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Abstract The effect of cerium on the solidification nucleation and microstructure 
of high-strength low-alloy steel was investigated. The in situ observation, inclusion 
characterization and microstructure analysis were performed via high temperature 
confocal laser scanning microscopy, scanning electron microscope, and electron 
backscatter diffraction. The results showed that Ce significantly increased the nucle-
ation site density. After cerium treatment, the solidification temperature range and 
time were decreased by 17.6 °C and 22.44 s, respectively. Based on the Johnson-
Mehl-Avrami-Kologoromov theory, the solidification rate constant increased from 
7.59 × 10–5 to 5.68 × 10–4 after adding Ce, promoting the phase transformation. The 
typical inclusions were modified from CaS and CaS+MgAl2O4 to CeAlO3+CaS and 
Ce2O2S+CaS with an increase in number and a decrease in size when adding Ce. 
Numerous fine rare earth inclusions could effectively induce the formation of δ-Fe 
and γ-Fe through heterogeneous nucleation, thereby decreasing the average grain 
size from 13.76 to 12.38 μm. 

Keywords Cerium treatment · Solidification · Microstructure · In situ 
observation · Phase transformation 

Introduction 

High-strength low-alloy (HSLA) steel has been used in many fields such as storage 
tanks, construction, bridges, ships and pressure vessels due to the high strength and 
excellent impact toughness [1, 2]. With the increasing demand for material strength 
and thickness, higher requirements are put forward for the comprehensive properties 
of HSLA steel. Refinement of the microstructure is an effective way to improve the 
properties of steel [3, 4].
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Inclusions are crucial in refining the solidification microstructure. The inclusions 
could act as the core of heterogeneous nucleation and promote the phase transforma-
tion during solidification, thereby refining the grains [5, 6]. Additionally, inclusions 
could pin the austenite grain boundaries and inhibit the growth of grains [7, 8]. 

Rare earth can purify the molten steel and micro-alloying, which is of benefit 
to the inclusions and solidification microstructure. Guan et al. [9] investigated that 
by adding appropriate RE to the Cr-Ni-Mo hot work die steel, the morphology and 
distribution of inclusions were improved and fine plate martensite was obtained. 
Zhao et al. [10] reported that the RE elements could refine the grains and inclusions 
and change the chemical compositions of the inclusions in the GCr15 bearing steel. 
Qiao et al. [11] pointed out that the addition of rare earth Ce refined the as-cast 
microstructure and changed the type of inclusions in the steel. Zhang et al. [12] also  
indicated that a large number of small-sized rare earth inclusions were distributed at 
the dendrite cores, promoting the nucleation of γ-Fe during solidification and refining 
the dendritic structures. 

However, extensive research on the rare earths cannot be applied to the practical 
production due to their active chemical properties. In addition, direct observation of 
dynamic solidification phenomena through the high temperature confocal laser scan-
ning microscopy (HTCLSM) to determine the influence of rare earth on the solidifi-
cation process has rarely been studied. Thus, the aim of the present work was to inves-
tigate the effect of cerium addition on the solidification nucleation and microstructure 
in the high-strength low-alloy steel. The specific solidification process of the steel was 
analyzed by means of HTCLSM and Johnson-Mehl-Avrami-Kologoromov (JMAK) 
theory. Moreover, the influence mechanism of Ce on the solidification nucleation and 
microstructure was revealed by the inclusion characterization, disregistry theory, and 
electron backscatter diffraction (EBSD) analysis. 

Materials and Experimental Methods 

Sample Preparation 

The production of experimental steels was mainly divided into four stages, which 
were basic oxygen furnace → ladle furnace (LF) refining→ Ruhrstahl-Heraeus (RH) 
refining → continuous casting. Deoxidation and desulfurization of the molten steel 
were completed before the RH refining. During the RH refining, Ce-Fe alloy with 
the cerium mass fraction of 10% was added to the molten steel. After the vacuum 
cycling, the Ca-Si wire was added. Lastly, the molten steel was cast into plates via 
continuous casting. To investigate the effect of cerium on the solidification of steel, 
steel samples without and with the addition of Ce-Fe alloy were taken and marked S1 
and S2, respectively. Comprehensive chemical compositions of the two steel samples 
are listed in Table 1. The addition of Ce-Fe alloy resulted in the Ce content of 0.002% 
in the S2 steel.
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Table 1 Chemical compositions of the steel samples (mass %) 

Sample C Si Mn P Al Nb V Ti 

S1 0.1 0.3 1.6 0.01 0.02 0.05 0.07 0.02 

S2 0.1 0.3 1.6 0.01 0.03 0.05 0.07 0.02 

Sample Cr Mo Ca S O N Ce Fe 

S1 0.284 0.13 0.002 0.002 0.001 0.003 0 Bal 

S2 0.27 0.122 0.001 0.002 0.001 0.003 0.002 Bal 

In Situ Observation 

Samples were taken from the plates and machined into the cylinder with the diameter 
of 5 mm and the height of 3 mm. The in situ observation of the solidification was 
conducted using high temperature confocal laser scanning microscopy. The reaction 
chamber was vacuumed to 100 MPa and filled with high purity Ar. After grinding 
and polishing, the samples were placed in the alumina crucibles. The samples were 
heated at the rate of 200 °C min−1 to 1550 °C and held for 5 min. Then, they were 
cooled to the room temperature at the rate of 50 °C min−1. To ensure accuracy, each 
experiment was repeated three times. 

Inclusion Characterization and EBSD Analysis 

To determine the inclusions in the steel, specimens with the dimensions of 10 mm × 
10 mm× 10 mm were cut from the plates. The morphologies, types and compositions 
of the inclusions in the samples were characterized using scanning electron micro-
scope (SEM, FEI Quanta-250, FEI Corporation, Hillsboro, OR, U.S.A.) and energy-
dispersive spectrometer (EDS, XFlash 5030, Bruker, Germany). The INCA Steel 
automatic detection system of non-metallic inclusion (EVO 18, ZEISS, Germany) 
was employed to measure the size distribution of inclusions. The scanning area for 
each sample was 5 × 5mm2, and any inclusion larger than 1 μm in size was included. 

For electron backscatter diffraction analysis, the specimens were prepared at the 
room temperature using electrolytic polishing in an alcohol solution containing 5% 
perchloric acid. The EBSD was measured using HKL Channel 5 system at 20 keV 
with samples tilted at 70° and connected to the FEI Scios DualBeam SEM.
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Results and Discussion 

In Situ Observation of Solidification 

Figures 1 and 2 illustrate the solidification processes of the experimental steels 
obtained by HTCLSM. It can be seen that the solidification process of steel gener-
ally included three stages. In the initial stage of solidification, δ-Fe phase was first 
observed to nucleate in the liquid (L) phase. With the decrease of temperature, the 
precipitated δ-Fe phases gradually grew up and the number of nucleation increased. 
Then the peritectic reaction (L + δ → γ) occurred, and the thin layer-like γ-Fe phases 
nucleated at the junction of the liquid and δ-Fe phases, increasingly consuming them 
to grow. With a further decrease in temperature, the δ-Fe phases were no longer 
observed and the residual liquid phases were completely transformed into γ-Fe 
phases at the end of solidification. The in situ observation results of the solidifi-
cation process were consistent with the research of Griesser et al. [13–15]. From the 
above, the solidification path of the experimental steel was L → L + δ → L + δ + 
γ → L + γ → γ. 

The solidification process of the S1 steel observed by HTCLSM is shown in Fig. 1. 
As shown in Fig. 1, the initial nucleation temperature was 1514.4 °C. After 8 s, the 
nucleation site density was 68.58 mm−2. 16 s later, the nucleation site density was

Fig. 1 Solidification process of the S1 steel observed in situ via HTCLSM
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Fig. 2 Solidification process of the S2 steel observed in situ via HTCLSM

increased to 107.16 mm−2. When the temperature decreased to 1466.3 °C, the solid-
ification process was completed. The temperature range and time of solidification 
were 48.1 °C and 52.02 s, respectively. 

Figure 2 shows the in situ observation results during solidification of the S2 steel. 
As shown in Fig. 2, the initial nucleation site appeared at 1502.4 °C. The addition 
of cerium resulted in the lower initial nucleation temperature of the δ-Fe phase. 
At the initial stage of solidification, rare earth elements were enriched at the solid/ 
liquid interface, hindering the diffusion of atoms. Consequently, the energy barrier 
for the alloy atoms to reach the δ-Fe phase was increased and the initial nucleation 
temperature of the δ-Fe phase was decreased [16]. After 8 and 16 s, the nucleation site 
density reached 115.74 and 222.90 mm−2, respectively. In comparison to the Ce-free 
steel, the nucleation site density of Ce-containing steel was increased by 47.16 and 
115.74 mm−2, respectively. Rare earth could significantly promote the nucleation of 
solidification. The solidus temperature was 1471.9 °C in the S2 steel. The temperature 
range and time of solidification were 30.5 °C and 29.58 s, respectively. It was clear 
that Ce shortened the solidification temperature range and time. 

Analysis of the Solidification Process Using the JMAK Theory 

To clarify the influence mechanism of rare earth on the solidification process, the 
solid fraction at different times was calculated by Image-Pro Plus 6.0 software. The
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Fig. 3 Fitting results of the 
solid fraction of the 
experimental steels 

solidification transformation was described with the JMAK theory [17]. The JMAK 
theory is typically shown in Eq. (1). 

Y = 1 − exp
(−ktn

)
(1) 

where Y is the solid fraction; k is the rate constant of solidification, which could 
characterize the velocity of the solid–liquid phase transformation; t is time; n is 
the Avrami exponent, n < 3 indicates site saturation as the nucleation mechanism, 
while 4 > n > 3 indicates site saturation plus Avrami nucleation as the nucleation 
mechanism. 

The solid fraction and time relationship curves of the experimental steels were 
analyzed with the equation above, and the fitting results are shown in Fig. 3. 
According to Fig. 3, the rate constant k and Avrami exponent n of the S1 steel 
were 7.59 × 10–5 and 2.77, respectively. S1 steel was the site saturation nucleation 
owing to the Avrami exponent being less than 3. After the addition of 0.002% Ce, the 
Avrami exponent n of the S2 steel was 2.6, which was still less than 3. The nucleation 
mechanism did not change. Nevertheless, the rate constant k was increased to 5.68 
× 10–4. After cerium treatment, the velocity of transformation from liquid to solid 
phase during the solidification was increased, resulting in a dramatic reduction in the 
solidification time. 

Effect of Cerium on Solidification Nucleation 
and Microstructure 

Due to the fact that inclusion could act as the core of heterogeneous nucleation, 
it is an essential factor affecting the solidification nucleation. The EDS spectrums
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and element mappings of typical inclusions in the experimental steels are shown 
in Fig. 4. It can be seen that the typical inclusions in the S1 steel were mainly 
CaS and CaS+MgAl2O4. CaS inclusions were spherical or long strip, as shown in 
Fig. 4a, b. As shown in Fig. 4c, d, the shape of the CaS+MgAl2O4 complex inclusions 
was irregular. After the addition of rare earth, the typical inclusions in the S2 steel 
were modified to CeAlO3+CaS and Ce2O2S+CaS complex inclusions, as shown in 
Fig. 4e–h. From SEM-EDS determination, the area brighter than the steel matrix of 
the complex inclusions was Ce-containing inclusions, and that darker than the matrix 
was CaS. The complex inclusions were spherical or ellipsoidal in shape and 1–2 μm 
in size. 

To identify the effect of Ce on the size and number of inclusions, the average 
size and number density of inclusions in the experimental steels were counted and 
the results are shown in Fig. 5. As can be seen from Fig. 5, the average size of 
the inclusions decreased from 2.83 to 1.56 μm, and the number density increased 
from 46.21 to 64.85 mm−2 after adding Ce. The results demonstrated that Ce could 
significantly refine the inclusions in the steel [18, 19] and increase the number of 
these inclusions.

During solidification, the liquid phase transformed into the δ-Fe and γ-Fe phases. 
Thus, the effect of CaS, MgAl2O4, CeAlO3, and Ce2O2S on the promotion of δ-Fe 
and γ-Fe formation by heterogeneous nucleation was investigated. The possibility 
of the inclusions acting as the heterogeneous cores could be determined in terms of

Fig. 4 SEM images and EDS results of the typical inclusions observed in the experimental steels: 
a–d S1 steel; e–h S2 steel 
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Fig. 5 Number density and 
average size of inclusions in 
the experimental steels

the disregistry between the inclusions and the nucleated phases. The disregistry was 
calculated based on the Bramfitt disregistry theory model, as shown in the following 
equation [20]. 

δ (hkl)s (hkl)n 
= 

3∑

i=1 

|d[uvw]i s cos θ −d[uvw]i n| 
d[uvw]i n 

3
× 100 (2) 

where i is the three lowest-index directions within 90° of the nucleated solid and 
substrate planes; (hkl)s/n is the low-index plane of the substrate/nucleated solid; 
[uvw]s/n is the low-index direction of (hkl)s/(hkl)n; d[uvw]s/n is the interatomic spacing 
along [uvw]s/[uvw]n; θ is the angle between the [uvw]s and [uvw]n. 

Table 2 presents the relevant parameters and results of the disregistry calculation 
between inclusions and δ-Fe/γ-Fe on the basis of Eq. (2). In accordance with Bram-
fitt disregistry theory, the substrate could effectively promote the nucleation of the 
nucleated solid with the disregistry of less than 12%. As can be seen in Table 2, 
the disregistry results between CeAlO3/Ce2O2S inclusions and δ-Fe/γ-Fe phases 
were all less than 12% compared to CaS and MgAl2O4 inclusions. Therefore, the 
generated rare earth inclusions after Ce treatment were effective in promoting the 
heterogeneous nucleation of δ-Fe and γ-Fe during solidification [21, 22]. Further-
more, the addition of Ce increased the number of inclusions and decreased their size. 
Ultimately, the number of effective nucleation cores in the liquid steel increased, 
causing the nucleation site density to increase considerably.

Figure 6 shows the inverse pole figure (IPF) maps and average grain size of the S1 
and S2 steel analyzed via EBSD. Compared to the Ce-free steel, the grain distribution 
of the Ce-containing steel was more uniform, as shown in Fig. 6a, b. According to 
Fig. 6c, the average grain size decreased by 10.03% from 13.76 to 12.38 μm after  
adding Ce. Rare earth can play a role in the refinement of grains [23].
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Table 2 The disregistry calculation parameters and results between inclusions and δ-Fe/γ-Fe 

Substance Lattice parameter/nm Orientation Disregistry results 

δ-Fe a = 0.29315 – – 

γ-Fe a = 0.3681 – – 

CaS a = 0.5622 (111) CaS // (111) δ-Fe 4.11% 

(111) CaS // (111) γ-Fe 52.73% 

MgAl2O4 a = 0.8085 (111) MgAl2O4 // (111) δ-Fe 37.90% 

(111) MgAl2O4 // (111) γ-Fe 119.64% 

CeAlO3 a = b = 0.3767, c = 0.3797 (100) CeAlO3 // (100) δ-Fe 9.14% 

(100) CeAlO3 // (100) γ-Fe 2.34% 

Ce2O2S a = b = 0.401, c = 0.683 (0001) Ce2O2S // (111) δ-Fe 3.27% 

(0001) Ce2O2S // (100) γ-Fe 10.50%

Fig. 6 IPF color maps and average grain size of the experimental steels: a IPF color map of the S1 
steel (0 Ce); b IPF color map of the S2 steel (0.002% Ce); c Average grain size of the experimental 
steels with different Ce contents
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On the basis of the above results, the mechanism of the influence of Ce on the 
solidification nucleation and microstructure was defined. Without the addition of 
Ce, the inclusions in the S1 steel were CaS and MgAl2O4, which were not effec-
tive in inducing the solidification nucleation. The velocity of solidification phase 
transformation was slow, and the time for grain growth was sufficient, resulting in 
the large grains in the solidification microstructure. After Ce treatment, the inclu-
sions in the S2 steel were modified to CeAlO3 and Ce2O2S, and their disregistries 
with δ-Fe or γ-Fe were all less than 12%. At the initial stage of solidification, the 
large number of fine rare earth inclusions increased the amount of δ-Fe, providing 
more effective nucleation sites for the formation of γ-Fe in the subsequent peritectic 
reaction and facilitating the reaction [24]. Meanwhile, rare earth inclusions could 
also induce the heterogeneous nucleation of γ-Fe at the end of solidification. Conse-
quently, the nucleation site density increased dramatically during solidification. In 
addition, the increase of phase transformation velocity shortened the solidification 
time. The nucleated grains did not have time to grow, leading to the refinement of 
the grains during solidification. 

Conclusions 

The effect of cerium on the nucleation and microstructure of high-strength low-
alloy steel during solidification were investigated by experimental observations and 
theoretical calculations. The main results are summarized below: 

(1) The solidification path of the experimental steel was L → L + δ → L + δ + 
γ → L + γ → γ. After 8 and 16 s, the density of nucleation site in the Ce-
containing steel was 115.74 and 222.90 mm−2, respectively, which was 47.16 
and 115.74 mm−2 higher than that of the Ce-free steel. After cerium treatment, 
the temperature range and time of solidification decreased from 48.1 °C and 
52.02 s to 30.5 °C and 29.58 s, respectively. 

(2) According to the JMAK theory, the Avrami exponent n changed from 2.77 
to 2.6 after adding Ce, and the nucleation mechanism was the site saturation 
nucleation. The addition of Ce increased the solidification rate constant k from 
7.59 × 10–5 to 5.68 × 10–4, promoting the transformation from liquid to solid 
phase. 

(3) The typical inclusions in the Ce-free steel were CaS inclusions and 
CaS+MgAl2O4 complex inclusions. In the Ce-containing steel, the typical inclu-
sions were CeAlO3+CaS and Ce2O2S+CaS complex inclusions. The average 
size of inclusions decreased from 2.83 to 1.56 μm, and the number density 
increased from 46.21 to 64.85 mm−2 with the addition of Ce. 

(4) Based on the Bramfitt disregistry theory, the disregistry results between rare 
earth inclusions and δ-Fe/γ-Fe were all less than 12%, contributing to the forma-
tion of δ-Fe and γ-Fe. Upon the addition of rare earth, the large number of 
fine rare earth inclusions generated could effectively induce the heterogeneous
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nucleation of δ-Fe and γ-Fe during solidification. Therefore, the microstructure 
was refined due to the increased number of nucleation and the shortened time 
of solidification. The average grain size decreased from 13.76 to 12.38 μm with 
the addition of 0.002% Ce. 
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