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Abstract: This paper investigates the formation mechanism of typical hypoeutectoid steel with
longitudinal cracks produced on a caster with billet and slab. It was found that the microstructure
of the proeutectoid ferrite is the most critical factor affecting the longitudinal crack. The formation
conditions of the proeutectoid ferrite and the reasonable control direction were determined through
experiments and calculations. High-temperature tensile experiments revealed that enhanced cooling
did not cause additional cracks. Therefore, the final plan was to reduce the formation of proeutectoid
ferrite by strengthening the cooling process. As a result, the optimized surface temperature quickly
passed the phase transition region of the proeutectoid ferrite and no cracks were found in the
optimized billet.

Keywords: surface longitudinal crack; hypoeutectoid steel; proeutectoid ferrite; caster with billet
and slab; local cooling optimization

1. Introduction

In the industrial continuous casting (CC) process, the probability of surface cracking is high,
which not only affects the quality of the product and the rhythm of production, but also increases
the production cost of steel [1,2]. The presence of cracks seriously affects the material properties
such as strength, hardness, ductility and toughness. Hence, control of cracks formation is currently
a crucial issue, as industry engineering develops rapidly [3]. The causes of cracks in various steel
grades are different, and there are corresponding control methods for different types of cracks [4–13].
Wang et al. [14] analyzed the effect of inclusions on the initiation of cracks. Zhang et al. [15] eliminated
transverse corner cracks in low-carbon steel by optimizing the cooling strategy to avoid brittleness in
certain parts of the steel. Ma et al. [3] investigated the effects of precipitates and pro-eutectoid ferrite on
surface cracks in micro-alloyed steel. Brimacombe et al. [16] suggested that the impinging metal stream,
steel composition, and end-plate taper significantly influence the formation of longitudinal midface
cracks. Li et al. [17] analyzed the effect of subsurface microstructure evolution on the transverse crack
of micro-alloyed steel. Kong et al. [11] predicted the formation of cracks by using mathematical model.

A longitudinal crack is a typical surface crack that often occurs in hypoeutectoid steel [16,18,19].
Researchers usually control the longitudinal crack by improving the properties of the mold
power [20], stabilizing the heat flow of the mold [21], using a suitable taper and pouring temperature,

Metals 2019, 9, 1269; doi:10.3390/met9121269 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-3856-9414
http://dx.doi.org/10.3390/met9121269
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/12/1269?type=check_update&version=2


Metals 2019, 9, 1269 2 of 12

etc [12,16,22–25]. However, as the problem of longitudinal cracking persists, longitudinal cracks caused
by the precipitation phase have rarely been researched. This is the case with proeutectoid ferrite the
grain boundary and its vicinity are inherently weaker than the interior of the grain. Proeutectoid ferrite,
which is precipitated along the austenite grain boundary, reduces the continuity of austenite, and crack
sensitivity increases as a result [3,15,17,26]. The factors that affect the formation of proeutectoid ferrite
include chemical composition, cooling rate, heating temperature, and holding time [27]. Among those
factors, the cooling rate is the most easily controlled in the production process currently used in steel
plants [28].

This paper provids the a detailed analysis of a billet of hypoeutectoid steel with a longitudinal
crack produced on a caster with billet and slab. First, we analyzed the microstructure of the crack on the
sample. Second, an experimental test and the corresponding calculations were used to determine the
formation conditions of proeutectoid ferrite. Third, a high-temperature thermal simulator (Gleeble 1500,
Dynamic Systems Inc., Poestenkill, NY, USA) was utilized to analyze the thermoplasticity of the steel,
in order to ensure that the enhanced cooling did not cause additional cracks. Fourth, we determined
the best position from which to increase the water flow by calculating the surface temperature of the
billet using numerical simulation. Finally, the macroscopic morphology and microstructure of the
billet surface were observed, and the crack of the steel was completely controlled once the process
was optimized.

2. Materials and Methods

2.1. Materials and Experimental Procedure

The surface crack specimens were sampled from a billet produced by Xiangtan Iron & Steel Co.,
Ltd., of Hunan Valin, with a cross-section of 300 × 430 mm2. The chemical compositions of the steel
samples are shown in Table 1. The surface rust was etched off with a solution of HCl/H2O at a 1:1
ratio for 30 min. Specimens of 10 × 10 × 10 mm3 were cut from the surface of the billet for subsequent
analysis. The specimens were ground, polished, and then etched in a 4% nital solution for about 10 s.
The microstructure of the specimens was then observed with an optical microscope (OM, DM4M,
Leica, Wetzlar, Germany). The microhardness of the different microstructures was measured by a
micro-hardness tester (THV-1MDX, Jiu bin, Shanghai, China). Tensile tests of steel as-cast samples were
carried out at different temperatures by using a Gleeble 1500 thermal simulator at a strain rate of 10−3,
s−1 to detect the hot ductility of the steel. The continuous cooling transformation (CCT) curves of the
different steel samples were first calculated using JMatPro 7.0 software (Thermotech, Rossendale, UK)
and then experimentally verified with a RITA Dilatometer (L78, Baehr-Thermo, Hüllhorst, Germany).
The surface temperature of the billet was numerically simulated using ProCAST software and verified
with an infrared thermometer (PT300-HW, Wu Jiu, Shanghai, China).

Table 1. Chemical composition of the steel samples (wt %).

Steel C Si Mn P S Cr Mo Al

42CrMo1-08 0.39 0.21 0.75 0.02 0.024 1.12 0.18 0.016

2.2. Numerical Model

In this paper, we applied the method of two-dimensional (2D) slicing to the billet, and the different
boundary conditions in the continuous casting direction to simulate the steady heat transfer of a
pseudo -three-dimensional (3D) model. Boundary conditions were handled as follows:

(1) Heat transfer in the direction of continuous casting was ignored.
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(2) The heat flow rate in the mold can be expressed by

qm = 2680000 − 301360·

√
Z
Vc

. (1)

(3) The heat transfer coefficient in water spray cooling can be represented by

hw = 1.57·W0.55
·
1 − 0.0075·Tw

4
. (2)

(4) The heat transfer coefficient in mist (water + air) cooling can be represented by

hs = 391·W 0.451. (3)

(5) The heat flow rate in the radiation cooling zone can be expressed by

qr = σ·ε·
(
T4

0 − T4
a

)
. (4)

3. Results and Discussion

3.1. Longitudinal Crack Distribution and Features

Many small longitudinal cracks appear on the surface of a billet when producing 42CrMo1-08
blooms on a caster with billet and slab in a steel plant. However, it is difficult to find the defect before
the acid etches off the surface rust. As shown in Figure 1a, there were 33 small longitudinal cracks on
the wide face of the billet and 26 small longitudinal cracks on the narrow face. The length of the cracks
was between 5 and 10 mm. The sample with the cracks was cut along the cross-section of the billet.
Then, the sample was observed with an OM, after ground and polished. In the specimens with cracks
on the wide face, the depth of the cracks (≈400 µm) is generally smaller than that of the specimens
with cracks on the narrow face (≈1200 µm; Figure 1b). No obvious foreign matter was found inside the
cracks, which indicates that they were not caused by inclusions.
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3.2. Analysis of the Causes of Longitudinal Cracks

First, the microstructure near the cracks (Figure 2) was analyzed in order to determine why the
cracks occured. The result shows that there was no decarburized layer near the crack, which indicates
that the crackwas generated at a relatively low temperature (<850 ◦C) whilst many proeutectoid ferrites
precipitated along the grain boundary on the surface of the billet. The largest size of the narrow-faced
proeutectoid ferrite (188 vs. 354 µm) and the proportion of proeutectoid ferrite at a depth of 500 µm
below the surface (20% vs. 55%) are larger than those of the wide-faced proeutectoid ferrite. Compared
with the wide face, the proeutectoid ferrite on the narrow face appeared not only on the grain boundary
but also in the crystal. This indicates that the cooling rate of the narrow face was lower than that of the
wide face. More interestingly, the cracks were all caused by proeutectoid ferrite precipitated along the
grain boundary.
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Figure 2. Microstructure near cracks on specimens with a wide face (a–c) and a narrow face(d–f).

Hypoeutectoid steel inevitably forms proeutectoid ferrite along the austenite grain boundary at
temperatures below A3 (as shown in Figure 3a), which eventually forms a ferrite film [29]. Firstly, the
strength of ferrite grains is much lower than that of austenite. In addition, the presence of a ferrite film
interrupts the austenite’s continuity. Hence, the stress tends to accumulate on the ferrite film. Secondly,
the grain boundary is weakened by factors such as precipitation along the grain boundary. The strength
of the grain boundary is therefore lower than that inside the grain. Finally, the precipitation of the
ferrite film precipitates along the grain boundary further weakens the boundary. When the strength is
lower than the stress generated in the vicinity thereof, cracks appear in the ferrite film deposited along
the grain boundary (Figure 3b).

In order to visually and quantitatively determine the difference in hardness between the
pro-eutectoid ferrite and the matrix, a microhardness test was performed using a microhardness tester.
Figure 4 shows that the average microhardness of proeutectoid ferrite was lower than that of the matrix
with 37 Vickers-hardness (HV). It has been proven once again that proeutectoid ferrite is a limiting
factor with respect to a sample’s material properties. Therefore, it is necessary to control proeutectoid
ferrite in order to decrease cracks.
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3.3. Determining the Conditions for the Formation of Proeutectoid Ferrite

As mentioned earlier, the cooling rate is the easiest way to control the formation of proeutectoid
ferrite during continuous casting. JMatPro software was used to calculate the transformation behavior
of a microstructure under different cooling rates. Figure 5 shows that ferrite and pearlite precipitate
when the cooling rate is lower than about 40 and 5 ◦C/min, respectively. In other words, due to the
temperature recovery on the surface of the billet, the surface cooling rate in the stage of transition from
austenite to ferrite is slower than 40 ◦C/min.

To verify the accuracy of the calculation, the CCT curves were tested using a dilatometer.
The temperature control program is shown in Figure 6a. The sample was firstly austenitized at 900 ◦C
for 10 min to ensure that fine recrystallized austenite grains would be the first microstructure obtained
before the transformation [30]. The CCT curves of the experimental test are represented in Figure 6b,
which shows good agreement and consistency with the calculated results. Ferrite begins to precipitate
when the temperature is below 700 ◦C and the cooling rate is below 50 ◦C/min. Therefore, in order to
control the quantity and size of the proeutectoid ferrite, the cooling rate should be when the surface
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temperature of the billet reaches 900 ◦C, whilst the cooling rate should be kept as much as possible
around 50 ◦C/min.
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A hot tensile test was performed to measure the thermoplasticity of the steel. The temperature
control program is shown in Figure 7a. Firstly, the sample was heated to 1300 ◦C at a heating rate of
10 ◦C/s and held for 5 min. Then it was cooled to the target temperature (700–1300 ◦C) at a cooling
rate of 5 ◦C/s and held for 2 min. Afterwards, it was stretched until it broke, and finally air cooled to
room temperature. The photo of the tensile specimen after pulling off is shown in Figure 7b. The hot
ductility curve obtained is shown in Figure 7c. When the hot tensile test was carried out at 1100 and
1150 ◦C, the reduction of area (RA) reached the lowest value (≈15%), attesting to the hot brittleness of
42CrMo1-08 at high temperatures. No decarburization layer was found near the crack, which indicates
that the crack was not caused by high-temperature (1100–1150 ◦C) hot brittleness under the original
process conditions. Hence, the cooling condition at high temperature should be maintained. When the
hot tensile test was carried out between 1050 and 700 ◦C, the RA decreased along with the temperature.
However, the RA in the temperature range of 700-1050 ◦C was greater than 60%, which indicates that
the thermoplasticity of the steel was outstanding. Therefore, the reinforced cooling of the surface
temperature of the billet at 900 ◦C will not cause cracks due to the steel’s excellent plasticity. The
microstructure near the fracture of the hot tensile specimen at 700 ◦C is shown in Figure 7d. When a
hot tensile test at 700 ◦C was carried out, a large amount of pro-eutectoid ferrite was found in the grain
boundary. As a result, it should pass 700 ◦C quickly to reduce crack sensitivity in actual production.
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3.4. Optimization of Local Secondary Cooling

In general, the resulting microstructure near the crack shows that the crack is generated at a
low temperature and is closely related to the pro-eutectoid ferrite. Because steel has a brittle zone
at high temperatures (1100–1150 ◦C), the reinforced cooling experiment was carried out only in a
low-temperature zone, at 900 ◦C, whilst the cooling strength in the high-temperature zone was left
unchanged. However, the location of the low-temperature zone was difficult to determine. Thus,
numerical simulation was used to determine the location of the billet temperature below 900 ◦C. The
caster with billet and slab is shown in Figure 8. When the caster with billet and slab produces a billet,
the spray zone is similar to that of a normal slab caster. Therefore, the overall cooling is uneven and
weak, which leads the number and width of the narrow-faced proeutectoid ferrite to surpass those of
the wide-faced proeutectoid ferrite. The spray zone location and the water flow rate distribution in the
secondary cooling zones of the caster are shown in Table 2. It is worth noting that the water flow is
intermittent from zone 6 on, and that the cooling water of the inner arcs in zones 9 and 10 is used to
cool the rollers. The outer arc, on the other hand, is air-cooled, which inevitably leads to insufficient
cooling. The narrow face in zone 5-10 has no cooling water. Accordingly, the cooling rate of the narrow
face is lower than that of the wide face, which results in the amount of the narrow-faced pro-eutectoid
ferrite being larger than that of the wide-faced one.
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Figure 8. Schematic diagram of the caster with billet and slab.

Table 2. Spray zone location and water flow rate distribution in the secondary cooling zones of
the caster.

Spray Zone Length (m) Water Flow Rate (L/min) Suggested Water Flow Rate (L/min)

1N 0.7 128 128
1IO 0.24 87 87
2IO 0.56 75 75
3N 1.11 35 35
3IO 1.11 42 42
4N 1.55 35 35
4IO 1.55 40 40
5IO 1.92 36 36
6I 3.84 16 16
6O 3.84 21 21
7I 3.84 8 31
7O 3.84 8 31
8I 6.63 8 30
8O 6.63 9 46
9I 6.87 18 35

10I 6.86 18 35

The temperature field of the billet was calculated by establishing a numerical model. The required
parameters are shown in Tables 2 and 3. The temperature profile at different positions of the billet,
under the original cooling conditions, is shown in Figure 9. The temperature of the narrow face
gradually increased from the mold region to the spray cooling zone 5, whilst the temperature of the
narrow surface gradually decreased in the subsequent spray cooling zone. The inner and outer arcs of
the wide face repeatedly passed the A3 point in zone 7, and the temperature slowly decrease during
this process. The surface temperature of the slab was measured by an infrared thermometer, and the
calculated results show a good fit with the experimental results. The wide/narrow-face temperature
reached 900 ◦C at a position of about 25 m from the meniscus, which means that the pro-eutectoid
ferrite requires a long incubation time. In order to weaken the kinetic conditions of pro-eutectoid
ferrite formation, we decided to increase the flow rate of water from zone 7 to minimize the growth of
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pro-eutectoid ferrite. The suggested water flow rate is also shown in Table 2. The temperature profile of
the billet after the optimization of the water flow rate is shown in Figure 9. The surface temperature of
the billet quickly reached 900 ◦C and the surface temperature rose much less than before. The surface
temperature after the optimization of the inner arc was tested using a hand-held infrared thermometer.
The errors between the test result and the calculation result were less than 3%, which confirmed the
credibility of the model result.

Table 3. The parameters used in the model.

Parameters Value Unit

Billet cross section 300 × 430 mm2

Pouring temperature 1522 ◦C
Liquidus temperature 1504 ◦C
Solidus temperature 1421 ◦C

Mold length (Z) 0.8 m
Casting speed (Vc) 0.65 m/min

Latent heat of solidification 272 KJ/Kg
Density 7400 Kg/m3
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The optimized secondary cooling scheme was validated in industrial practice. The optimized
billet was sampled, acid etched to remove the surface rust, and photographed as shown in Figure 10a,b.
No longitudinal cracks were found on either the broad or narrow side of the billet, which strongly
suggests that the optimization scheme is well worth promoting. Further analysis of the surface sample
(Figure 10c–f) shows that both the number and the width of the pro-eutectoid ferrite in the wide and
narrow faces are effectively controlled. The proportion of pro-eutectoid ferrite at a depth of 500 µm
below the surface is only about 3%. It is worth noting that the narrow-faced intragranular ferrite
completely disappeared after the optimization process.
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4. Conclusions

This paper offers a detailed analysis of the causes of longitudinal cracks in hypoeutectoid steel
produced on a caster with billet and slab. Moreover, it indicates the direction of crack control.
The research conclusions can be summarized as follows:

(1) The formation of pro-eutectoid ferrite is the main cause of longitudinal cracks in hypoeutectoid
steel. Due to uneven and insufficient cooling of the narrow face of the caster with billet and slab,
the narrow surface is more likely to crack, and the cracks are deeper than those on the wide surface.

(2) The microhardness of pro-eutectoid ferrite is 37 HV lower than that of the matrix. Hence, the
stress tends to accumulate on the ferrite film, and the cracks occur when it reaches the ultimate stress
of the steel.

(3) It was found that the precipitation of pro-eutectoid ferrite can be effectively controlled when
the cooling rate is as close to 50 ◦C/min as possible. Furthermore, the reinforced cooling of the billet
will not cause cracks, due to the excellent plasticity of the steel.

(4) After determining the surface temperature of the billet through the numerical simulation,
we decided to strengthen the cooling after zone 6. As a result, the surface temperature quickly passed
through the phase transition zone of the pro-eutectoid ferrite, and the longitudinal cracks on the surface
no longer occurred.

Author Contributions: Conceptualization, L.X. and Y.B.; methodology, F.Z. and B.C.; software, Z.Z.; formal
analysis, M.W.; investigation, L.X.; writing—original draft preparation, L.X.; writing—review and editing, L.X.
and J.G.
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