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Abstract: The average steepness of |dT/d(f s)1/2| on the T − (f s)1/2 curve were calculated during
peritectic solidification, which was used to investigate the effect of alloying elements on surface
longitudinal cracks of peritectic steels in the solidification process. The value of |dT/d(f s)1/2| indicates
the liquid feeding capacity between interdendrites during solidification, where cracks can easily
occur if there is poor capacity of liquid feeding, as in peritectic solidification shrinkage. The cracking
tendency as a function of carbon content was well described by the |dT/d(f s)1/2| at the cooling rates of
0.5, 5, and 10 ◦C/s, and the influences of other solute elements on |dT/d(f s)1/2| were also calculated.
The results indicate that the possibility of crack occurrence increased and the maximum average
steepness |dT/d(f s)1/2| changed from 496.75 ◦C located near 0.09C wt.% to 622.14 ◦C near 0.11C wt.%
with increasing cooling rate. The value of |dT/d(f s)1/2| on the T − (f s)1/2 curve during the peritectic
solidification can be used to analyze the solidification crack for peritectic steels.
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1. Introduction

Some alloys are susceptible to cracking during solidification, which has attracted the interest
of many researchers. One of the most important examples in industrial practice is the production
of peritectic steels in continuous casting, in which frequently occurring cracks are called hot tears,
including surface longitudinal cracks and internal cracks [1–8]. Surface longitudinal crack formation
is caused by the brittleness of the dendritic front, and all cracks observed originate and propagate
along the interdendrites in the mushy zone [6,8]. The mushy zone contains liquid and dendritic
grains, where dendritic grains are separated from one another by liquid, and this semisolid substance
has little strength and ductility. When the tension deformation caused by shrinkage is directed
perpendicularly to the dendrite axis to separate them in the deformation dendrite roots, cracks can
form if the interdendritic liquid is isolated and cannot be fed from the surrounding liquid [3].

The shrinkage development during initial solidification is related to the composition of alloys
and the cooling history. It is well known that the complex peritectic phase transition process—liquid
(L) + delta-Fe (δ)→ austenite (γ)—occurring at the solid/liquid interface, is the reason that peritectic
steels incur cracks more easily than other steels. The peritectic phase transition entails two different
events during solidification [9,10]. Firstly, γ nucleates and grows along the L/δ interface when the
peritectic reaction starts, then the subsequent peritectic transformation occurs when the L and δ are
separated by γ. A strong contraction and tensile strain are induced by the peritectic transformation,
which is deemed critical for the crack susceptibility of the steel grades [11]. As a whole, the crack
susceptibility can be affected by both the peritectic reaction and peritectic transformation rates, which
change the shrinkage.

Several models have been proposed for evaluating the tendency of solidification cracks. Various
methods can be divided into three categories based on liquid feeding (non-mechanical methods) [12–16],
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stress and strain (mechanical methods) [4,6,17], and a combination of the two methods. A model of
feeding behavior was first proposed by Feurer [12] to analyze the crack formation between dendrites,
where two parameters, SPV (the maximum flow rate) and SRG (solidification shrinkage rate), were
used and a crack occurs when SPV < SRG. In the model of Clyne and Davies [13], the assumption of
Feurer [12] was considered. The mushy zone was divided into liquid feeding zone and cracking zone at
the last stage of solidification, where the crack susceptibility is the ratio of the time period where cracks
may occur and the time period where liquid feeding occurs. The RDG (Rappaz–Drezet–Gremaud)
model proposed by Rappaz et al. [14] was the first hot cracks model with a physically sound basis,
which considered the unidirectional growth of columnar crystals, the effect of the transverse stress
on dendrites, and liquid feeding opposite to the growth direction. In addition, based on the RDG
model, a new criterion—the slope of |dT/d(f s)1/2| near (f s)1/2 = 1—was recently developed by Kou [15]
to analyze the solidification crack of aluminum alloys. However, known from the eutectic solidification
of aluminum alloy, a complex peritectic phase transition takes place for the solidification of peritectic
steels. The effect of peritectic solidification on liquid flow to compensate shrinkage as the key should
be paid more attention.

In this paper, in order to evaluate the possibility of crack formation, the ability of liquid flow to
feed the shrinkage was analyzed during peritectic solidification. According to the relationship between
shrinkage and liquid feeding, the average steepness of |dT/d(f s)1/2| on the curve of T − (f s)1/2 during
the process of peritectic phase transition was used to analyze the solidification crack, and the effect of
alloy composition on cracks was calculated and predicted.

2. Calculation

The steepness of |dT/d(f s)1/2| near (f s)1/2 = 1 on the curve of T − (f s)1/2 was proposed by Kou
to analyze the solidification crack of aluminum alloys [15,16], where the crack formation condition
follows Equation (1):
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where εlocal is the local strain, T is temperature, β is solidification shrinkage, f s is solidification fraction,
dT/dt is cooling rate, and vz is liquidus-isotherm. The left-hand side of the equation represents the
strain to separate the two adjacent grains to form the crack. On the right-hand side, the first item
represents the growth of two adjacent grains toward each other to bond together to resist cracking,
and the second item represents the liquid feeding between adjacent grains to resist cracking. When
the |d(f s)1/2/dT| is smaller—namely, the |dT/d(f s)1/2| is much larger—there is a longer liquid channel
between grains due to the lower lateral growth between two adjacent grains. If the length of the
channel increased and the width of the liquid channel decreased, according to the Hagen-Poiseuille
law [18], the velocity of liquid passing through the channel would decrease. At that time, the crack
would form if the capacity of liquid flow was poor or could not be compensated. Moreover, a long
liquid channel along the grain boundary is also conducive to crack propagation. For the solidification
of peritectic steels, the peritectic phase transition during terminal solidification is the key factor for
the occurrence of cracks. With a significantly larger shrinkage imposed on the interdendrites, the
capacity of liquid flow to feed has a decisive effect on the formation of cracks [12–15]. Figure 1a
shows a schematic diagram of the dendrite solidification of peritectic steel. An obvious lateral tensile
deformation caused from the phase transition of δ to γ will increase the separation of neighboring
grains, combined with the thermal shrinkage. Here, the peritectic solidification shrinkage and the
thermal shrinkage can be represented by εlocal, and the evaluation capacity of liquid feeding at the last
stage of solidification has meaning for the analysis of crack occurrence.
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Figure 1. (a) Schematic diagram of a solidification interface between solid and liquid; (b) calculation
model of diffusion-controlled peritectic solidification.

It is generally believed that a crack is most likely to occur between the point of feeding becoming
inadequate and the end point of solidification. Clyne and Davies [13] defined the solidification
ranging from f s = 0.4 to f s = 0.99 as the crack formation zone. Here, the peritectic solidification
process is a continuous process, and the solidification range of peritectic solidification varies greatly for
different steels. For example, the peritectic solidification of hyper-peritectic steels occurs earlier than
for hypo-peritectic steels in the solid fraction, and the solid fraction of some steels may still be in the
liquid free-flow zone after the peritectic solidification is complete. The relationships between liquid
feeding, peritectic solidification shrinkage, and crack formation are simplified in this paper. Here, the
shrinkage in the interdendrites due to the peritectic solidification was considered to be similar, and the
capacity of liquid flow feeding is only discussed during the peritectic phase transition process. When
calculating, the crack formed was assumed to end at the solid fraction of 0.99. The capacity of liquid
feeding in the range of the peritectic solidification before f s = 0.99 was selected as the standard, and
the average steepness of |dT/d(f s)1/2| was used to evaluate the crack susceptibility.

The relationship between solidification fraction and temperature was analyzed using the method
proposed by Ueshima et al. [19], which has been used in several papers [19,20] and thus the details are
not repeated here. The cross section diagram of primary dendrite solidification is considered to be a
regular hexagon, where 1/6 is selected (Figure 1b). The diffusion of alloying elements in the growth
direction of dendrites is neglected and only the transverse of one-dimensional element distribution is
considered. The complete mixing in the liquid phase and local equilibrium at liquid/δ, L/γ, and δ/γ
interfaces are assumed. The temperature distribution of dendrite is uniform in the cross section, and it
decreases with time. The γ forms from the interface between liquid and δ. When δ→ γ transformation
occurs, Si, P, and S diffuse from γ to δ, while C and Mn diffuse from δ to γ because of their different
equilibrium distribution coefficients in the interface of δ/γ. In the solidification process, the two-phase
regions coexist with two or three phases in δ, γ, and L phases. The λ1/2 (primary dendrite spacing) is
divided into 50 parts in the cross-section direction. When the liquid temperature (TL) obtained from the
concentration of solute elements in the solidification front or the solid temperature (Tδ/γ) obtained from
the concentration of solute elements at the interface of δ/γ is equal to the actual temperature, this part
of the solidification is complete and the interface begins to enter the next phase. The liquid temperature
and the solid temperature are calculated according to reference [19]. The thermodynamic data of the
calculation are shown in Table 1. In addition, the primary dendrite spacing is also a prerequisite; the
research of El-bealy et al. [21] was used and the relationship between primary dendrite spacing and
cooling rate is summarized in Table 2. Figure 2 shows a calculated curve of T − (f s)1/2. Points a and b
on the curve represent the starting and ending location of peritectic solidification, respectively. After
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the curve of T − (f s)1/2 is calculated, the range of peritectic solidification should be determined first,
and then the |dT/d(f s)1/2|from point a to b on the curve of T − (f s)1/2 is calculated with a solidification
fraction interval of 0.005. The average value of |dT/d(f s)1/2| is calculated last.

Table 1. Distribution coefficients and diffusion coefficients of elements in steel.

Element kδ/L kγ/L kδ/γ Dδ, m2
·s−1 Dγ, m2

·s−1

C 0.19 0.34 1.79 1.27 × 10−6exp(−81,379/RT) 7.6 × 10−6exp(−134,557/RT)
Si 0.77 0.52 0.68 8.0 × 10−4exp(−248,948/RT) 3.0 × 10−5exp(−251,458/RT)

Mn 0.76 0.78 1.03 7.6 × 10−4exp(−224,430/RT) 5.5 × 10−6exp(−249,366/RT)
P 0.23 0.13 0.57 2.9 × 10−4exp(−230,120/RT) 1.0 × 10−6exp(−182,841/RT)
S 0.05 0.035 0.70 4.56 × 10−4exp(−214,639/RT) 2.4 × 10−6exp(−223,425/RT)

Table 2. Expression to the primary dendrite arm spacing (λ1).

Equation Equation Parameters

λ1 = K(CR)m(C0)n µm, 0 ≤ C0 ≤ 0.15 (wt.%C), n = −0.316225 + 2.0325C0
K = 278.748, m = −0.206277638, CR is the cooling rate 0.15 ≤ C0 ≤ 1 (wt.%C), n = −0.0189 + 0.49166C0
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Figure 2. An example of a calculated T − (f s)1/2 curve.

3. Results and Discussion

3.1. Carbon Contents

The crack formation of peritectic steels as a function of composition was analyzed during
continuous casting. According to the calculation of ferrite potential (FP), the greatest susceptibility
was experienced in steel containing 0.09C wt.%, where FP approached 1. Harste et al. [22] showed that
the most uneven shell growth of steel was encountered 0.10C wt.% through a solidification experiment.
Bernhard et al. [23] showed that the contraction force and total crack length of steels had maximum
values around a carbon equivalent 0.1 wt.% in the submerged split chill tensile test.

Figure 3 shows the case of the Fe-C alloy with 0.21Si, 1.5Mn, 0.01P, and 0.008S (wt.%), where
the pseudo-binary phase diagram of Fe-C alloy is included (Figure 3a). Two T − (f s)1/2 curves,
corresponding to the cooling rates of 0.5 and 10 ◦C/s, are shown for peritectic steels of various carbon
contents (Figure 3b,c). At the low cooling rate of 0.5 ◦C/s, the results indicate a relatively small
solidification temperature range and a small slope |dT/d(f s)1/2| with a flat solidification curve. Here,
the smooth solidification curve indicates a quicker lateral growth of austenite growing into the liquid
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to increase the bonding strength between grains in the mushy zone. Meanwhile a short liquid channel
between grains is favorable for liquid feeding. At the cooling rate of 10 ◦C/s, the range of solidification
temperatures become bigger and produce a steeper curve, causing difficult liquid feeding.Metals 2019, 6, x FOR PEER REVIEW    5  of  11 

 

 

Figure 3. (a) The pseudo‐binary phase diagram of Fe‐C alloy; (b) the calculation of T−(fs)1/2 curve at 

0.5 C/s; (c) the calculation of T−(fs)1/2 curve at 10 C/s. 

The steepness |dT/d(fs)1/2| of the alloy is plotted against the carbon content under three cooling 

rates in Figure 4, corresponding to 0.5, 5, and 10 C/s, respectively. A peak value of |dT/d(fs)1/2| is 
shown at 0.09C wt.% with 394.25 C at the cooling rate of 0.5 C/s, which is close to the characteristic 

points CA. The value of |dT/d(fs)1/2| gradually was  found  to decrease with  the  increase of carbon 

content, which is consistent with the understanding of phase diagram under equilibrium conditions. 

The curve shows a peak value of 443.93 C at 0.10C wt.% at the cooling rate of 5 C/s, which means 

that the greatest crack susceptibility changes to 0.10C wt.% in that condition. When the cooling rate 

is  10  C/s,  the  peak  value was  found  at  0.11C wt.% with  493.76  C. Comparing  the  change  of 

|dT/d(fs)1/2| at three cooling rates, all of the |dT/d(fs)1/2| increased as the cooling rate increased. It can 

be clearly seen that the maximum steepness |dT/d(fs)1/2| of the alloy varied from 0.09C wt.% to 0.11C 

wt.% with the increase of cooling rate. This change is consistent with the previous understanding that 

Figure 3. (a) The pseudo-binary phase diagram of Fe-C alloy; (b) the calculation of T − (f s)1/2 curve at
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The steepness |dT/d(f s)1/2| of the alloy is plotted against the carbon content under three cooling
rates in Figure 4, corresponding to 0.5, 5, and 10 ◦C/s, respectively. A peak value of |dT/d(f s)1/2| is
shown at 0.09C wt.% with 394.25 ◦C at the cooling rate of 0.5 ◦C/s, which is close to the characteristic
points CA. The value of |dT/d(f s)1/2| gradually was found to decrease with the increase of carbon
content, which is consistent with the understanding of phase diagram under equilibrium conditions.
The curve shows a peak value of 443.93 ◦C at 0.10C wt.% at the cooling rate of 5 ◦C/s, which means
that the greatest crack susceptibility changes to 0.10C wt.% in that condition. When the cooling rate is
10 ◦C/s, the peak value was found at 0.11C wt.% with 493.76 ◦C. Comparing the change of |dT/d(f s)1/2|

at three cooling rates, all of the |dT/d(f s)1/2| increased as the cooling rate increased. It can be clearly
seen that the maximum steepness |dT/d(f s)1/2| of the alloy varied from 0.09C wt.% to 0.11C wt.% with
the increase of cooling rate. This change is consistent with the previous understanding that the phase
diagram shifts to the bottom left when the cooling rate increases, which is due to the micro-segregation
of alloys’ composition decreasing the solidification temperature at the final solidification.
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In order to analyze and verify the crack susceptibility index, industrial data for the slabs casting
in the PANGANGGROUP of China were collected in January through June, 2017. The cross sections
of slabs were (1080–1850) mm × (190, 220) mm. The casting speed varied in the range of 1.0–1.6
m/min, and the average heat flux near the meniscus was 1.4 MW/m2. According to the relationship
between the heat flux and cooling rate obtained by Wolf et al. [24], the average cooling rate at the initial
solidification stage could be estimated at around 8 ◦C/s. Figure 5 shows the variation of longitudinal
crack ratio with carbon contents, where the carbon content was divided at intervals of 0.01%. The
longitudinal crack ratio is defined as the ratio of the number of slabs with cracks within a specified
carbon range to the total number of slabs with longitudinal cracks. The alloy elements Si, Mn, P, and
S in steel were similar. The maximum longitudinal crack ratio was in the range of 0.10–0.11% and
the number of slab cracks on both sides of this range decreased significantly. This result is consistent
with the result of the steepness |dT/d(f s)1/2| at the cooling rate of 10 ◦C/s. In addition, the steepness
|dT/d(f s)1/2| at 0.09–0.11%C was significantly higher than those at 0.12–0.15%C, which was also the
same as the actual solidification process.
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Figure 5. Longitudinal crack ratio in cast slabs.

3.2. Mn and Si

Mn and Si are the main alloying elements in steels because they allow for the adjustment of steels’
mechanical and casting properties. In order to analyze the effect of two elements on solidification crack
susceptibility, the steepnesses |dT/d(f s)1/2| of a series of peritectic steels were calculated from Mn 0 to
1.5 wt.% at the interval of 0.15% and from Si 0 to 0.5 wt.% at the interval of 0.05%. The other elements
in the steel system were fixed at 0.10%C, 0.01%P, and 0.008%S. A total of 121 alloy compositions in the
steel system were covered, and the calculations of |dT/d(f s)1/2| were used to make a crack sensitivity
map of peritectic steels with varying Mn and Si content.

There were larger values of |dT/d(f s)1/2| in the low Si/low Mn range as well as in the high Si/high
Mn range at the cooling rate of 0.5 ◦C/s, and the highest crack susceptibility was 434.0 ◦C, located at
0.5Si–1.5Mn (Figure 6a). The case of the cooling rate of 10 ◦C/s had a similar situation. The highest
crack susceptibility was 511 ◦C, which was located at 0.5Si–1.2Mn (Figure 6b). It is known that the
alloying elements of Si and Mn can shift the characteristic point of peritectic reaction. According to the
calculation, the crack susceptibility index increased with increasing cooling rate. The influence of Mn
on the crack susceptibility was less pronounced than that of changing Si content, comparing with the
change in the horizontal and vertical directions. However, the actual content of Si is often limited for
steel grades requiring high plasticity and toughness.
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The |dT/d(f s)1/2| of the alloys in the horizontal direction that passed through the maximum
|dT/d(f s)1/2| in Figure 6b is plotted in Figure 7 against the Mn content at a constant Si content of 0.5%.
In order to check the calculation result, according to the carbon equivalent of Xia et al. [25], the same
case alloy was calculated and plotted in Figure 7. The carbon equivalent increased gradually with Mn
content, and there were similar results for the crack susceptibility in both the calculation of |dT/d(f s)1/2|

and the carbon equivalent. This good consistency from two evaluation results indicates the reliability
of the calculation of |dT/d(f s)1/2|. The information provided by the crack susceptibility of |dT/d(f s)1/2|

is important, and the possibility of crack formation can be reduced by changing alloy elements to
improve the casting properties.Metals 2019, 6, x FOR PEER REVIEW    8  of  11 
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Figure 7. Comparison of the crack susceptibility of peritectic steels with different Mn contents, as well
as their carbon equivalent.

A simple ternary diagram (C–Si–Mn) of the crack susceptibility index was calculated to display
the effects of C, Mn, and Si on the solidification crack susceptibility (Figure 8) at the cooling rate
of 10 ◦C/s. The highest crack susceptibility was 1334.7 ◦C, located near 0.126C–1.35Mn–0.1Si. The
solidification crack index of steels with 0.09–0.13C wt% was significantly higher than the high-carbon
steel in Figure 8, as per previous understanding. Here, a clear solidification crack susceptibility varying
with multiple elements could be obtained by this method, which is very helpful for the selection of
casting parameters.
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3.3. P and S

P and S are the main harmful alloying elements in steel, and their contents are usually strictly
controlled. In order to analyze the effect of these two elements on solidification crack susceptibility, the
steepnesses |dT/d(f s)1/2| of a series of peritectic steels were also calculated from 0 to 0.08 wt.% P at the
interval of 0.008% and from 0 to 0.08 wt.% S at the interval of 0.008%. The other elements in the steel
system were fixed at 0.10%C, 0.17%Si, and 0.75%Mn. A total of 121 alloy compositions in the steel
system were covered and the calculation of |dT/d(f s)1/2| was used to make a crack sensitivity map of
peritectic steels with varying P and S.

The |dT/d(f s)1/2| was larger in high P and S regions at the cooling rate of 0.5 ◦C/s, and the highest
crack susceptibility was 994.2 ◦C, located at 0.08%P–0.08%S (Figure 9a). When the cooling rate was
10 ◦C/s, the highest crack susceptibility was 1076.0 ◦C, located at 0.08%P–0.08%S (Figure 9b). The
effect of P content on the crack sensitivity index was relatively insignificant (according to the vertical
direction). However, the presence of S was found to have quite a significant effect on the crack
sensitivity index (in the horizontal direction). S is prone to macrosegregation during solidification
as a segregation element, which will shift the peritectic reaction zone towards the left in the phase
diagram and decrease the solidification temperature between grains. Here, a crack can easily form
when shrinkage deformation occurs between grains. Sarkar et al. [26] have shown that S, even in low
concentrations, significantly affects the peritectic solidification.
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Figure 9. Crack susceptibility maps of peritectic steels with varying P and S at cooling rates of:
(a) 0.5 ◦C/s, (b) 10 ◦C/s.

The |dT/d(f s)1/2| of the alloys in the horizontal direction at a constant P content of 0.008 wt.% in
Figure 9a are plotted into Figure 10. In order to check the calculation results, the variation of strain in
the brittle temperature range with the S contents from the work of Kim et al. [20] was also plotted.
Both the value of |dT/d(f s)1/2| and the strain increase in the same sequence showed a good consistency.
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4. Conclusions

1. The average steepness of |dT/d(f s)1/2| on the T − (f s)1/2 curve during peritectic solidification was
proposed to estimate the solidification crack susceptibility for peritectic steels, which mainly
reflected the capacity of liquid flow to compensate shrinkage during peritectic solidification. The
cooling rate and peritectic solidification were considered.

2. The crack susceptibility index was calculated for steels with varying C contents at three cooling
rates. The results indicate that the maximum level susceptibility changed from 0.09C wt.% to
0.11C wt.% with the increase of cooling rate. All of the |dT/d(f s)1/2| increased with increasing
cooling rate, and the calculation index was verified compared with the date of industrial practice.

3. The effects of Mn and Si elements on solidification crack susceptibility were calculated. Under the
cooling rate of 10 ◦C/s, the crack susceptibility index was the highest at 0.5%Si–1.2%Mn: 511.0 ◦C.
Regarding the crack susceptibility index in the ternary diagram (C–Si–Mn), the highest crack
susceptibility was near 0.126%C–1.35%Mn–0.1%Si, 1334.7 ◦C. The effect of P and S elements on
solidification crack susceptibility was also calculated. The crack susceptibility index was the
highest at 0.08%P–0.08%S: 1076.0 ◦C. This method of estimating the crack susceptibility by the
average steepness |dT/d(f s)1/2| of the T − (f s)1/2 curve during solidification may prove very helpful
for the casting guidance of steels.
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