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Abstract
In this study, the solidification and subsequent cooling processes of hot stamping steel during thin slab casting have been 
investigated using high-temperature confocal in-situ observation experiments and finite element numerical simulations based 
on the calculation results of phase evolution diagrams. The numerical simulation results reveal that different regions of the 
cast slab exhibited varying solidification times/cooling rates, with the longest solidification time occurring at the center of 
the slab, approximately 77.5 s, and the shortest at the corners, around 2.1 s. Considering these findings, in-situ observation 
experiments have been conducted under cooling rates of 10, 50, 150, and 1000 °C/min, revealing that both solidification and 
solid-state transformation events are delayed with increasing cooling rates. Notably, under higher cooling rates, the peritectic 
reaction process exhibit blocky transformation. Based on the findings, this study establishes relationships between the ferrite 
growth rate/secondary dendrite arm spacing and cooling rate for hot stamping steel. Additionally, potential optimization 
strategies for continuous casting and secondary cooling process parameters are suggested to enhance the sophistication of thin 
slab production processes. These optimization methodologies are informed by guiding experiments conducted in conjunction 
with numerical simulations, ultimately facilitating the optimization of practical production practices.
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1 Introduction

With the development of the society and economy, the 
global steel market competition is becoming increasingly 
intense. Short-process casting techniques, such as thin slab 
casting and thin strip casting, hold tremendous potential in 
providing more efficient, economical, and environmentally 
friendly methods for steel production [1]. Additionally, with 
the increasing demands for lightweight and crash safety in 
automobiles, the steel industry is continuously evolving 
toward high-strength and high-ductility automotive steels, 
among which hot stamping steel is widely used [2]. Hot 
stamping is the key forming technology to manufacture 
automobile components with high strength and hot stamping 

steel and its manufacturing technology experienced a fast 
development in the past decade [3].

The solidification of molten steel is a complex process 
involving various phenomena such as crystal growth, 
phase transitions, and defect formation. High-tempera-
ture confocal microscopy offers in-situ observations, ena-
bling researchers to gain an in-depth understanding of the 
dynamic evolution of this process [4, 5]. This includes 
the growth and orientation of crystals, phase transitions, 
and the formation of defects. Wang et al. investigated the 
peritectic solidification process of Fe–Mn–Al–C steel with 
5.56 wt% Mn in-situ using HT-CLSM (high temperature 
confocal laser scanning microscopy), and the effects of the 
cooling rate on the kinetics of the peritectic transformation 
and the solidification microstructure have been investi-
gated systematically [6]. Zargar et al. utilized synchrotron 
white beam X-ray for in-situ observation of the solidifi-
cation process in hypo- and hyper-peritectic steel grades 
under a constant slow cooling rate of 5 K/min and inves-
tigated the effect of carbon content and specimen thick-
ness on the δ to γ transformation mode [7]. Chen et al. 
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systemically investigated the microstructure evolutions of 
300 M steel under various cooling rates (0.01–100 °C/s) 
and observed pearlite, bainite, and martensite to form 
at the cooling rate range of 0.01–0.15, 0.03–1, and 
0.3–100 °C/s, respectively [8].

The numerical simulation method has been widely used 
in the production of steel continuous casting processes, 
providing some references and optimization directions for 
the smooth progress of production [9, 10]. Specifically, 
numerical simulation can offer the actual temperature dis-
tribution and solidification conditions of the ingot under 
specific processes, thereby serving as a basis for improving 
continuous casting production process parameters, includ-
ing parameters in the secondary cooling zone. Yao et al. 
used a segmented numerical coupling model to investigate 
the heat transfer, solute transport, and solidification profile 
of liquid steel under three different nozzle configurations 
[11]. Sadat et al. simulated the three-dimensional turbu-
lence and solidification process in the mold and second-
ary cooling zone of a thin slab continuous caster, and the 
model coupled and solved the k–ε flow and heat transfer 
equations simultaneously [12].

Numerical simulation assisted experiment explora-
tion has become an efficient and comprehensive research 
method [13]. Nomoto et al. proposed a microstructure-
based multiscale simulation framework using various 
commercial simulation software applications to simulate 
the microstructure evolution and elastoplastic deformation 
behavior of the materials [14].

Therefore, this study focuses on assisting experiments 
with numerical simulation processes. The non-equilibrium 
solidification phase diagrams of hot stamping steel under 
different cooling rates are first calculated using CAL-
PHAD technology, providing realistic material properties 
as model input. On this basis, the heat transfer and solidifi-
cation of the hot stamping steel production process in thin 
slab casting are simulated using a coupled macro finite 
element model, obtaining the temperature and solidifica-
tion time at different locations of the cast slab. Finally, 
based on the aforementioned calculations, a HT-CLSM 
in-situ observation experiment is designed to explore the 
solidification process of hot stamping steel under differ-
ent cooling rates. Based on the experiment and simulation 
results, functional relationships between ferrite growth 
rate/secondary dendrite arm spacing and cooling rate are 
obtained for hot stamping steel. Also, possible optimiza-
tion methods for continuous casting and secondary cool-
ing process parameters are proposed to advance the matu-
rity of thin slab production processes. The optimization 
is achieved through guiding experiments with numerical 
simulations and ultimately serving the optimization of 
actual production.

2  Numerical Simulation and Experiment

Table 1 is the main chemical compositions of hot stamping 
steel.

2.1  Main Idea and Objectives

In Fig. 1, a comprehensive flow chart illustrating the full-pro-
cess of in-situ observation combined with numerical simula-
tion of the solidification and subsequent cooling process of 
hot stamping steel is presented. This flow chart encompasses 
three fundamental components: determination of thermophysi-
cal parameters and phase diagrams under non-equilibrium 
solidification, numerical simulation of the cooling process and 
in-situ observation of the cooling process. As the thin slab 
casting process is known for rapid cooling rate and significant 
variations in temperature distributions, the process parameters 
also need to be flexibly changed. Through numerical simula-
tions, temperature field, fraction solid, and solidification time 
at different positions can be obtained, allowing for the calcula-
tion of solidification cooling rates at different positions. Based 
on simulation results, high temperature confocal microscopy 
experiments are conducted to observe solidification and solid-
state phase transitions under different cooling rates, followed 
by an analysis of the possible problems caused by different 
cooling rates of thin slab casting process (the hot stamping 
steel). The corresponding improvement methods are ultimately 
proposed based on the simulation and experiment results.

2.2  Calculation of Solidification and Cooling Phase 
Diagram For Hot Stamping Steel

The solidus/liquidus temperature and equilibrium phase evolu-
tion diagram of hot stamping steel is calculated based on Com-
puThermal LLC databases [15] imbedded into ProCAST [16]. 
The liquidus temperature of the hot stamping steel is 1508 °C, 
while the solidus temperature is 1446 °C. From the calcula-
tion results (Fig. 2), as the temperature decreases, liquid phase 
first transforms into δ-Fe phase. At 1490 °C, formed δ-Fe 
phase and liquid phase together transform into γ-Fe phase. 
At 1470 °C, almost the entire liquid phase has transformed 
into γ-Fe phase. Subsequently, at 800 °C, austenite begins to 
transform into α-Fe phase, accompanied by the formation of 
cementite and carbides.

For non-equilibrium solidification and cooling process, 
the back diffusion micro-segregation model is applied to 
describe the solute transport and distribution among different 

Table 1  Main chemical 
compositions of hot stamping 
steel (wt%)

C Mn Si Cr Fe

0.23 1.2 0.25 0.2 Bal.
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phases [17–19]. Then the phase evolutions during solidifica-
tion process of hot stamping steel at different cooling rates are 
calculated. In Fig. 3, the cooling rates are 1000, 150, 50 and 
10 °C/min, under which the solidification process shows little 
variation in phase transformation, all undergoing the peritec-
tic transition. The significant differences lie in the solid-state 
phase transitions. At the highest cooling rate (1000 °C/min), 
at 715 °C, there is transformation from γ-Fe phase to pearlite, 
resulting in a minimal amount of α-Fe phase with the maxi-
mum proportion of approximately 1.5%. Subsequently, a small 

amount of bainite forms at 555 °C, and at 395 °C, the γ-Fe 
phase begins to transform into martensite. Eventually, almost 
all phases transform into martensite. At the extremely high 
cooling rate, the most notable feature is the complete trans-
formation into martensite. At the cooling rate of 150 °C/min, 
the onset temperature of the transformation from γ-Fe phase 
to pearlite has increased to 740 °C. The maximum propor-
tion of α-Fe phase derived from γ-Fe phase transformation 
also reaches 8.0%. The subsequent transformation into bainite 
has increased, but at this point, the predominant phase is still 
martensite, derived from the transformation of γ-Fe phase, 
constituting approximately 80%. At the cooling rate of 50 °C/
min, the temperature at which α-Fe phase appears increases 
to 750 °C, and the final proportion of α-Fe phase increases 
to 17%. At the cooling rate of 10 °C/min, the temperature at 
which α-Fe phase appears further increases to 765 °C, and the 
final proportion of α-Fe phase increases to 48%. Under this 
cooling rate, there is no formation of martensite.

According to the calculated results, as the cooling rate 
decreases, the temperature at which γ-Fe phase undergoes 
pearlite transformation increases, and the final proportion of 
α-Fe phase content increases.

2.3  Numerical Simulation of Thin Slab Casting 
Temperature Field

The ProCAST code is applied to calculate the temperature 
field at different positions (Fig. 4) during thin slab casting 
process [20–22]. The model utilizes a two-dimensional slice, 
representing a cross-section of the continuously advancing 

Fig. 1  Flow chart of in-situ 
observation combined with 
numerical simulation of the 
solidification and subsequent 
cooling process of hot stamping 
steel

Fig. 2  The temperature and phase evolution diagram of hot stamping 
steel
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casting slab during the thin slab casting process. Differ-
ent time points in the simulation calculations represent the 
actual conditions of the casting slab at different positions 
throughout the entire casting process. Actual temperature 
measurements are taken at the secondary cooling end of 

the thin slab casting production line. The temperatures 
measured at the center of the slab, the center of the slab 
wide surface, and the center of the slab narrow surface are 
1150 °C, 996 °C, and 980 °C, respectively. Based on the 
numerical simulation model of this study, the corresponding 

Fig. 3  Phase evolutions during solidification process of hot stamping steel at different cooling rates

Fig. 4  Numerical simulation 
results of temperature field at 
different positions
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temperatures are calculated to be 1177 °C, 981 °C, and 
997 °C, respectively. The error range is 1.5%–2.3%, which is 
relatively small, and this model can be considered as a high 
accuracy model. At the end of the mold, the central major-
ity region of the thin slab is still at a high temperature, in 
a liquid state, with only the outermost layer of molten steel 
solidified, forming a solidified slab shell. By the end of the 
secondary cooling, the thin slab has fully solidified, but the 
center temperature remains slightly higher than that of the 
boundary. In other words, closer to the center, the cooling 
rate of the molten steel is slower, while the outer layer has a 
significantly faster cooling rate. Finally, at the end of the air 
cooling, the overall temperature of the thin slab tends to be 
uniform, approximately around 900 °C.

Simultaneously, the actual solidification situation can be 
inferred based on the fraction solid at different locations 
(Fig. 5). Within the first 0–20 s, the casting slab is inside the 
mold, and the solidification shell has initially formed, but 
there is still a significant liquid core in the central region. 
After 20 s, the casting slab enters the secondary cooling 
stage, and the solidification shell slowly grows inward. By 
144 s, the casting slab has completely solidified.

Figure 6 illustrates the distribution of solidification time 
in different positions of the thin slab, as calculated based 
on the temperature field. The corner and center regions are 
enlarged in the figure, and different temperature scales are 
employed. The closer to the corners, the shorter the required 
solidification time, as the corners experience two-dimen-
sional heat transfer. At the same time, the portions near the 
edges have shorter solidification times due to direct contact 
with the mold. The central region, however, experiences a 
longer solidification time due to indirect contact with the 
mold as well as the influence of latent heat release during 
solidification.

Figure 7 presents a statistical analysis of the solidifica-
tion time at different distances between the center and the 
corner/edge. The positions of the corner/edge/center have 
been marked in Fig. 6. The edge refers to the wide surface of 
the casting slab and the corner refers to the junction between 
the wide and narrow surfaces of the slab. The solidification 
time at the corner is extremely short, approximately 2.1 s 
(at 0.5 cm away from corner); the solidification time at the 
edge is also short, approximately 5.6 s (at 0.5 cm away from 
edge); the central region requires the longest solidification 
time, approximately 77.5 s. Additionally, due to the two-
dimensional heat transfer effect on the corner, the cooling 
rate is faster, and the curve depicting the change in solidifi-
cation time with distance grows much slower here than that 
of the edge. Based on the previous calculation results, the 
temperature difference across the solid–liquid phase bound-
ary is 61.6 °C. Using the solidification time and the tem-
perature difference across the solid–liquid phase boundary, 
the cooling rate can be calculated. The cooling rates range 
from approximately 47–1800 °C/min. The cooling rates at 
the corners and edges are around 1000 °C/min, while the 
central part experiences a cooling rate of around 50 °C/min, 
or even lower.

2.4  In‑situ Observation of Solidification 
and Subsequent Cooling Processes

For further exploration of the solidification and solid-state 
phase transformation in the thin slab casting process, in-
situ observation by HT-CLSM (high temperature confo-
cal laser scanning microscopy) has been conducted based 
on the aforementioned calculations and simulations. The 
experiment setup is illustrated in Fig. 8. The samples used 
in the experiment is cylindrical steel specimens with a 

Fig. 5  Numerical simulation 
results of increasing fraction 
solid with the passage of casting 
process (corresponding to an 
increase in time)
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diameter of 5 mm and a height of 2 mm. Their surfaces 
are polished smooth. During the experiment, the sample 
is placed in a crucible, and the inner wall of the entire 
ellipsoidal heating furnace is gold-plated to reflect and 

Fig. 6  Simulated solidification time at different positions
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concentrate the heat emitted by the halogen lamp onto 
the sample. The temperature is measured using a thermo-
couple, and the entire chamber is filled with argon gas for 
protection.

Figure 9 illustrates the detailed heating and cooling 
patterns of high temperature confocal microscopy experi-
ments. Firstly, the sample is heated from room temper-
ature to 1515 °C at a heating rate of 360 °C/min, with 
intermittent holding during the heating process to prevent 
rapid increase in crucible temperature. Subsequently, the 
sample is held at 1515 °C for 3 min to ensure complete 
melting. Following this, it is cooled to room temperature 
at preset rates of 1000, 150, 50, or 10 °C/min. The basis 
for selecting these four cooling rates is the solidification 
time calculated by numerical simulation, and the cooling 
rate is calculated based on the required solidification time. 
The four selected values almost cover the cooling rates of 
different parts of the thin slab, with higher cooling rates 
corresponding to the corners of the slab and lower cooling 
rates corresponding to the center of the slab. The solidifi-
cation phase transition and solid-state phase transition of 
the hot stamping steel sample during the cooling process 
are observed and recorded. The observation is concen-
trated on the central region of the melt.

After cooling to room temperature, a hemispherical hot 
stamping steel specimen is obtained in the crucible. The 
central region of the hemispherical surface is observed 
under an optical microscope. In cases of severe oxida-
tion or poor depth of field, scanning electron microscopy 
(SEM) has been employed to observe the sample surface. 
This process is primarily conducted to observe the den-
dritic growth under different solidification rates.

3  Experiment Results

3.1  High Temperature Phase Transition During 
Solidification and Cooling Processes at Different 
Cooling Rates

Taking 50 °C/min and 150 °C/min cooling rates as exam-
ples, their solidification and subsequent cooling process are 
shown in Figs. 10 and 11. These figures represent some typi-
cal moments during the entire solidification and cooling pro-
cess. After the steel sample is heated to complete melting, a 
hemispherical liquid droplet is formed due to the action of 
surface tension, and the observed field of view is the upper 
surface region of the droplet. First is the cooling process at 
the cooling rate of 50 °C/min, initially, the entire field of 
view is liquid. When the temperature decreases to 1448 °C, 
nucleation of the δ-Fe phase begins in the observed area. As 
the temperature decreases, more and more nucleated δ-Fe 
phases appear, and at the same time, the phases continue to 
grow, while the liquid phase gradually decreases. When the 
temperature drops to 1356 °C, the peritectic reaction occurs, 
and the remaining liquid phase, along with the already 
formed δ-Fe phase, transforms into γ-Fe phase. The phase 
transformation speed is very fast, and numerous cracks are 
observed on the grains. Subsequently, liquid phase continues 
to transform into γ-Fe phase until complete transformation. 
Until the temperature drops to 698 °C, the transformation 
of γ-Fe to pearlite (α-Fe and cementite) begins, and acicular 
ferrite is observed growing from the grain boundaries into 
the interior of the grains. Initially, only a few places undergo 
phase transformation, but as the temperature continues to 
decrease, many acicular ferrites grow from the grain bounda-
ries. Meanwhile, diffusion-type phase transformation occurs 
at grain boundaries and defects, generating cellular ferrites. 
This phenomenon can be observed in the highlighted area 
in Fig. 10. At the cooling rate of 150 °C/min, the cooling 
process experienced by the hot stamping steel is similar to 
that at 50 °C/min. The main difference is that the tempera-
ture of solid-state phase transformation is lower. Moreover, 
the structures that grow are predominantly acicular ferrites.

3.2  Dendrite Growth During Solidification 
at Different Cooling Rates

Multiple sets of experiments have been conducted at each 
cooling rate. Figure 12 depicts different samples obtained 
from two experiments conducted at a cooling rate of 
1000 °C/min. The dendritic growth on the uppermost sur-
face of these samples has been observed.

Even under identical experiment conditions, there are 
variations in the observation results. In (a), dendrites grow Fig. 9  Temperature control scheme for high temperature confocal 

microscopy experiments
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Fig. 10  The complete phase 
transformation process of hot 
stamping steel at a cooling rate 
of 50 °C/min

Fig. 11  The complete phase transformation process of hot stamping steel at a cooling rate of 150 °C/min
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from the surface inward, and only the bottoms of the den-
drites, where they aggregate, are observed. In (b), den-
drites grow laterally on the upper surface, allowing for a 
more complete observation of the dendrites. The direction 
of dendritic growth is opposite to the direction of heat 
transfer. The different observation results indicate that dur-
ing the experiment, the direction of heat flux is not only 
outward from the hemisphere sample but also parallel to 
the bottom of the sample. The reason may be the changes 
in the heat transfer direction caused by blowing  Ar2 during 
the experiment.

In Fig. 13, a shows the optical microscope (OM) result 
of the sample at a cooling rate of 1000 °C/min, b shows the 
OM result of the sample at a cooling rate of 150 °C/min, c 
presents the scanning electron microscope (SEM) result of 
the sample at a cooling rate of 50 °C/min, and d displays the 
SEM result of the sample at a cooling rate of 10 °C/min. For 
samples with higher cooling rates, oxidation is less severe, 
and the surface is relatively smooth, allowing for effective 
dendritic observation through OM. However, for samples 
with relatively slower cooling rates, surface oxidation is 
more pronounced, and the surface is very rough, requiring 
observation using SEM after acid etching.

Fig. 12  Observation of den-
dritic growth on the top surface 
of the samples at the cooling 
rate of 1000 °C/min a sample 1 
b sample 2

Fig. 13  Observation of dendritic growth in samples a 1000 °C/min OM b 150 °C/min OM c 50 °C/min SEM d 10 °C/min SEM
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At the cooling rate of 1000 °C/min, dendrite growth 
appears relatively regular, with secondary dendrites grow-
ing from the primary dendrite arms. Due to less compression 
at the top, dendrites are preserved intact, but on one side, 
there is less growth due to compression. At the cooling rate 
of 150 °C/min, dendrites observed at the top closely resem-
ble equiaxed grains, and they are coarser compared to the 
1000 °C/min. At the cooling rate of 50 °C/min, dendrites 
are coarser, and secondary dendrites grow more completely, 
engulfing and merging with some of the primary dendrite 
arms, resulting in elliptical-shaped, coarse secondary den-
drites visible in the field of view. At the slowest cooling rate 
of 10 °C/min, secondary dendrites are the coarsest, present-
ing a more three-dimensional ellipsoidal shape. Primary 
dendrite arms are no longer observable, only the large sec-
ondary dendrites growing in four directions. Additionally, 
it can be observed that as the cooling rate decreases, the 
gaps between dendrites continuously increase, reflected in 
a rougher surface of the sample.

4  Discussion

4.1  High Temperature Phase Transition During 
Solidification Processes at Different Cooling 
Rates

The nucleation and growth of γ phase along the L/δ interface 
is referred to as the peritectic reaction; the process of γ phase 
growing and thickening towards the liquid phase and δ phase 
is referred to as the peritectic transformation. The peritectic 
reaction occurs rapidly at all four cooling rates. The left side 
of each set of images (Fig. 14) represents before the reac-
tion, while the right side represents after the reaction. Clear 
cracking phenomena can be observed. At cooling rates of 
10, 50, 150, and 1000 °C/min, the reaction times are within 
1.01 s, 1.02 s, 0.34 s, and 0.47 s, respectively (subject to 
limitations in experiment recording precision).

According to the research of Nishimura et al. the solidi-
fication process of Fe–0.3C–0.6Mn–0.3Si alloy has been 
observed in situ using X-ray synchrotron radiation at differ-
ent cooling rates [19]. The average velocity of the peritec-
tic transformation at the δ/γ interface ranged from several 
mm/s to 200 mm/s (200 mm/s corresponds to cooling rate 
of 0.83 °C/s), and a non-carbon diffusive phase transition 
(block like transformation) occurred at the cooling rate of 
0.83 °C/s. According to the study of Nishimura, it can be 
concluded that the frequency of image recording in this 

Fig. 14  Peritectic reaction processes at four different cooling rates
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experiment is too low to capture the process of peritectic 
reaction, and only the difference between the surface of the 
sample before and after the reaction can be provided. There-
fore, the type of peritectic reaction can only be determined 
by comparison with literature experiments.

Figure 15 shows the schematic diagram of concentration 
distribution at the L/δ phase interface.

When the cooling rate is slow, solute atoms form a weak 
concentration gradient on the L/δ interface. The peritectic 
γ phase nucleation overcooling is small, and the peritectic 
phase transformation temperature is close to the equilibrium 
peritectic phase transformation temperature, resulting in a 
small thermodynamic driving force for the transformation. 
This leads to a flat/cellular growth morphology at the trans-
formation interface. Cooling rates of 10 °C/min and 50 °C/
min tend to favor this equilibrium diffusion-controlled trans-
formation, this can be proven by Nishimura’s research.

At higher cooling rates, the concentration gradient of sol-
ute atoms on the L/δ interface becomes steep. The peritectic 
phase transformation temperature is much lower than the 
equilibrium peritectic phase transformation temperature, 
resulting in a larger thermodynamic driving force for the 
peritectic transformation, leading to blocky transformation. 
Cooling rates of 150 °C/min and 1000 °C/min exhibit very 
rapid peritectic reaction rates (blocky transformation), com-
pleting the peritectic reaction in 0.4 s or even shorter, not 
within the set observable range.

The rate of blocky transformation is controlled by the 
transformation interface process, involving a rapid reorgani-
zation of atomic order from one lattice to another. This reor-
ganization occurs much faster than conventional diffusion-
controlled transformation. Blocky transformation involves 

a significant volume contraction rate, while in non-block 
transformation, the volume contraction rate is smaller.

Before the nucleation of the peritectic γ phase, δ phase 
precipitates in L phase, continuously expelling solute, form-
ing a solute boundary layer with a certain concentration at 
the solid–liquid interface. With increasing cooling rates, 
the time for solute diffusion from the interface to L phase 
becomes shorter, resulting in a steeper concentration gradi-
ent across the L/δ interface, as shown in Fig. 15.

At the cooling rates of 10 °C/min, 50 °C/min, 150 °C/
min, and 1000 °C/min, the temperatures at which peritec-
tic reactions occur are 1386 °C, 1356 °C, 1356 °C, and 
1210 °C, respectively. The reaction temperature decreases 
with increasing cooling rates because the nucleation of the 
peritectic phase is constrained in the presence of a strong 
solute diffusion field. The solute gradient at the L/δ interface 
increases the Gibbs free energy barrier for the nucleation 
of the peritectic γ phase. The increase in Gibbs free energy 
leads to an increase in the nucleation overcooling required 
for the peritectic γ phase. As the cooling rate increases, the 
concentration gradient across the L/δ interface becomes 
larger, the nucleation barrier for the peritectic γ phase 
becomes higher, and the nucleation overcooling required for 
the nucleation of the peritectic phase increases. Therefore, 
the reaction temperature for the peritectic reaction decreases 
with increasing cooling rates.

The differences in peritectic transformation modes and 
volume contraction rates can lead to uneven growth of the 
initial solidifying shell during casting especially in the thin 
slab casting process, making it prone to surface defects [20]. 
To minimize the occurrence of surface defects in casting, 
efforts should be made to control the initial solidification 
cooling uniformly at the curved surface of the mold.

4.2  High Temperature Phase Transition During 
Subsequent Cooling Processes at Different 
Cooling Rates

At the cooling rates of 10, 50, 150 and 1000 °C/min, the 
temperatures at which α-Fe precipitates are 682 °C, 677 °C, 
665 °C, and 585 °C, respectively (Fig. 16). Compared to 
the results from thermodynamic calculation, the tempera-
tures are generally lower. This discrepancy is attributed to 
the fact that the temperature measurement location during 
the experiment is slightly below the top of the hemisphere. 
Therefore, the measured temperatures are slightly lower than 
those in the actual observation area. The actual phase transi-
tion temperatures (PTT) exhibit a good linear relationship 
with the cooling rate. The relationship between the cooling 
rate (CR) and the starting temperature of the phase transition 
can be approximated by the fitted curve (for hot stamping 
steel: PTT = − 0.0968CR + 681.53,  R2 = 0.999). As the cool-
ing rate increases, the time required for a unit temperature 

Fig. 15  Schematic diagram of concentration distribution at the L/δ 
phase interface
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reduction decreases and the rate of crystal structure change 
(from face-centered cubic to body-centered cubic) slows 
down. The driving force for phase transformation decreases, 
making α-Fe precipitation more difficult, and more under-
cooling is required. Consequently, the starting temperature 
for the transformation from γ-Fe to α-Fe decreases.

Figure 17 illustrates the growth process of acicular ferrite 
(α-Fe) under the cooling rate of 10 °C/min. Ferrite often 
nucleates at grain boundaries, as shown by the three laterally 
grown acicular ferrites and one longitudinally grown ferrite 
in the figure. This is attributed to the uneven concentration 
distribution at grain boundaries, which leads to concentra-
tion and structural variations. Moreover, grain boundaries 
are rich in vacancies and dislocations, enhancing the dif-
fusion capability of atoms. Additionally, there is growth of 
intragranular ferrite: for instance, at 654 °C, a ferrite grow-
ing longitudinally gave rise to an intragranular ferrite, and 
subsequently, some ferrites grew laterally from this base.

Based on the numerical simulation results, it can be con-
cluded that the cooling rate varies in different parts of the 
slab, resulting in different temperatures in each part when 
reaching the secondary cooling zone. This leads to different 
times for ferrite to precipitate at different positions, result-
ing in insufficient stability of the slab. To address this issue, 
different secondary cooling water conditions can be arranged 
at different positions of the casting slab based on numerical 
simulation results, to achieve uniform temperature distribu-
tion of the slab as a whole and eliminate problems caused 
by local differences.

Simultaneously, the growth rates of acicular ferrite are 
also recorded under different cooling rates, and a graph of 
acicular ferrite growth rates with error bars is generated 

(Fig. 18). At 1000 °C/min cooling rate, the growth process 
of complete ferrite is not observed due to excessively rapid 
cooling. Generally, faster cooling rates result in higher 
growth rates of acicular ferrite, reaching 8.58  μm/s at 
150 °C/min. This phenomenon is attributed to the faster car-
bon diffusion and increased driving force for ferrite growth 
at higher cooling rates. Moreover, the analysis of error bars 
indicates that slower cooling rates lead to smaller statistical 
errors in growth rates. This implies that slower cooling rates 
promote more balanced acicular ferrite growth, while higher 
cooling rates introduce greater growth rate variations.

In the thin slab casting process, the secondary cooling 
intensity should be adjusted reasonably based on the solidi-
fication characteristics of the steel being produced, and the 
unevenness of the secondary cooling in the cooling zone 
should be improved. This ensures that the surface tempera-
ture of the cast slab avoids the γ–α phase transition tempera-
ture range during the straightening section. For hot stamp-
ing steel, appropriately increasing the secondary cooling 
intensity can reduce the precipitation of coarse ferrite along 
grain boundaries, promote the growth of intra-granular fer-
rite, reduce the strength difference between grain boundaries 
and the interior, and thereby enhance the steel’s resistance 
to crack formation.

4.3  Mathematical Relationship Between Secondary 
Dendrite Arm Spacing and Cooling Rate

With the growth of primary dendrite tip, the size of the 
secondary dendrite arms gradually increases. At the tip 
of the primary dendrite, the secondary dendrite arms fill 
the remaining space along the normal temperature and 

Fig. 16  Pearlite transition temperature at different cooling rates (theoretical and actual experiment values)
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composition fluctuations. When the solute fields overlap, 
the secondary dendrite arms have grown to different sizes. 
Due to the partial disappearance and growth of some sec-
ondary dendrite arms, the spacing between them changes. 
This entire process continues until the base of the primary 
dendrite, ultimately resulting in the final spacing between 
the secondary dendrite arms, denoted as �

2
 . Under the 

cooling rates of 10 °C/min, 50 °C/min, 150 °C/min, and 
1000 °C/min, the statistical results for the spacing of sec-
ondary dendrite arms are 111.25 μm, 61.52 μm, 51.66 μm, 
and 27.28 μm, respectively. This indicates that with an 
increase in cooling rate, the spacing of secondary dendrite 
arms gradually decreases.

The model proposed by Kattamis and Flemings is used 
to calculate the spacing between the secondary dendrites 
[21, 22]:

In this equation:
All variables, except for the cooling rate Gv∗ , are con-

stants for a specific alloy composition. Therefore, Eq. 1 
can be expressed as a relationship between the spacing of 
the secondary dendrite arms and the negative one-third 
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Fig. 17  Growth process of acicular ferrite at a cooling rate of 10 °C/min
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power of the cooling rate (as shown in Fig. 19, the unit 
of cooling rate is °C/min and the unit of � is μm). Based 
on this relationship, the spacing between the secondary 
dendrite arms can be obtained through dendritic corrosion 
and statistical analysis of the hot stamping steel samples, 
and subsequently, the cooling rate of the sample at that 
position can be determined.

5  Conclusions

This article uses ProCAST and HT-CLSM to study the 
solidification and subsequent cooling process of hot 
stamping steel at different parts (corresponding to differ-
ent cooling rates). Based on experiment and simulation 
results, phase transitions during solidification and cooling 
processes can be clearly observed, while the functional 
relationships between the growth rate of hot stamping steel 
ferrite/secondary dendrite arm spacing and cooling rate 
are obtained. Additionally, potential optimization strate-
gies for parameters in continuous casting and secondary 
cooling processes are suggested to enhance the sophisti-
cation of thin slab production methods. The main conclu-
sions are summarized as follows:

1. The numerical simulation results indicate that the closer 
to the corners, the shorter the required solidification 
time, as the corners experience two-dimensional heat 
transfer. At the same time, the portions near the edges 
have shorter solidification times (2.1 s for the fastest) 
due to direct contact with the mold. The central region, 
however, experiences a longer solidification time (77.5 s 
for the lowest) because it does not directly contact the 
cooling source and is significantly influenced by the 
release of latent heat during solidification. The calcula-
tion of cooling rates at different locations in the cast-
ing process of thin slab can be performed based on the 
numerical simulation results. This analysis can help 
identify the causes of defects or issues that may arise 
during the process.

2. In the peritectic phase transformation process, cooling 
rates of 10 °C/min and 50 °C/min tend to favor this equi-
librium diffusion-controlled transformation and cooling 
rates of 150 °C/min and 1000 °C/min exhibit very rapid 
peritectic reaction rates (blocky transformation), not 
within the observable range. The occurrence of blocky 
transformations during the solidification process primar-
ily takes place in the corners of the casting, so meas-
ures need to be taken to address excessive solidification 
shrinkage in these areas. The differences in the mode 
of nucleation and the volume shrinkage rate during the 
recalescence transformation can result in uneven initial 
solidification shell growth during the casting process of 
thin slab, leading to surface defects. Efforts should be 
made to control the uniformity of initial solidification 
cooling at the curved surface of the mold.

3. The faster the cooling rate, the lower the temperature at 
which acicular ferrite begins to grow (showing a good 
linear relationship), and the faster the growth rate of 
acicular ferrite, reaching 8.58 μm/s at a cooling rate of 
150 °C/min. Additionally, slower cooling rates result in 

Fig. 18  Linear growth rate of acicular ferrite under different cooling 
rates

Fig. 19  Fitting curve of secondary arm dendrite spacing and cooling 
rate
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smaller errors in growth rates. Austenitic grain bound-
ary ferrite can deteriorate the thermoplastic properties 
of steel, regulate the secondary cooling strength rea-
sonably, and weaken the embrittlement effect of grain 
boundary ferrite.

4. With an increase in cooling rate, the spacing of second-
ary dendrite arms gradually decreases. The relationship 
between the secondary dendrite arm spacings and the 
cooling rate CR are �

2
= 254CR

−
1

3 . According to this 
equation, for hot stamping steel, it is possible to infer 
the magnitude of cooling rates at different positions of 
the sample based on the observed dendrite patterns.
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