain rates are very small. This sugges-
tion is explained in the next section.

3.1.4 � Analysis of the Crack Mechanism

Many researchers have suggested that large stress in the 
solidified shell and volume contraction with liquid unfill-
ing can generate cracks during continuous casting. There-
fore, crack generation behaviors can be analyzed with liq-
uid unfilling possibilities, as presented in Fig. 3d and the 
maximum strain rates in Fig. 4b. The behaviors of crack ratio 
according to the carbon content tend to increase to the maxi-
mum crack ratio and decrease afterward [1, 23, 24]. Thus, 
the maximum crack ratio is generated at the mid-region of 
the hypo-peritectic steels. Notwithstanding, the liquid unfill-
ing possibilities and strain rates of the solid calculated in 
the previous sections showed maximum values at the low-
est carbon content, 0.095 wt%C, whereby phase transforma-
tion was assumed to start at the peritectic temperature. This 
implies that the experimental results cannot be explained 
by the previous calculations with simple peritectic trans-
formation behaviors. Consequently, additional peritectic 
transformation phenomena need to be considered to explain 
the behavior of crack generation during continuous casting.

Fig. 4   Strain rates in solid phase and maximum strain rates by a model with simple peritectic transformation behaviors



Metals and Materials International	

1 3

3.2 � Prediction Possibility of Crack Generation 
with New Phase Transformation Model

3.2.1 � Phase Fraction According to Temperature

Previous models did not consider the behaviors of peritectic 
steels observed during experiments, such as the delay of 
peritectic transformation from the peritectic temperature [13, 
15] and massive transformation [15, 25]. Recently, a model 
that considers these peritectic steel behaviors was developed 
[18]. In this model, the specific temperatures are defined; 
dTp is the delayed temperature from the peritectic tempera-
ture until the formation of the γ phase, Tps is a temperature 
at which peritectic transformation starts after the delay of 
the formation of the γ phase, and Tmassive is a temperature at 
which massive transformation starts. We calculate volume 
contractions and strain rates during cooling by adopting this 
phase transformation model. Figure 5 shows the change of 
phase fraction of each phase during cooling, when the cool-
ing rate is 800 K/min and dTp is 11 K.

The phase transformation behaviors of hypo-peritectic 
steels change according to carbon content, and dTp that the 
delay of γ phase formation from the peritectic temperature. 
When the carbon content is 0.12 wt%C, the liquid is solidi-
fied to the δ phase until the peritectic temperature and addi-
tional solidification to the δ phase occur until Tps, whereat 
the nucleation of the γ phase starts at the δ/L interface and 
the γ phase grows during cooling. Upon the completion of 
solidification, the δ phase that remains is transformed into 
the γ phase through diffusion-controlled transformation. 
When the carbon content is 0.095 wt%C, solidification to the 
δ phase starts from the liquidus temperature and concludes 
at a temperature between the peritectic temperature and Tps 
without peritectic transformation. On cooling the solidified 
δ phase is until Tmassive, the δ phase transforms to the γ phase 

by massive transformation. The speed of generation of the 
γ phase by massive transformation is faster than that that by 
diffusional transformation of Fe-012 wt%C.

3.2.2 � Volume Contraction Rates and Liquid Unfilling 
Possibilities During Cooling

Figure 6 shows the volume contraction rates of Fe-0.095 
wt%C and Fe-0.12 wt%C with liquid, when dTp is 11 K. The 
volume contraction rates are the results when the liquid frac-
tion is smaller than 10% because the movement of liquids 
into the dendrite arm spacing is difficult at this liquid frac-
tion condition [8]. The volume contraction rates of Fe-0.12 
wt%C have a peak at 2.2% of liquid fraction unlike that of 
Fe-0.095 wt%C. This is because peritectic transformation 
occurs during solidification, when the carbon content is 0.12 

Fig. 5   Phase change according to temperature at a cooling rate of 800 K/min and 11 K of dTp: a Fe-0.095 wt%C, b Fe-0.12 wt%C

Fig. 6   Volume contraction rates with liquid when dTp is 11 K
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wt%C. The volume change of Fe-0.095 wt%C is generated 
by cooling and solidification to the δ phase. However, the 
volume change of Fe-0.12 wt%C is generated by cooling, 
solidification, and peritectic transformation. In addition, 
transformation rates are very fast at the initial peritectic 
transformation stage [13, 18]. So, the volume contraction 
rates of Fe-0.12 wt%C exceed those of Fe-0.09 wt%C.

Maximum volume contraction rates with 11 K of dTp 
are calculated according to the carbon content, as shown in 
Fig. 7b. The graph of maximum volume contraction rates 
can be separated into two parts: firstly, when the carbon con-
tent is less than 0.105 wt%C, the maximum volume contrac-
tion rates are approximately 0.02 /s, which is similar to the 
result of Fe-0.095 wt%C. Secondly, when the carbon content 
exceeds 0.11 wt%C, the maximum volume contraction rates 
are approximately 1.7 /s, similar to the results of Fe-0.12 
wt%C. This difference is generated by the peritectic trans-
formation according to the carbon content, as mentioned 
about volume contraction rates in Fig. 6. Consequently, it 
is revealed that phase transformation behaviors change by 

a specific carbon content, which is between 0.105 and 0.11 
wt%C, when dTp is 11 K.

In addition, when dTp is 5 K and 20 K, the maximum 
volume contraction rates are calculated according to the 
carbon content, as shown in Fig. 7a and c. In these condi-
tions, the maximum strain rates, according to the carbon 
content, can also be separated into two parts. However, the 
carbon content at which the maximum volume contraction 
rates increase rapidly is different. When dTp is 5 K and 20 K, 
the maximum volume contraction rates increase rapidly at 
0.10 wt% C and 0.125 wt% C, respectively. When the carbon 
content of steel increases, the liquid fraction increases at the 
peritectic temperature. And the more liquids can be solidi-
fied to the δ phase during dTp, when dTp is large. Because 
dTp is the delay of the peritectic transformation from peritec-
tic temperature. Thus, the solidification time to the δ phase 
increases with large dTp. Consequently, when dTp increases, 
solidification can be completed at only the δ phase, with-
out peritectic transformation during dTp, irrespective of the 
increasing the carbon contents.

Fig. 7   Maximum volume contraction rates at 800 K/min with liquid: a dTp = 5 K, b dTp = 11 K and c dTp = 20 K
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Liquid unfilling possibilities at dTp values of 5 K, 11 K, 
and 20 K are shown in Fig. 8. When dTp is 11 K and the 
carbon content is less than 0.105 wt%C, the liquid unfilling 
possibilities are approximately 0.2 /s because there is no 
peritectic transformation during solidification. Liquid unfill-
ing possibilities increase rapidly to 280 /s at 0.11 wt%C, 
similar to the maximum volume contraction rates, because 
large volume contraction occurs by peritectic transformation 
during solidification and the liquid fraction is very small at 
that time, while liquid unfilling possibilities decrease rap-
idly after 0.115 wt%C. This is because the liquid fraction 
at which maximum volume contraction rates are generated 
increases, although peritectic transformation occurs during 
solidification. Furthermore, when dTp increases, the car-
bon content, at which liquid unfilling possibilities increase 
rapidly, increases by comparing the results of Fig. 8a–c. 
Because more liquid can be solidified to the δ phase without 
peritectic transformation during dTp, when dTp increases. 
This is also why the maximum volume contraction rates 
increase rapidly at specific carbon contents by increasing 
dTp.

3.2.3 � Strain Rates with Solid Phase During Cooling

Figure 9 displays the results of strain rates after solidifica-
tion, when dTp is 11 K. The strain rates of Fe-0.095 wt%C 
and Fe-0.12 wt%C start at approximately 0% and 27% of the 
γ fraction, respectively, because solidification is completed 
at these γ phase fractions. For Fe-0.12 wt%C, the strain rates 
decrease from 0.017 to 0.001 /s because the width of the 
γ phase at which carbon diffuses for phase transformation 
increases and there is no carbon inflow from the liquid due 
to the completion of solidification. For Fe-0.095 wt%C, the 
strain rates decrease from 0.06 to 0.001 /s. These values are 
larger than those of Fe-0.12 wt%C. Strain rates in solids 
show different behaviors depending on whether the phase 
change to the γ phase is diffusion-controlled or massive 
transformation, as shown in Fig. 5. When carbon content is 
0.12 wt%C and dTp is 11K, peritectic transformation starts 
during solidification. After solidification is completed by 
peritectic transformation, phase transformation from the δ 
phase to the γ phase occurs by diffusion-controlled transfor-
mation. However, when the carbon content is 0.095 wt%C 

Fig. 8   Liquid unfilling possibilities at a dTp = 5 K, b dTp = 11 K and c dTp = 20 K
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and dTp is 11 K, solidification is concluded before Tps, and 
it becomes the δ phase only, which is cooled until Tmassive 
and is converted to the γ phase by massive transformation. 
Thus, the mechanisms of phase transformation in solids are 
different, according to the carbon content. Moreover, the 
speeds of phase transformation by massive transformation 
are faster than those by diffusion-controlled transformation. 
Therefore, the strain rates of Fe-0.095 wt%C are faster than 
those of Fe-0.12 wt%C based on the difference of the trans-
formation mechanisms in solids.

Large strain rates in solids can increase the possibility of 
crack generation. Therefore, the maximum strain rates with 
11 K of dTp are initially calculated according to the carbon 
content, as shown in Fig. 10b. When the carbon content is 
less than 0.105 wt%C, strain rates are approximately 0.23 /s, 
while at carbon contents larger than 0.11 wt%C, strain rates 
rapidly decrease to 0.035 /s, and the values further decrease 
to 0.01 /s. Maximum strain rates can be categorized into 
two parts according to the phase transformation behavior, 
such as volume contraction rates. When the carbon content 
is less than 0.105 wt%C, phase transformation from the δ 

Fig. 9   Strain rates in solid without liquid when dTp is 11 K

Fig. 10   Maximum strain rates in solid at 800 K/min a dTp = 5 K, b dTp = 11 K and c dTp = 20 K
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phase to the γ phase occurs by massive transformation. But, 
when the carbon content exceeds than 0.11 wt%C, phase 
transformation from the δ phase to the γ phase occurs by 
diffusion-controlled transformation. Thus, the mechanism 
of phase transformation from the δ phase to the γ phase 
determines the maximum strain rates in the solid phase. In 
addition, maximum strain rates with 5 K and 20 K of dTp are 
calculated as shown in Fig. 10a and c. The carbon contents at 
which maximum strain rates decrease rapidly increase with 
increasing dTp, because solidification can be completed to 
only the δ phase during dTp, when dTp is small. Therefore, 
phase transformation from the δ phase to the γ phase can be 
generated by massive transformation. Consequently, when 
dTp increases, the strain rates in the solid are large at higher 
carbon contents, and cracks can be generated by massive 
transformation.

3.3 � Mapping of Crack Generation Mechanism

From the results of the previous sections, it is revealed that 
the maximum strain rates and the liquid unfilling possibili-
ties depend on the phase change behavior during and after 
solidification. These values are calculated to understand the 
mechanisms of crack generation during continuous casting. 
Higher volume contraction rates are generated by peritectic 
transformation during solidification, while higher strain rates 
are generated by massive transformation from the δ phase to 
the γ phase. Therefore, it is suggested that peritectic trans-
formation during solidification and massive transformation 
in solids can be mechanisms of crack generation.

The results of Figs. 8b and  10b are compared to ana-
lyze the two crack mechanisms simultaneously. When the 
carbon contents exceed 0.11 wt%C, the liquid unfilling pos-
sibilities are large owing to peritectic transformation with 
liquid, and the maximum strain rates in the solid are small 
by diffusion-controlled transformation from the δ phase to 
the γ phase. Conversely, when the carbon content is less 
than 0.105 wt%C, the liquid unfilling possibilities are small 
because solidification only occurs to the δ phase without 
peritectic transformation, and the maximum strain rates in 
the solid are large by the massive transformation from the 
δ phase to the γ phase. In addition, the ranges of carbon 
contents at which maximum strain rates and liquid unfill-
ing possibilities change rapidly, are the same. When dTp 
is 11 K, this carbon content is approximately 0.107 wt%C. 
Furthermore, the largest values of the maximum strain rates 
in the solid and liquid unfilling possibilities are generated 
at approximately 0.107 wt%C. Thus, when dTp is 11 K and 
the carbon content is approximately 0.107 wt%C, it can be 
suggested that the possibility of crack generation is larg-
est. This shows that the behaviors of phase transformation 
and mechanisms of crack generation change based on these 
carbon contents. In addition, when dTp values are 5 K and 

20 K by comparing Fig. 8a, c, as well as Fig. 10a and c, the 
carbon contents whereby the strain rates and liquid unfilling 
possibilities change rapidly are approximately 0.096 wt%C 
and 0.121 wt%C, respectively. Consequently, these carbon 
contents increase, when dTp increases. Figure 11 depicts 
the relationship between dTp and carbon content based on 
crack generation mechanisms. To evaluate this relationship, 
the median values of the two carbon contents in the region 
where the crack generation mechanisms changed was used; 
when the dTp changed by 0.1 K. In this study, the line repre-
senting the relationship between the carbon content and dTp 
is defined as the transition line.

It is revealed that the main crack generation mechanisms 
are different on the left-hand and right-hand sides of the 
transition line by comparing Figs. 8 , 10, and 11. On the 
left-hand side of the transition line, the massive transforma-
tion with high transformation rates causes large strain rates 
after solidification. However, the solidification is completed 
without peritectic transformation, so liquid unfilling pos-
sibilities are low. On the right-hand side of the transition 
line, the liquid unfilling possibilities are high because of 
peritectic transformation during solidification. Nonetheless, 
maximum strain rates in the solid phase are low, because the 
phase change to the γ phase occurs by diffusion-controlled 
transformation. In other words, if dTp is determined under 
specific process conditions by cooling rate or alloy elements, 
the main mechanism of crack generation can be selected 
according to the carbon content between the stress generated 
in the solid by massive transformation and liquid unfilling by 
peritectic transformation during solidification. Additionally, 
it can be suggested that the possibility of crack generation 
is high near the transition line, because the values of liquid 

Fig. 11   Relationship between carbon contents and dTp for phase 
change behaviors and mechanisms of crack generation
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unfilling possibilities and maximum strain rates are highest 
near the transition line.

Alloy elements can change the behaviors of phase trans-
formation. For example, Mn decreases peritectic tempera-
ture, while it increases the carbon content of peritectic 
points. Therefore, if Mn is added, many values used in the 
phase transformation model [18], such as equilibrium car-
bon content at each interphase and peritectic temperature, 
change. Thus, it is necessary to revise the phase transfor-
mation model for Fe–C–3.5Mn and 7Mn; the equilibrium 
carbon content at each interphase, as well as the specific 
temperatures, such as Tps, Tγ, and Tmassive, need to be modi-
fied in the phase change model. The local equilibrium car-
bon contents at the interphase and the peritectic temperature 
are calculated by FactSage to revise the model.

However, carbon diffusion is the main mechanism of 
phase transformation, such as for the Fe–C binary system, 
under these conditions, because the diffusivity of C is far 
larger than that of alloying elements, such as Mn and Si. At 
1700 K, the diffusivities of C, Si, and Mn at the δ phase are 
4.01 × 10−5cm2∕s,1.79 × 10−7cm2∕s , and 9.65 × 10−8cm2∕s , 
respectively [26]. The movement of carbon can drive peri-
tectic transformation, even in alloy steels; thus, it can be 
assumed that the processes of phase transformation are the 
same as those of the Fe–C binary system.

As a result of the phase transformation model revised 
for steels with Mn, Fig. 12 presents the transition line of 
Fe–C, Fe–C–3.5Mn, and Fe–C–7Mn according to the rela-
tive position in the peritectic steel region, which is used to 
compare the results of steels with different Mn contents. 
Therefore, these transition lines are similar, although the Mn 
contents are different, which shows that steels with different 

Mn contents have similar phase transformation and crack 
generation behaviors according to the relative position in the 
range of peritectic steel and dTp. The behavior of alloy steels 
can be explained by using the results of the Fe–C binary 
system, when the effective carbon contents are used.

3.4 � Comparison Between Model Results and Field 
Data of Crack Ratio

Figure 13 presents the normalized longitudinal crack ratio 
data of approximately 40,000 continuous casting heats of a 
steel company, at -various alloying elements. These values 
were normalized based on the maximum longitudinal crack 
ratio. The composition ranges of the alloying elements used 
were 0–0.5 wt% for Si, 0–1.5 wt% for Mn, 0–0.05 wt% for 
P, 0–0.015 wt% for S, and 0–0.06 wt% for Al for analyz-
ing the behaviors of crack generation. Consequently, it is 
revealed that the crack ratios of carbon contents between 
0.05–0.1wt%C are irregularly scattered in the carbon con-
tents. However, these results include the effects of various 
alloying elements, such as S and Mn. From the results shown 
in Fig. 12, the phase transformation behaviors of alloy steels 
can be analyzed by using their relative position in the range 
of peritectic steels. Therefore, in this study, the relative posi-
tion in the range of hypo-peritectic steel (R) is proposed to 
apply crack data with various alloying elements to the results 
of phase change model. The relative position in the range 
of hypo-peritectic steel is newly modeled such that it can 
be well-applied in the composition ranges of the alloying 
elements to be analyzed.

The method to calculate the relative position in the range 
of hypo-peritectic steel is as follows: firstly, peritectic start-
ing points and peritectic points of steels with various alloy 

Fig. 12   Relationship between relative position in the region of peri-
tectic steel and dTp for crack generation mechanism according to Mn 
contents

Fig. 13   Normalized longitudinal crack ratio according to carbon con-
centration
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element compositions are calculated by using FactSage. Sec-
ondly, peritectic starting points(a) and peritectic points(b) 
are substituted into the equation of the relative position in 
the range of hypo-peritectic steel, as shown in Eq. (12).

x represents the carbon content of steel used to calculate the 
relative position in the range of hypo- peritectic steel.

In Eq. (12), A and B are composed of peritectic points (a 
and b), so they can be also considered as values depending 
on the alloying element composition. Thus, It is necessary 
to understand the effects of alloying elements on A and B 
to analyze the results of steels with various alloy element 
ratios. Firstly, the equation considering the effects of alloy-
ing elements on A and B is as follows: (The values in paren-
theses are the concentration (wt%) of each alloying element)

The influence of each alloy element on the change of peri-
tectic points (a and b as shown in Fig. 14) was suggested at 
the results of Xu et al. [27] They suggested that Al, P, Si, 
Mn, and S had an individual effect on peritectic points, and 
the interactions between S and Mn as well as those between 
Si and Mn cause movements of peritectic points.

(12)R =
x − a

b − a
=

1

b − a
x +

−a

b − a
= Ax + B

(13)A(or B) = a(Al) + b(S) + c(P) + d(Si) + e(Mn) + f(S)(Mn) + g(Si)(Mn) + h

The coefficients of the Eq.  (13) were fitted using the 
peritectic points of 87 alloy steels calculated by means of 
FactSage. The composition ranges of the alloying elements 
used were 0–0.5 wt% for Si, 0–1.5 wt% for Mn, 0–0.05 wt% 
for P, 0–0.015 wt% for S, and 0–0.06 wt% for Al. The coef-
ficients of the equations obtained by fitting are shown in 
Table 1. As a result of fitting the values, the R square values 
of A and B are 0.96 and 0.91, respectively. In addition, the 
peritectic starting points and peritectic points are calculated 
with the composition of 20 randomly selected alloy steels. 
It is shown that the differences between the results by fit-
ting equation and the values calculated by thermodynamic 
calculation by FactSage are within 0.001 wt%C. Thus, it 
is evident that the relative position in the range of hypo-
peritectic steel can be used to compare the crack ratio data 
of different alloying steels.

In addition, the effective carbon contents ( Ceff  ) can be cal-

culated by the peritectic points of carbon steel and the relative 
position in hypo-peritectic steel (R) by using Eq. (14).

By using Eq. (12), (13), and (14), the longitudinal crack 
ratio data in Fig. 13 can be transformed based on the effec-
tive carbon contents. Figure 15 presents the values of the lon-
gitudinal crack ratios every at intervals of 0.04 of effective 
carbon contents. These values are normalized based on the 
maximum longitudinal crack ratio. Consequently, when the 
effective carbon contents are between 0.09 and 0.115 wt%C, 
most cracks occur. In addition, the longitudinal crack ratio 
gradually increases and then rapidly decreases thereafter, when 
the carbon contents are between 0.09 and 0.115 wt%C. When 
the effective carbon content is 0.106 wt%C, crack generation 
ratio is maximum.

To understand the behaviors of the longitudinal crack ratio 
and crack mechanisms, the former according to effective car-
bon contents is shown with the transition line in Fig. 16. The 
longitudinal crack ratio increases until 0.106 wt%C at which 
the maximum crack ratio is generated, and then decrease rap-
idly, as shown at Fig. 16a. That means the carbon contents 
of the maximum crack ratio are in the range of 0.104–0108 
wt%C. In the previous Sect. 3.3, it is suggested that there are 
two mechanisms of crack generation, massive transformation 

(14)Ceff = 0.09 + R(0.16 − 0.09)

Fig. 14   Values for calculating the relative position in the range of 
hypo peritectic steel (R)

Table 1   Coefficients of relative 
position in the region of hypo-
peritectic steel.

a (Al) b (S) c (P) d (Si) e (Mn) f (S·Mn) g (Si·Mn) h (Con-
stant)

R square

A 3.9997 379.6260 − 22.0576 − 0.5573 2.1889 − 148.275 1.3074 12.3439 0.9584
B − 0.2476 − 23.7260 1.472 0.0241 0.0197 15.5063 0.1484 − 1.1562 0.9117
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in solid and peritectic transformation during solidification, and 
the change of crack mechanisms occurs at a specific region 
of dTp and carbon contents on the transition line. Moreover, 
it is revealed that the possibility of crack generation can be 
maximized at this condition by maximum strain rates and liq-
uid unfilling possibilities. So, dTp can be calculated using the 
transition line with the carbon contents at which the maximum 
crack ratio is generated, as shown in Fig. 16b. As a result, the 
dTp of the results of this field data is 11 K(± 1.2 K).

In other words, depending on the carbon composition and 
dTp, crack generation mechanisms are selectively employed 
between the massive transformation in the solid phase and liq-
uid unfilling during solidification. Crack generation behaviors 
can be predicted according to carbon contents as follows: The 

possibility of crack generation; (1) increases up to the condi-
tion of carbon contents on the transition line; (2) is maximized 
at the carbon content near the condition on the transition line; 
and (3) when the carbon contents increase, the possibility of 
crack generation decreases rapidly.

Many researchers have reported on longitudinal crack 
ratios according to carbon contents and have also ana-
lyzed crack ratio behaviors with their crack mechanism 
models [1, 23, 24]. In these studies, crack ratio increases, 
and then decreases upon reaching the maximum value. 
Furthermore, the carbon contents at which the maximum 
crack ratio is generated are approximately 0.11 wt%C, 
0.129 wt%C, and 0.132 wt%C, respectively. The crack 
ratio behavior is similar to the results of our field results, 
as shown in Fig. 15. However, the carbon contents at maxi-
mum crack ratio differ from experimental results. This dif-
ference can be explained by the difference of dTp under 
various experimental conditions. Maximum crack ratio 
can be generated near the transition line, and the carbon 
contents with maximum crack ratio increases with dTp, as 
shown in Fig. 11. As a result of calculating the normalized 
dTp for each experimental condition [1, 23, 24], the values 
of dTp are about 14, 24, 29K, respectively. The present 
study showed that dTp is a very important parameter for 
predicting the crack ratio of continuous casting processes 
of hypo-peritectic steels. Unfortunately, dTp determination 
under specific conditions might be very difficult because 
dTp could be affected by cooling rates, steel grades, and 
the conditions of continuous casting machine. However, 
it is suggested that the dTp value can be estimated from 
the carbon contents with maximum crack ratio of each 
experimental data by the analysis of the present study and 
the field results employed herein. Thus, it is possible to 
suggest conditions that can reduce the risk of crack gen-
eration through alloy design and the adjustment of operat-
ing conditions.

Fig. 15   Relative values of longitudinal crack ratios at every 0.04 
interval of the position in hypo-peritectic steel

Fig. 16   Mechanisms of crack generation change when carbon content is 0.106 wt%C and dTp = 11 K
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4 � Conclusion

It is necessary to understand the phase change behavior of 
hypo-peritectic steel to analyze crack generation behaviors 
in continuous casting processes. Stress in the solidified 
shell and large volume contraction with small liquid frac-
tions were suggested for predicting crack possibilities by 
many researchers. In this study, We developed a new model 
that could predict the possibility of crack generation dur-
ing cooling. These models are based on volume contraction 
rates with liquid, strain rates in solid, and liquid unfilling 
possibilities.

From the results of strain rates, volume contraction rates, 
and liquid unfilling possibilities, it can be suggested that the 
massive transformation from the δ phase to the γ phase or 
peritectic transformation during solidification are the main 
mechanisms for crack generation. The large strain rates in 
solids are generated when massive transformation from the 
δ phase to the γ phase occurs. The volume contraction rates 
become large when peritectic transformation starts with 
the liquid. In addition, liquid unfilling possibilities are cal-
culated to analyze the penetrating ability of the liquid into 
the dendrite arm spacing during cooling. Liquid unfilling 
possibilities have small values at the low carbon regions of 
hypo-peritectic steels, and are maximized by peritectic trans-
formation during solidification. Furthermore, liquid unfilling 
possibilities decrease rapidly with the increase of the liquid 
fraction where peritectic transformation starts.

From the results of maximum strain rates and liquid 
unfilling possibilities, it was revealed that there are relation-
ships between carbon contents and dTp for crack generation 
mechanisms. On the left-hand side of the transition line, 
massive transformation in solid is main crack mechanism, 
while on the right-hand side of the transition line, peritectic 
transformation during solidification is main crack mecha-
nism. In addition, it was suggested that the possibility of 
crack generation could be maximized near the condition 
represented on the transition line.

These results of maximum strain rates in solid and liq-
uid unfilling possibilities were compared with longitudinal 
crack ratio data from the continuous casting process. The 
relative position in the range of hypo-peritectic steel and 
effective carbon content are suggested for applying the crack 
ratio data of steels with various alloy elements to the results 
of the crack mechanism model of carbon steel. As a result 
of the crack ratio data using effective carbon content, the 
crack ratio gradually increases from low carbon content in 
the region of hypo-peritectic steel, rapidly increases up to 
the maximum crack ratio near a specific carbon content on 
the transition line, and then rapidly decreases. Thus, this 
crack generation tendency can be analyzed using maximum 
strain rates in solid and liquid unfilling possibilities, and it 
is revealed that there are specific dTp and carbon content 

at which the maximum crack ratio can be generated. Fur-
thermore, various carbon contents with maximum crack 
ratio according to experiments can be explained by the dTp 
difference.
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