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Abstract
Rare earth elements (REE), particularly cerium (Ce), are widely used as alloying additions in modern steelmaking due to their 
strong chemical activity and high affinity for oxygen and sulphur. Their ability to react with impurities allows the effective 
modification of non-metallic inclusions, enhancing steel microstructure and overall performance. This review focuses on the 
ways cerium interacts in steel, highlighting transformations of inclusions such as Al₂O₃ and MnS, as well as complex systems 
like Ce–Al–O, Mn–O–S, and Ce–Ca–Al–O. Particular attention is given to the thermodynamic aspects of inclusion evolution and 
their dependence on processing conditions. The influence of cerium on sulphide stress cracking (SSC) resistance, solidification 
microstructure, and mechanical properties is also examined. According to the literature, the optimal cerium content is generally 
0.01–0.02 wt.%, while higher amounts can negatively affect material performance.
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1. INTRODUCTION

Non-metallic inclusions are a  major factor limiting steel 
performance, especially in applications that demand high 
fatigue strength and corrosion resistance under aggres-
sive conditions. Complete removal of these inclusions 
from molten steel is not feasible due to technological 
limitations. Consequently, modern steelmaking focuses 
on controlling and modifying inclusions to mitigate their 
negative effects. One of the most effective strategies is the 
use of rare earth elements, especially cerium. Cerium pro-
motes the transformation of non-metallic inclusions and 
contributes to improved steel properties. It has a melting 
point of 799°C and a  density of 6,770 kg/m³ and shows 
relatively high solubility in ferrite (0.1–0.5%) but low 
solubility in austenite (~0.04%) [1–3]. In steel, cerium 
primarily acts as a deoxidiser and desulphuriser, binding 
low-melting-point impurities such as arsenic, lead, tin, or 
antimony to form stable compounds including oxides, oxy-
sulphides, sulphides, and nitrides. It also modifies existing 
inclusions by influencing their chemical composition, mor-
phology, and physicochemical properties, which improves 
their deformability and enhances the corrosion resistance 
of the steel. Another important aspect of rare earth ele-
ments is their effect on solidification. Small additions of 
cerium can refine the solid phase and strengthen the steel 
through phases with limited solubility in the α–γ system. 
REE additions can also enhance tensile strength by affect-
ing crystallisation and promoting the formation of the 

γ-Fe eutectic, which alters the solidification temperature 
[4]. The effectiveness of cerium in modifying inclusions 
depends on the sulphur-to-oxygen ratio in the steel and 
the amount of additive [5, 6]. Research on the fundamental 
mechanisms of inclusion evolution in REE-modified steels 
is still limited. The high reactivity of cerium complicates 
precise metallurgical control, potentially causing issues 
such as clogging of casting channels during pouring. 
Cerium also tends to segregate in interdendritic regions 
during solidification, forming clusters of cerium-rich 
inclusions. Therefore, its impact is strongly influenced 
by technological factors such as the deoxidation method, 
alloy composition, and solidification conditions.

2. 	 THERMODYNAMICS AND KINETICS OF 
CERIUM REACTIONS IN STEEL

Cerium is a highly reactive element with a strong affinity 
for oxygen and sulphur, which leads to the formation of 
stable phases such as Ce₂O₃, Ce₂O₂S, CeS, Ce₃S₄, and 
Ce₂S₃ [4–13]. The three-dimensional equilibrium activity 
diagram of oxygen, sulphur, and cerium (Fig. 1) illustrates 
how the reactions involving these elements proceed as 
a function of their concentration ratios. At low concentra-
tions of cerium, oxygen, and sulphur (Ce, O, and S), their 
activities are strongly influenced by variations in their 
concentrations. The equilibrium surfaces for cerium oxide 
(Ce₂O₃), cerium oxysulphide (Ce₂O₂S), and the cerium 
sulphides CeS, Ce₃S₄, and Ce₂S₃ are shown in Figure 1. The 
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DEF curve defines the composition of the metal alloy in 
which cerium oxysulphide (Ce₂O₂S) is in equilibrium with 
the three sulphides. At points E and F, the oxysulphide is 
in equilibrium with two adjacent sulphides. When the ox-
ygen content in the alloy lies within the equilibrium field 
of cerium oxysulphide (Ce₂O₂S), the addition of cerium 
results in the immediate precipitation of the oxysulphide. 
The composition of an alloy containing enough cerium 
shifts towards the DEF line, along which sulphide precipi-
tation begins simultaneously.

Fig. 1. Ce–O–S equilibrium system [5, 9, 11]

Simrnov at al. confirm that Ce can be added to molten 
steel over a broad concentration range at low Ce concentra-
tions in liquid steel (up to 0.1%), because cerium primarily 
reacts with oxygen and sulphur [1]. Higher additions pro-
mote the formation of oxide and sulphide phases and can 
also neutralise other detrimental elements such as phos-
phorus and copper, as well as interact with nickel and iron. 
The final composition of non-metallic inclusions is strongly 
influenced by the oxygen and sulphur content in the steel. 
The formation of inclusions occurs according to the follow-
ing reaction Scheme (1). The equilibrium constants for the 
reaction are expressed by Equations (2) and (3) [5, 9].

	 x[Ce] + y[Z] = z(RexZy)	 (1)

	 ∆G°=A+BT	 (2)

	 ∆G=∆G°+RTlnK	 (3)
where:
	 [Z]	 –	 element dissolved in liquid steel,
	∆G°	 –	 standard Gibbs free energy of forming a non-metal-

lic inclusion with Ce, 
	 T	 –	 temperature, 
	 R	 –	 gas constant, 
	 K	 –	 equilibrium constant of the reaction, 
	A, B 	 – 	constants. 

Formation reactions can be summarised as shown in Table 1, 
which presents the reactions and standard Gibbs free energies 
(ΔG°) for cerium compounds. This indicates that Ce₂S₃, Ce₃S₄, 
and Ce₂O₃ can transform into Ce₂O₂S and CeS, explaining why 
only these two phases are typically observed in steel. The Gibbs 
free energy (ΔG) for Ce₂O₂S is significantly less than zero and 
lower than that of other inclusions, making Ce₂O₂S the most 
likely phase to form in steel. Table 2 also presents the element 
interaction coefficients e(i/j) of the components in the steel.

Table 1	  
Standard Gibbs free energy ∆G° for the reactions of cerium [9, 14–26]

Reaction Formula no. ∆G° = A+B [J∙mol−1]

[Ce] + [O] + 1/2[S] = 1/2Ce2O2S(s) (4)

−675,700 + 165.5T

−676,795 + 166T

−675,700 + 164.45T

2[Ce] + 2[O] + [S] = Ce2O2S(s) (5) −1,352,700 + 331T

[Ce] + [S] = CeS(s) (6)

−394,428 + 121T

−422,100 + 120.38T

−422,780 + 121T

−422,783 + 120.58T

−3,944,428 + 121T

[Ce] + 3/2[O] = 1/2Ce2O3(s) (7)
−714,380 + 185.67T

−715,560 + 180T

3[Ce] + 4[S] = Ce3S4(s) (8) −1,494,441 + 439T

[Ce] + 4/3[S] = 1/3Ce3S4(s) (9)
−497,670 + 146.37T

−498,480 + 146T

[Ce] + 3/2[S] = 1/2Ce2S3(s) (10)

−536,420 + 112.16T

−536,420 + 163.86T

−537,290 + 164T

https://journals.agh.edu.pl/jcme


Effect of Cerium Addition on the Evolution of Non-Metallic Inclusions in Steel – A Literature Review82

https://journals.agh.edu.pl/jcme

Reaction Formula no. ∆G° = A+B [J∙mol−1]

[Ce] + 2[O] = CeO2(s) (11)

−852,720 + 249.96T

−854,274.7 + 249T

−853,600 + 250T

2[Ce] + 3[O] = Ce2O3(s) (12) −1,430,200 + 359T 

Ce2O2S(s) + [O] = Ce2O3 (s) + [S] (13) −77,500 + 28T

[Ce] + [Al] + 3[O] = CeAlO3(s) (14)
−1,366,460 + 364T

−1,366,460 + 364.3T

Ce2S3(s) + [Ce] + [S] = Ce3S4(s) (15) −420,541 + 113T

[Ce] + 5/2[O] + 1/2[Si] = 1/2Ce2O3(s) + SiO2(s) (16) −1,106,635 + 286.11T

2 [Ce] + Al2O3 (s) = 2 [Al] + Ce2O3(s) (17) −1,073,900 + 326T

[Ce] + 5/2 [O] + 1/2 [Si] = 1/2 Ce2O3(s) + SiO2(s) (18) −1,106,635 + 286.11T

[Ce] + ½[S] + 1/2 CaOAl2O3(s) = 1/2Ce2O2S(s) + [Al] + ½[O] + 1/2CaO(s) (19)
−78,057 − 22.24T

−982,839 + 247T

Ce2O3(s) + [S] = Ce2O2S(s) + [O] (20)
77,360 − 28.48T

38,680 − 14.24T

[Ce] + Al2O3(s) = CeAlO3(s) + [Al] (21)
−23,900 − 247.30T

−423,900 − 247.30T

[Ce] + [N] = CeN(s) (22) −401,200 + 153.0T

[Ce] + 1/2CaOAl2O3 = 1/2Ce2O3+1/2CaO + [Al] (23) −1,021,604 + 262T

Table 2�   
Element interaction coefficients e(i/j) [9, 18]

e(i/j) C O S P Si Mn Al N Ce La

O −0.45 −0.20 −0.133 0.07 −0.131 −0.021 −3.90 0.057 −12.1 −12.1

S 0.11 −0.27 −0.028 0.029 0.063 −0.026 0.035 0.01 −1.88 −2.79

Ce 0.351 −106 −8.225 1.77 – 0.13 −2.67 – 0.0066 –

Mn −0.07 −0.083 −0.048 −0.035 −3.0 0 −2.4 −0.091 −0.5 –

Al 0.091 −6.6 0.03 0.033 0.0056 0.035 0.045 −0.053 −6.1 −0.511

Si 0.18 −0.23 0.056 0.11 0.11 0.002 0.058 0.090 −7.7 –

La −0.279 −105 −12.13 1.734 – 0.28 −2.649 – – −0.013

The equilibrium lines for oxide formation lie below those 
for sulphides, which means that cerium and lanthanum 
first react with oxygen dissolved in the steel, and then with 
sulphur (Fig. 2).

The beneficial effect of cerium, due to its high chemical 
affinity for sulphur and oxygen, is seen in well-deoxidised 
steel. Cerium oxides have a more negative Gibbs free energy 
than oxides of manganese, silicon, or aluminium, making 
them thermodynamically more stable than typical deoxida-
tion products such as Al₂O₃ or SiO₂. The equilibrium lines 
for oxide formation lie below those for sulphides, which 
means that cerium and lanthanum first react with oxygen 
dissolved in the steel, and then with sulphur. As cerium is 
consumed during the formation of non-metallic inclusions, 
its role may shift predominantly to deoxidation and desul-
phurisation, which reduces its effectiveness as a  modifier. 
At very low Ce concentrations, most cerium reacts to form 
sulphides, limiting the ability to modify MnS inclusions. 
With sufficient Mn and S, phases such as Ce₂O₂S, Ce₂S₃, and 
MnS may precipitate simultaneously. 

Fig. 2. Equilibrium curves for oxide and sulphide formation at 
1,600°C [11]

Table 1 (cont.)
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During aluminium deoxidation, Al₂O₃ forms in the steel, 
which can react with cerium to produce CeAlO₃ according 
to Reactions (21) and (14) [14, 19]. The issue of Al₂O₃ 
inclusion formation as a result of adding Al to steel during 
refining also applies to the production of high-aluminium 
TRIP and TWIP steels, where the Al content exceeds 1%, 
indicating that the contribution of the presented reactions 
in the transformation of alumina into other forms plays 
a crucial role. In liquid steel, the formation of non-metallic 
inclusions such as Ce–P–O  and Ce–As–S is also possible, 
mainly CeP and CeAs. The Gibbs free energy of the forma-
tion of these inclusions is higher than that of CeS, Ce₂O₃, and 
Ce₂O₂S. This means that the occurrence of CeP and CeAs in 
steel is associated with the segregation of Ce, P, As, and S 
during solidification and strongly depends on the chemical 
composition. Their formation limits the unfavourable seg-
regation of P and As at grain boundaries [27].

3. MODIFICATION OF THE CHEMICAL COMPOSITION OF 
NON-METALLIC INCLUSIONS

The modifying role of cerium is based on reducing and 
changing existing non-metallic inclusions into complex 
Ce-containing phases. These modified inclusions become 
more similar to the steel matrix, so they deform more easily 
during rolling. Cerium changes Al₂O₃ and MnS inclusions 
into spherical oxy-sulphide particles, which improves the 
mechanical properties of the steel. The addition of cerium 
to liquid steel, MnS and SiO₂ inclusions are transformed 
into fine Ce₂O₃·SiO₂ and Ce₂O₂S particles [6]. A  similar 
effect was also observed for yttrium in alumina inclusions. 
Research shows that when the amount of cerium increases, 
MnS inclusions and Al–Si–O  systems are converted into 
phases such as Ce₂O₂S, Ce₃S₄, and CeS. With more cerium, 
the system becomes dominated by stable Ce–S and Ce–O–S 
compounds. Yu et al. also reported that after adding Ce, all 
types of inclusions (MnS, Al₂O₃, and mixed Al–Si–Ca–O inclu-
sions) eventually transform into CeS and CeO + S phases and 
the evolution path of Al₂O₃ inclusions follows the sequence: 
Al₂O₃ → CeAlO₃ → Ce₂O₂S → Ce₂O₂S + CeS. They also identi-
fied the presence of the CeAl₁₁O₁₈ phase in austenitic stain-
less steel after cerium addition and the CeAlO₃ phase [28].

Calcium is a typical modifier of Al₂O₃ inclusions; however, 
CaS is formed due to its high chemical affinity for oxygen and 
sulphur. This phase has a detrimental effect on the steel’s prop-
erties, as it promotes pitting corrosion of products. Therefore, 
the degree of calcium treatment must be carefully controlled. 
In systems containing inclusions of CaO·Al₂O₃, reactions with 
cerium may proceed as described in Reactions (5), (17), (24):

	 [Ce] + CaO·Al₂O₃ → CeAlO₃ + CaO + [Al]	 (24)

The addition of Ce leads to the modification of CaS∙C₁₂A₇ 
inclusions into C₁₂A₇∙Ce₂O₂S. Due to the preferential forma-
tion of Ce₂O₂S inclusions, the dissolved sulphur becomes 
insufficient to react with calcium to form CaS, resulting in the 
elimination of CaS inclusions. The evolution path of calcium 
aluminates follows the sequence CA₆–CA₂–C₁₂A₇. Inclusions 
such as Ce₂O₂S form most easily, and the effect of the modifi-
cation caused by the cerium addition is significant. 

Since cerium is often added in the form of alloys, such 
as mischmetal, other rare earth metals (REM) also par-
ticipate in the transformation process. In this case, Al₂O₃ 
inclusions can transform into more complex phases such 
as (Ce,RE)₂O₃, (Ce,RE)₂O₂S, and (Ce,La)₂O₂S. In alumini-
um-deoxidised steel, the CeAlO₃ phase forms first and then 
gradually transforms into Ce₂O₃ and Ce₂O₂S. 

In steel, inclusions of the MgO·Al₂O₃ type also occur. 
These spinels can likewise be modified by cerium, and the 
modification path is as follows [28]:

MgO·Al₂O₃ → CeAlO₃ + MgO → Ce₂O₃ + MgO → Ce₂O₃.

Cerium also modifies MnS inclusions, and this process 
strongly depends on the contents of O, S, and Ce in the steel. 
As these elements are gradually consumed and the chemical 
composition becomes more uniform, sulphur mainly reacts 
with cerium to form Ce₂S₃. At the same time, manganese 
present in the steel combines with the remaining sulphur, 
which leads to the formation of spherical complex inclu-
sions such as Ce₂O₂S + Ce₂S₃ + MnS. 

The modification of MnS inclusions in steel was investi-
gated, and the modification process was found to proceed 
as follows, depending on the Ce content: 

MnS → Al–Si–Ca–O / Ce₂O₂S + MnS / Ce₂O₂S + MnS +  
Ce₂S₃ / Ce₂O₂S + Ce₃S₄ + Ce₂S₃ / Ce₂O₂S + Ce₃S₄ + CeS. 

Similar results were obtained for pipeline steel. The mod-
ification path they proposed is as follows: 

MnS + Al₂O₃ → MnS / MnS + Ce → Al₂O₃ + MnS + CeO + 
 Mn / MnS + CeS → MnS + CeS + CeO + SeMnS + CeO +  

S / CeS + CeO + S.

MnS modification is also affected by aluminium deoxi-
dation. The Al₂O₃ phase formed earlier can be modified by 
cerium into CeAlO₃, and further reactions continue to pro-
mote the formation of this phase. This is important for MnS 
modification because CeAlO₃ particles favour the formation 
of sulphur-enriched layers around inclusions. As a  result, 
sulphur reacts with cerium to form Ce₂S₃, while manganese 
dissolved in the steel can also react with sulphur, which 
finally leads to the formation of spherical precipitates such 
as CeAlO₃ + Ce₂S₃ + MnS [6, 18–19, 29–32].

4. 	 MODIFICATION OF MORPHOLOGY AND SIZE OF  
NON-METALLIC INCLUSIONS 
AND STEEL MICROSTRUCTURE

Cerium typically has deoxidising and desulphurising 
qualities, though it also modifies the grain size. In the case 
of stainless steel, it improves oxidation resistance. Grain 
refinement during solidification aims to increase the frac-
tion of equiaxed grains while simultaneously reducing the 
size of both equiaxed and columnar grains. Depending on 
the chemical composition of the alloy, steel solidification 
involves the primary formation of either δ-ferrite (BCC 
crystal structure) or γ-austenite (FCC crystal structure). 
During subsequent cooling, δ-ferrite may transform into 
γ-austenite through a peritectic reaction, whereas the final 
microstructure can consist of ferrite, pearlite, bainite, or 
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martensite. Consequently, the solidification pathway and 
the nature of the phases formed are strongly dependent 
on the steel grade and chemical composition, implying that 
different steels require different nucleation substrates and 
grain-refining mechanisms. Cerium addition results in sig-
nificant changes in the morphology of the inclusions:
•	 reduction of their average size, 
•	 transition from irregular to spherical shapes, 
•	 more uniform distribution in the material. 

These changes result from the low wettability of cerium 
inclusions by liquid steel and a high contact angle, promoting 
their separation and spheroidisation. For instance, inclusions 
in Ce-modified 55SiCr high-stress spring steel. After adding 
Ce of 0.02 mass%, the inclusions in the steel mainly consisted 
of modified MnS, and spherical or ellipsoid Ce–O–S and Ce–S 
inclusions 1–3 µm in size. However, when the Ce addition was 
increased to 0.26 mass%, the MnS inclusions disappeared 
and were replaced by numerous angular and irregular 
Ce–O and Ce–O–S inclusions over 5 µm in size. 

The influence of cerium on the microstructure of steel 
depends on the steel grade, the type of Ce-based precipi-
tates formed, and the degree of their modification. In most 
cases, however, its effect is beneficial. In addition to inclu-
sion modification, cerium acts as an effective grain-refining 
agent. Its addition reduces the size of both equiaxed and 
columnar grains while increasing the fraction of equiaxed 
grains, resulting in significant microstructural refinement. 
Furthermore, cerium suppresses the segregation and pre-
cipitation of detrimental elements, thereby improving the 
mechanical performance of steel. 

Microstructural modification and inclusion engineer-
ing induced by cerium directly contribute to improved 
strength, impact toughness, and fatigue resistance of the 
material. The mechanism of cerium’s action is primarily as-
sociated with the reduction of stress concentration around 
non-metallic inclusions and a  more homogeneous stress 
distribution within the steel matrix [29].

Literature data strongly confirm this relationship The ad-
dition of REE reduces the average grain size of austenite in 
H13 steel from 50 μm to 25 μm, resulting in an increase 
in impact toughness from 10 J to 19 J. In Nb- microalloyed 
low-carbon steel a 41.7% reduction in ferrite grain size and 
a  33.9% decrease in pearlite colony size were observed, 
accompanied by a  58.7% increase in impact energy. In 
2.25Cr–1Mo–0.25V steel the addition of RE elements was 
reported to lower the bainite transformation start tempera-
ture, refine bainitic ferrite, reduce the fraction of carbon-rich 
martensite–austenite (MA) constituents, and decrease the 
ductile-to-brittle transition temperature (DBTT). Similarly, 
the addition of cerium to high-strength aluminium-killed 
steel reduces the average grain size from 5.06 μm to 2.96 μm 
and decreases the area fraction of MA constituents from 
36.95% to 29.49%. As a result, the absorbed impact energy 
at −20°C increased from 8.35 J to 19 J [6].

The efficiency of phase nucleation is mainly governed 
by two factors: a  low crystallographic lattice mismatch 
and a precipitation temperature higher than the steel liq-
uidus temperature. The Ce₂O₃ present acts as nucleation 

sites, promoting dendritic refinement and increasing the 
fraction of equiaxed grains during steel solidification. The 
addition of rare earth (RE) elements to continuously cast 
steel (CCS) ingots results in the formation of precipitates 
with high nucleation potency, which positively influences 
the ingot microstructure. RE-containing inclusions also 
improve the impact toughness of cast steel [6]. Cerium 
is also used in stainless steel to improve oxidation re-
sistance. Its addition reduces the detrimental effect of 
inclusions by forming stable, spheroidal RE inclusions, 
thereby improving the mechanical properties of steel. An 
improvement in the corrosion-resistance of RE-modified 
stainless steels has also been observed, which is attribut-
ed to inclusion modification and the elimination of MnS-
type precipitates, thereby reducing the susceptibility to 
pitting corrosion.

Overall, cerium promotes microstructural refinement, 
leading to improved mechanical properties, including 
fatigue strength, weldability, and corrosion resistance. 
This mechanism is based on heterogeneous nucleation of 
ferrite or γ-austenite on Ce-containing inclusions such as 
oxides, sulphides, and oxysulphides. After the addition of 
cerium to liquid steel, compounds such as Ce₂O₃, Ce₂O₂S, 
and CeS are formed. Their melting points are higher than 
the liquidus temperature of steel, allowing them to exist in 
a solid state during solidification and to act as nucleation 
sites for new phases. A key factor is the crystallographic 
lattice mismatch between these particles and ferrite. For 
Ce₂O₃, Ce₂O₂S, and CeS, it is below 6%, which promotes 
heterogeneous nucleation. Inclusions such as Ce₂O₂S, 
Ce₂O₃, CeAlO₃, Ce₂S₃, and Ce₃S₄ exhibit lattice misfits 
below 12% with γ-austenite. Conversely, complex Ce–P 
and Ce–S inclusions are generally considered detrimental 
to austenite nucleation. For example, the lattice mismatch 
of Ce₂S₃ is approximately 1.1%, making it a very effective 
nucleation site. For CeAlO₃, it is about 7.7%, indicating 
moderate effectiveness, whereas for CeP and CeAs, it 
exceeds 20%, resulting in low nucleation efficiency. The 
most effective nucleation sites for α- and δ-ferrite are CeS, 
followed by Ce₂O₂S, and then Ce₂O₃. Ce₂O₂S exhibits the 
lowest lattice mismatch with α-Fe, making it an effective 
nucleating agent for α-ferrite. In contrast, the most ef-
fective nucleation sites for γ-ferrite are Ce₂O₃, followed 
by Ce₂O₂S and CeS. Since α-ferrite is the dominant phase 
in low-carbon steels, the formation of Ce₂O₂S is crucial 
for microstructural control. Particles with low lattice 
mismatch reduce the degree of undercooling required 
for nucleation. Consequently, the columnar-to-equiaxed 
transition (CET) occurs earlier, increasing the fraction 
of equiaxed grains and improving the structural homo-
geneity. Cerium segregation at dendrite boundaries also 
restricts grain growth, further refining the microstructure. 
Moreover, cerium contributes to the elimination of unde-
sirable Widmanstätten structures, which deteriorate the 
mechanical properties of steel, particularly impacting the 
toughness [14, 27, 33, 34]. The influence of Ce-containing 
inclusions on steel performance is also governed by their 
intrinsic mechanical properties, which may either enhance 
or deteriorate the overall behaviour of the material. For 

https://journals.agh.edu.pl/jcme


D. Kalisz 85

https://journals.agh.edu.pl/jcme

example, CeAlO₃ exhibits a  higher Vickers hardness and 
a lower Poisson’s ratio than the ferritic matrix, classifying 
it as a relatively brittle inclusion. However, its coefficient 
of thermal expansion closely matches that of the surround-
ing matrix, thereby reducing stress concentration at the 
inclusion–matrix interface. In contrast, Ce₂O₃ possesses 
elastic modulus, hardness, and thermal expansion charac-
teristics similar to those of the ferritic matrix, allowing it 
to behave as a relatively ductile inclusion. Ce₂O₂S exhibits 
a hardness comparable to that of the matrix and a slightly 
lower Poisson’s ratio; however, its significantly higher 
coefficient of thermal expansion may promote the devel-
opment of interfacial stresses during thermal exposure at 
elevated temperatures [35, 36].

Consequently, doping steel with Ce leads to:
•	 a  reduction in the fraction of columnar grains or their 

replacement by equiaxed grains in cast steels;
•	 a similar grain refinement mechanism in ferritic, auste-

nitic, and structural steels, although with variations in 
intensity;

•	 a mechanism based on heterogeneous nucleation. 
As a result of this process:

•	 the average grain size is significantly reduced;
•	 microsegregation of alloying elements is suppressed;
•	 microstructural homogeneity is improved.

From the perspective of improving the mechanical 
properties of steel, the formation of an acicular ferrite 
(AF) microstructure, particularly intragranular acicular 
ferrite (IAF), is highly desirable. Its randomly oriented 
interlocking ferrite plates means acicular ferrite not only 
refines the microstructure and impedes crack propagation 
but also provides an excellent combination of strength 
and toughness. Previous studies have demonstrated that 
inclusions with sizes ranging from approximately 4 μm to 
7 μm can act as effective heterogeneous nucleation sites for 
acicular ferrite formation. The nucleation of acicular ferrite 
is primarily controlled by the prior austenite grain size and 
by the characteristics of non-metallic inclusions, including 
their composition, size, morphology, and population densi-
ty. Therefore, the deliberate control of inclusion engineering 
is considered a key strategy for promoting acicular ferrite 
formation and enhancing room-temperature mechanical 
properties. In particular, Ce₂O₃, owing to its low lattice mis-
fit with ferrite, can serve as an effective nucleation substrate 
for intragranular acicular ferrite during rapid cooling [37].

5. CONCLUSIONS

The role of cerium in modifying non-metallic inclusions, 
microstructure and properties of steel is determined by its 
chemical affinity for oxygen and sulphur, as well as by the 
applied metallurgical and processing conditions. The key 
effects, benefits, and limitations associated with cerium 
addition can be summarized as follows:
1.	 Cerium as an effective inclusion modifier. Cerium exhib-

its high chemical reactivity towards oxygen and sulphur, 
enabling effective transformation of non-metallic inclu-
sions (e.g., Al₂O₃, MnS) into more stable phases such as 
Ce₂O₂S and CeS. 

2.	 Improvement of mechanical properties. Cerium causes 
the modification of on metallic precipitates. Inclusion 
modification leads to a more spherical shape and finer 
size distribution, reducing stress concentration and 
improving fatigue resistance, toughness, and overall 
strength of steel. 

3.	 Influence on microstructure. Cerium promotes grain 
refinement and increases the fraction of equiaxed grains 
by acting as nucleation sites, resulting in a more homo-
geneous steel structure. 

4.	 Optimal cerium content. The most beneficial effects 
are achieved at cerium contents of approximately 
0.01–0.02 wt.%, while higher additions may deteriorate 
material properties and lead to the formation of unfa-
vourable inclusions. 

5.	 Importance of processing conditions. The effectiveness of 
cerium depends strongly on the steel composition (espe-
cially the O/S ratio), deoxidation practice, and solidifica-
tion conditions, requiring precise metallurgical control. 

6.	 Limitations of cerium addition. Excessive reactivity of 
cerium may cause technological issues such as inclusion 
segregation or clogging during casting. 

7.	 Effect on corrosion and SSC resistance. Modification and 
reduction of MnS-type inclusions improve corrosion 
resistance and sulphide stress cracking (SSC) resistance, 
particularly in aggressive service environments. 

ACKNOWLEDGEMENT

This work was conducted under contract No.  501.00. 
170000.10000 (16.16.170.654/B02), Faculty of Foundry 
Engineering, AGH University of Krakow.

REFERENCES

[1]	 Smirnov L.A., Rovnushkin V.A., Oryshchenko A.S., Kalinin G.Yu. 
& Milyuts V.G. (2016). Modification of steel and alloys with rare- 
earth elements. Part 1. Metallurgist, 59(11–12), 1053–1061. 
DOI: https://doi.org/10.1007/s11015-016-0214-x.

[2]	 Wang M., Lin Q., Yue L.J., Liu L. & Guo F. (2008). Study of 
application of rare earth elements in advanced low alloy 
steels. Journal of Alloys and Compounds, 451(1–2), 534–537.  
DOI: https://doi.org/10.1016/j.jallcom.2007.04.234.

[3]	 Wang L., Lin Q., Ji J. & Lan D. (2006). New study concerning de-
velopment of application of rare earth metals in steels. Journal 
of Alloys and Compounds, 408–412, 384–386. DOI: https://
doi.org/10.1016/j.jallcom.2005.04.090.

[4]	 Wang M., Mu S., Sun F. & Wang Y. (2007). Influence of rare earth 
elements on microstructure and mechanical properties of cast 
high-speed steel rolls. Journal of Rare Earths, 25(4), 490–494. 
DOI: https://doi.org/10.1016/S1002-0721(07)60462-1.

[5]	 Smirnov L.A., Rovnushkin V.A. & Oryshchenko A.S. (2016). 
Modification of steel and alloys with rare-earth elements. 
Part 2. Metallurgist, 60, 38–46. DOI: https://doi.org/10.1007/
s11015-016-0249-z.

[6]	 Jiang X., Li G., Tang H., Liu J., Cai S. & Zhang J. (2023). Modifica-
tion of inclusions by rare earth elements in a high-strength oil 
casing steel for improved sulfur resistance. Materials, 16(2), 
675. DOI: https://doi.org/10.3390/ma16020675.

https://journals.agh.edu.pl/jcme
http://G.Yu
https://doi.org/10.1007/s11015-016-0214-x
https://doi.org/10.1016/j.jallcom.2007.04.234
https://doi.org/10.1016/j.jallcom.2005.04.090
https://doi.org/10.1016/j.jallcom.2005.04.090
https://doi.org/10.1016/S1002-0721(07)60462-1
https://doi.org/10.1007/s11015-016-0249-z
https://doi.org/10.1007/s11015-016-0249-z
https://doi.org/10.3390/ma16020675


Effect of Cerium Addition on the Evolution of Non-Metallic Inclusions in Steel – A Literature Review86

https://journals.agh.edu.pl/jcme

[7]	 Ning Z., Li C., Wang J., Zhai Y., Xiong X. & Chen L. (2023). Re-
finement and modification of Al2O3 inclusions in high-carbon 
hard wire steel via rare earth lanthanum. Materials, 16(4), 
5070. DOI: https://doi.org/10.3390/ma16145070.

[8]	 Han Y., Liu Z.H., Wu C.B., Zhao Y., Zu G. Q., Zhu W.W. & Ran X. 
(2023). A short review on the role of alloying elements in duplex 
stainless steels. Tungsten, 5, 419–439. DOI: https://doi.org/ 
10.1007/s42864-022-00168-z.

[9]	 Szucki M., Kalisz D., Gerasin S., Mrówka N., Iwanciw J. & 
Semiryagin S. (2023). Analysis of the effect of cerium on the 
formation of non-metallic inclusions in low-carbon steel. 
Scientific Reports, 13, 8294. DOI: https://doi.org/10.1038/
s41598-023-34761-0.

[10]	 Coudurier L., Hopkins D.W. & Wilkomirsky I. (1978). Funda-
mentals of Metallurgical Progress. Oxford – New York: Perga-
mon Press.

[11]	 Wilson W.G., Kay D.A.R. & Vahed A. (1974). The use of thermo-
dynamics and phase equilibria to predict the behavior of the 
rare earth elements in steel. Journal of Metals, 26(5), 14–23. 
DOI: https://doi.org/10.1007/BF03355873. 

[12]	 Nunes F.C., Dille J., Delplancke J.L. & de Almedia L.H. (2006). 
Yttrium addition to heat-resistant cast stainless steel. Scripta 
Materialia, 54(9), 1553–1556. DOI: https://doi.org/10.1016/ 
j.scriptamat.2006.01.024.

[13]	 Fujikawa H., Morimoto T., Nishiyama Y. & Newcomb S.B. 
(2003). The effects of small additions of yttrium on the high 
temperature oxidation resistance of a  Si-containing austen-
itic stainless steel. Oxidation of Metals, 59(1–2), 23–40. DOI: 
https://doi.org/10.1023/A:1023061814413.

[14]	 Adabavazeh Z., Hwang W. & Su Y. (2017). Effect of adding ceri-
um on microstructure and morphology of Ce-based inclusions 
formed in low-carbon steel. Scientific Reports, 7, 46503. DOI: 
https://doi.org/10.1038/srep46503.

[15]	 Han Q.Y. (1998). Rare Earth, Alkaline Earth and Other Elements 
in Metallurgy. Tokyo: Japan Technical Information.

[16]	 Yu Y.C., Zhang S.H. & Wang S.B. (2018). Effects of cerium on 
the inclusions and pitting corrosion behavior of 434 ferritic 
stainless steel. High Temperature Materials and Processes, 
37(9–10), 807–814. DOI: https://doi.org/10.1515/htmp-
2017-0094.

[17]	 Hino M. & Ito K. (2010). Thermodynamic Data for Steelmaking. 
Sendai: Tohoku University Press.

[18]	 Zhao L., Zhai G., Wu J., Chen X. & Zhai Q. (2024). Evolution mech-
anism of inclusions and microstructure in low-alloy cast steel 
with cerium addition. Journal of Materials Research and Tech-
nology, 33, 929–939. DOI: https://doi.org/10.1016/j.jmrt. 
2024.09.087.

[19]	 Wang Y., Li C., Wang L., Xiong X., Chen L. & Zhuang C. (2020). 
Modification of alumina inclusions in SWRS82B steel by adding 
rare earth cerium. Metals, 10(12), 1696. DOI: https://doi.org/ 
10.3390/met10121696.

[20]	 Li X., Jiang Z., Geng X., Chen M.J. & Peng L.Z. (2019). Evolution 
mechanism of inclusions in H13 steel with rare earth magne-
sium alloy addition. ISIJ International, 59(9), 1552–1561. DOI: 
https://doi.org/10.2355/isijinternational.ISIJINT-2019-094.

[21]	 Liu X., Yang J.C., Yang L. & Gao X.Z. (2010). Effect of Ce on in-
clusions and impact property of 2Cr13 stainless steel. Journal 
of Iron and Steel Research International, 17(12), 59–64. DOI: 
https://doi.org/10.1016/S1006-706X(10)60198-7.

[22]	 Li G., Lan P. & Zhang J.Q. (2020). Solidification structure re-
finement in TWIP steel by Ce inoculation. Acta Metallurgica 
Sinica, 56(5), 704–714. DOI: https://doi.org/10.11900/0412. 
1961.2019.00288.

[23]	 Straumanis M.E. & Kim C.D. (1965). Phase extent of galli-
um arsenide determined by the lattice constant and density 
method. Acta Crystallographica, 19, 256–259. DOI: https://
doi.org/10.1107/s0365110x65003183.

[24]	 Kolitsch U., Seifert H.J., Ludwig T. & Aldinger F. (2011). Phase 
equilibria and crystal chemistry in the Y2O3–Al2O3–SiO2 sys-
tem. Journal of Materials Research, 14, 447–455. DOI: https://
doi.org/10.1557/JMR.1999.0064.

[25]	 Zhang L., Yu Y., Mao W., Zhang J., Chang C., Zhang S. & Yan W. 
(2024). Revealing the effect of Ce on pitting corrosion in-
duced by inclusions in low alloy steel: Induction by CaS·C12A7 
and inhibition by CeAlO3. Langmuir, 40(47), 25193–25206.  
DOI: https://doi.org/10.1021/acs.langmuir.4c03491.

[26]	 Zhao B., Wu W., Yang F., Zeng J., Liang Z. & He J. (2024). Effect of 
cerium element on non-metallic inclusions formation during 
molten and solidification processes of Q355 microalloy struc-
tural steel. Metallurgical and Materials Transactions. Part B, 
55.3, 1244–1260. DOI: https://doi.org/10.1007/s11663- 
024-03005-5.

[27]	 Tang H., Cai S., Lan P., Ma Y., Wang Y. & Wang K. (2024). Effect 
of cerium content on non-metallic inclusions and solidifica-
tion microstructure in 55SiCr spring steel. Materials, 17(22), 
5450. DOI: https://doi.org/10.3390/ma17225450.

[28]	 Thiele K., Presoly P., Ernst D., Shashank R.B., Michelic S.K. 
(2023). Evaluation of the different alloying concepts to trace 
non-metallic inclusions by adding rare earths on laborato-
ry scale. Ironmaking & Steelmaking, 50(5), 507–516. DOI: 
https://doi.org/10.1080/03019233.2022.2124816.

[29]	 Zhang H., Cui W.F., Wang J.J. & Liu C.M. (2011). Effect of Ce 
addition on hot ductility of 00Cr17 high-purity ferrite stain-
less steel. Transaction of Materials and Heat Treatment, 32(1), 
61–66.

[30]	 Ren Q. & Zhang L.F. (2020). Effect of cerium content on inclu-
sions in an ultra-low-carbon aluminum-killed steel. Metallur-
gical and Materials Transactions B, 51, 589–600. DOI: https://
doi.org/10.1007/s11663-020-01779-y.

[31]	 Li Y., Sun M., Jiang Z.H., Chen C.Y., Chen K., Huang X.F., Sun S. 
& Li H.B. (2019). Inclusion modification in C104Cr saw wire 
steel with different cerium content. Metals, 9(1), 54. DOI: 
https://doi.org/10.3390/met9010054.

[32]	 Heo Y.U., Lee S.Y., Cho J.W. & Heo N.H. (2016). Effects of Ce and 
P addition on as-cast structure and formation mechanism of 
cerium compounds in Ce-added TWIP steels. Materials Char-
acterization, 120, 234–243. DOI: https://doi.org/10.1016/ 
j.matchar.2016.09.007.

[33]	 Dai Y., Miao H., Peng J., Wang B., Dong H., Liu Y., Man T. & 
Wei X. (2026). Refinement mechanism of cerium addition on 
carbides in low‑oxygen high‑speed steel. Journal of Materials 
Science & Technology, 254, 180–195 DOI: https://doi.org/ 
10.1016/j.jmst.2025.07.049.

[34]	 Jiang Y., Xu Y., Dai Q., Yu D. Chai S., Chen Y. & Li Y. (2024). Ef-
fect of Ce addition on the nucleation and growth of austenite 
in ultra‑high‑strength steel. Journal of Materials Research and 
Technology, 31, 1744–1753. DOI: https://doi.org/10.1016/ 
j.jmrt.2024.06.179.

https://journals.agh.edu.pl/jcme
https://doi.org/10.3390/ma16145070
https://doi.org/10.3390/ma16145070
https://doi.org/10.3390/ma16145070
https://doi.org/10.1038/s41598-023-34761-0
https://doi.org/10.1038/s41598-023-34761-0
https://doi.org/10.1007/BF03355873
https://doi.org/10.1016/j.scriptamat.2006.01.024
https://doi.org/10.1016/j.scriptamat.2006.01.024
https://doi.org/10.1023/A:1023061814413
https://doi.org/10.1023/A:1023061814413
https://doi.org/10.1038/srep46503
https://doi.org/10.1515/htmp-2017-0094
https://doi.org/10.1515/htmp-2017-0094
https://doi.org/10.1016/j.jmrt.2024.09.087
https://doi.org/10.1016/j.jmrt.2024.09.087
https://doi.org/10.3390/met10121696
https://doi.org/10.3390/met10121696
https://doi.org/10.2355/isijinternational.ISIJINT-2019-094
https://doi.org/10.1016/S1006-706X(10)60198-7
https://doi.org/10.11900/0412.1961.2019.00288
https://doi.org/10.11900/0412.1961.2019.00288
https://doi.org/
https://doi.org/
https://doi.org/10.1557/JMR.1999.0064
https://doi.org/10.1557/JMR.1999.0064
https://doi.org/10.1021/acs.langmuir.4c03491
https://doi.org/10.1007/s11663-024-03005-5
https://doi.org/10.1007/s11663-024-03005-5
https://doi.org/10.3390/ma17225450
https://doi.org/10.1080/03019233.2022.2124816
https://doi.org/10.1007/s11663-020-01779-y
https://doi.org/10.1007/s11663-020-01779-y
https://doi.org/10.3390/met9010054
https://doi.org/10.1016/j.matchar.2016.09.007
https://doi.org/10.1016/j.matchar.2016.09.007
https://doi.org/10.1016/j.jmst.2025.07.049
https://doi.org/10.1016/j.jmst.2025.07.049
https://doi.org/10.1016/j.jmrt.2024.06.179
https://doi.org/10.1016/j.jmrt.2024.06.179


D. Kalisz 87

https://journals.agh.edu.pl/jcme

[35]	 Shi C., Zhang X., Yang C., He J., Liu P. & Yang J. (2026). The influ-
ence of cerium on inclusions, microstructure, and mechanical 
properties of industrial BT7000L steel. Metals, 16(6), 646. 
DOI: https://doi.org/10.3390/met16060646.

[36]	 Tuttle R.B. (2019). Study of rare earth additions effect on the 
solidification and properties of 4130 Steel. Journal of Mate-

rials Engineering and Performance, 28, 6720–6727. DOI: 
https://doi.org/10.1007/s11665-019-04410-7.

[37]	 Chen H., Li Y., Yang H., Xia L., Li W., Zhang D., Wang Y. & Jiang Z. 
(2025). Research status of occurrence behavior and applica-
tion of Ce in steel. Steel Research International, 97(1), 49–71. 
DOI: https://doi.org/10.1002/srin.202500341.

https://journals.agh.edu.pl/jcme
https://doi.org/10.3390/met16060646
https://doi.org/10.1007/s11665-019-04410-7
https://doi.org/10.1007/s11665-019-04410-7
https://doi.org/10.1002/srin.202500341?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle

