
DEFORMATION BEHAVIOR OF TYPICAL INCLUSIONS IN GCr15 DURING 
HOT ROLLING PROCESS 

Y.-H. Jiang a, Q.-Q. Mou b, X.-D.Deng a, R.A. Muvunyi a, J.-L. Li a, c, * 

a Hubei Provincial Key Laboratory for New Processes of Ironmaking and Steelmaking, Wuhan University of 
Science and Technology, Wuhan, China 

b CNCEC-EEC Dajiang Environmental Protection Technology Co., LTD., Huangshi, Hubei, China 
c Key Laboratory for Ferrous Metallurgy and Resources Utilization of Ministry of Education, Wuhan 

University of Science and Technology, Wuhan, China 

(Received 05 September 2024; Accepted 10 December 2024)
Abstract  

Non-metallic inclusions have a considerable influence on the lifespan of bearing steel. Studying the deformation behavior 
of these inclusions during the rolling process is crucial for controlling their shape and size in production. This study focuses 
on GCr15 bearing steel, a representative grade of bearing steel, and utilizes ABAQUS finite element software to simulate 
the deformation of Al2O3 inclusions, MnS inclusions, and Al2O3-MnS composite inclusions after hot rolling of GCr15 steel. 
The findings indicate that when the size of the inclusions is within 10 µm, their type and shape have a greater influence 
than variations in size. Among them, Al2O3-MnS composite inclusions damage the steel matrix the least. The stress 
concentration of Al2O3 inclusions will occur on the MnS cladding layer, which can slow down the occurrence of cracks. In 
additionally, the aspect ratio of MnS inclusions decreases after rolling, which reduces their influence on the anisotropy of 
the steel matrix. At the same time, composite inclusions can harmonize the deformation capabilities of the inclusions and 
the steel matrix, minimizing the likelihood of void formation. Consequently, in the smelting process, it is beneficial to modify 
inclusions into regular circular shapes and form composite Al2O3-MnS inclusions to mitigate their detrimental effects on 
the steel matrix. 
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Introduction1.

With the industrialization of various societal 
sectors, the use of bearing steel has become 
increasingly widespread. This type of steel is 
commonly utilized in high-end equipment fields such 
as aerospace, transportation, mining machinery, and 
marine engineering due to its ability to withstand 
harsh working environments. Consequently, it 
demands high fatigue strength and impact toughness 
in high-speed and heavy-load conditions [1-3]. The 
performance of bearing steel is contingent upon its 
material composition, forging or rolling processes, 
and heat treatment methods. In light of environmental 
protection and energy conservation imperatives, there 
is a pressing need to enhance the quality of bearing 
steel to sustain higher loads without enlarging its size 
or weight. Inclusion in bearing steel is one of the main 
factors affecting its life. Therefore, it is very important 
to study the deformation behavior of inclusions in 
steel to clarify the harm of inclusions [4, 5]. 

The presence of inclusions in steel can lead to 
stress concentration when subjected to alternating 
loads, thereby disrupting the continuity of the steel 
matrix [6, 7]. Different types of inclusions possess 
varying degrees of hardness, brittleness, and thermal 
expansion coefficients, which means that the severity 
of defects they induce also varies. Brittle inclusions, 
such as Al2O3 and TiN, are particularly prone to 
causing stress concentrations during processing, which 
may result in cracks forming within the steel matrix [8-
11]. The influence of the plastic inclusion MnS on the 
fatigue properties of bearing steel is a subject of 
debate. Some scholars believe that the fatigue of steel 
is mainly related to the size of inclusions. MnS will 
promote the nucleation of voids during deformation, 
which can easily lead to quasi-cleavage fracture and 
failure of materials [12, 13]. Other research, however, 
assumes that plastic inclusions encapsulate brittle 
inclusions, and can thus alleviate the stress around 
them. This mechanism allows for a more harmonious 
deformation between the inclusions and the matrix, 
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ultimately reducing the damaging effects associated 
with brittle inclusions [13, 14]. 

Currently, research on the deformation of 
inclusions during the rolling process primarily relies 
on field data and finite element simulations, with 
experimental studies playing a supplementary role. 
Compared to experimental studies, finite element 
simulations are more cost-effective and time-efficient, 
allowing for a more intuitive observation of the entire 
inclusion deformation process. Matsuika [15] selected 
Al2O3 and MnS as representative inclusions in a steel 
matrix and utilized DEFORM-2D to simulate a 
uniaxial compression experiment. The relationship 
between the flow stress ratio of inclusions to the steel 
matrix and the aspect ratio of inclusions post-
compression was examined by comparing the results 
with those from the uniaxial compression experiment. 
Gupta [16] employed ANSYS-2D software to 
simulate the stress and strain experienced by 
inclusions of varying hardness during hot rolling at 
temperatures ranging from 800 °C to 1400 °C, 
utilizing both macro and micro models. The findings 
indicated that inclusions with higher hardness are 
more prone to generating voids at the interface 
between the steel matrix and the inclusions. Wang 
[17] chose MnO, Al2O3, and SiO2 composite 
inclusions and used ABAQUS-3D software to 
simulate the deformation of these composite 
inclusions under different temperatures, reductions, 
and steel grades, unveiling the mechanism behind 
void formation between inclusions and the steel 
matrix. Zhang [18] applied ANSYS, selecting Al2O3 
and MnS as typical inclusions in the steel matrix, and 
employed a thickness reduction transfer method to 
simulate crack propagation around the inclusions. Ge 
[19] utilized ABAQUS-2D to simulate the formation 
of voids around Al2O3 inclusions during CSP hot 
rolling through a ‘deformation accumulation’ 
approach. Guo [20] used ABAQUS-2D to simulate 
the deformation of Al2O3, MnS, AlN, and TiN 
inclusions, as well as AlN-MnS and Al2O3-AlN 
composite inclusions during compression. The study 
revealed that inclusions with lesser deformation 
capabilities generate greater stress within the steel 
matrix. In the above rolling simulation, the size of the 
inclusions ranges from 50 to 1000 μm. However, in 
actual production, the inclusions are smaller and have 
a larger size ratio relative to the matrix. Most studies 
focus on the rolling deformation of single inclusions, 
with few investigations into composite inclusions. 

In this study, a rudimentary rolling model was 
constructed using ABAQUS-2D. Al2O3 and MnS 
inclusions, as well as Al2O3-MnS composite 
inclusions with varying hardness, were selected as 
typical inclusions in the steel matrix. The deformation 

of these inclusions, ranging in size from 2 to 20 μm 
and differing in shape and hardness, during the hot 
rolling of steel was simulated. The impact of these 
inclusions on the steel matrix was evaluated by 
analyzing the stress and strain exerted on both the 
inclusions and the steel matrix. 

 
Establishment of the model 2.

Mathematical model 2.1.
 
During the rolling process, the deformation of the 

rolled piece undergoes an uneven deformation 
process. Concurrently, various regions of the rolled 
piece may experience plastic deformation, an elastic 
state, or a transitional stage from an elastic state to 
plastic deformation. In such cases, the Prandtl-Reuss 
theory of plastic flow separates the strain rate into 
elastic and inelastic components [21, 22]: 

 
(1) 

 
where         is total strain increment;          is elastic 

strain increment;     is increment of plastic strain. 
According to the generalized Hooke ‘s law, the elastic 
strain increment is: 

 
(2) 

 
where         is elastic strain increment;        is mean 

stress; E is elastic modulus;      is Poisson’s ratio; Sii is 
deviator stress tensor; According to the Levi-Mises 
increment theory, the plastic strain increment is: 

 
(3) 

 
where       is increment of plastic strain; Sii is 

deviator stress tensor; α is the scaling factor, α = 1 is 
the plastic state, α = 0 is the elastic state. The 
constitutive equation of elastic-plastic material can be 
obtained by combining Eq. (1), Eq. (2) and Eq. (3): 

 
(4) 

 
In the hot working process of metals, the 

deformation resistance is related to temperature, strain 
and strain rate [19]. Pan [24] carried out the hot 
compression test of GCr15 bearing steel on the Gleeb-
3500 thermal simulation machine, and obtained the 
flow stress constitutive equation of GCr15 bearing 
steel at high temperature: 

 
 

(5) 
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where σ is high temperature flow stress; α is stress 
level constant;     is strain rate; Q is hot deformation 
activation energy; R is gas constant, 8.314 J·mol-1·K-1; 
T is thermodynamic temperature; A, n, is temperature-
dependent material constants. 

 
Geometric model of inclusions 2.2.

 
According to the results of references [30-32], the 

inclusions in GCr15 steel primarily exist as Al2O3, 
MnS, and Al2O3-MnS composite inclusions. 
Considering the typical morphology of these 
inclusions, Al2O3 inclusions are represented by square 
and circular shapes, MnS inclusions by circular and 
elliptical shapes with an aspect ratio of 2, and Al2O3-
MnS composite inclusions by circular MnS 
encapsulating circular Al2O3 and square Al2O3 shapes. 
The two-dimensional geometric model of these 
inclusions is illustrated in Fig. 1. 

There are significant size differences in the 
inclusions found in steel materials. In this study, the 
size of these inclusions is considered a variable in our 
simulations. We observed an increase in the side 
length of square Al2O3 inclusions and the diameter of 
circular Al2O3 inclusions, ranging from 2 µm to 10 
µm. Similarly, the diameter of circular MnS 
inclusions and the short axis length of elliptical MnS 
inclusions also expanded from 2 µm to 10 µm. In the 
Al2O3-MnS composite inclusion, the diameter of the 
outer MnS inclusion layer escalated from 5 µm to 10 
µm, while the side length of the inner square Al2O3 

inclusion was 3 µm, and the diameter of the circular 
Al2O3 inclusion was 4 µm. The size of the inner brittle 
inclusion remained constant throughout. This research 
exclusively examined the impact of MnS inclusions 
with varying thicknesses on the outer layer of brittle 
inclusions. 

 
Related physical parameters 2.3.

 
The rolling model parameters of the hot rolling 

process are shown in Table 1. The length of the rolled 
piece is 200 mm, the width is 100 mm, and the 
inclusion position is set at the center of the rolled 
piece. The start rolling temperature of hot rolling is 
1100℃, and the chemical composition of GCr15 steel 
is shown in table 2. According to reference [24],                 
the values of and n are 0.00971, 325270, 325.27, 
3.018×1012 and 4.573, respectively. The flow stress of 
GCr15 steel is calculated by Eq. (5), and the results 
are shown in Table 3. 

The physical parameters of Al2O3 inclusions at 
high temperature are difficult to obtain. In this paper, 
the parameters of high temperature Al2O3 ceramics at 
1100 ℃ are used [19, 25]. The physical parameters of 
MnS inclusions at 1100 ℃ refer to Jin ‘s literature 
[19, 26], and other parameters are shown in Table 4. 

The deformation behavior of inclusions in steel in 
the field experiment, the problem of large difference 
between the size of slab and inclusion will be 
encountered. Controlling the composition of micron-
sized inclusions in advance and incorporating them 

Y.-H. Jiang et al. / J. Min. Metall. Sect. B-Metall. 60 (3) (2024) 381 - 394 383

Figure 1. Two-dimensional model of different inclusions:(a) circular Al2O3;(b) Circular MnS; 
 (c) Circular Al2O3-MnS; (d) Square Al2O3; (e) Elliptic MnS; (f) Circular Al2O3-MnS





into a slab during field experiments presents 
significant challenges. While numerical simulation 
offers a viable solution, it is not without its pitfalls, as 
inclusions are susceptible to mesh distortion during 
the computational process. To address these multi-
scale challenges and mitigate mesh distortion, several 
techniques have been explored, including transitional 
mesh segmentation, thickness reduction transfer, and 
the submodel approach [18, 19, 23]. In this research, 
we opt for the submodel technique. This involves 
extracting specific areas from the global model and 

subsequently implanting spherical inclusions within 
these regions to formulate a matrix submodel that 
encapsulates the inclusions. This strategy facilitates a 
localized refinement of the mesh surrounding the 
inclusion without necessitating an overwhelming 
increase in computational demand. As depicted in Fig. 
3, both the primary model and the submodel utilize 
the CPE4RT grid type. Following the meshing of the 
primary model, the steel matrix comprises a total of 
20,000 elements. Upon refinement of the submodel, 
there are 2,628 elements present, and each 2 µm 
circular inclusion is represented by 96 elements. 

In an effort to streamline the model, certain 
conditions that exert minimal influence on the hot 
rolling process are idealized. Furthermore, the 
following assumptions are introduced for the 
developed model: 

(1) The roll in the model is rigid, while the rolled 
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Roll diameter(mm) 150

Rolling speed (mm/sec) 942

Slab length L(mm) 200

Slab width H(mm) 100

Inclusion position (1/2 L, 1/2H)

Inclusion shape Circle, Ellipse, Square

Rolling temperature (℃) 1100

Reduction(mm） 10

Degree of reduction (%) 10

Table 1. Rolling parameters

Element Fe C Si Mn Cr
Content 
/wt.% Margin 0.95~1.050.40~0.650.90~1.20 1.35~1.65

Element P S Cu Ni Cu+Ni
Content 
/wt.% ≤0.027 ≤0.020 ≤0.25 ≤0.30 ≤0.50

Table 2. Chemical composition of GCr15 bearing steel

Temperature (℃) 950 1000 1050 1100

Flow stress (MPa)

GCr15 150.3 125.7 104.6 86.9

Al2O3 300 250 200 160

MnS 50 45 38 28

Table 3. Flow stress (ε = 1 s-1)

GCr15 Al2O3 MnS

Density /g·cm-3 7.810 3.95 4.057

Young's modulus /MPa 1.96×1011 3×1011 1.38×1011

Poisson ratio 0.3 0.3 0.3

Table 4. Physical parameters

Figure 2. Two-dimensional schematic diagram of inclusions



piece and its inclusions consist of elastic-plastic 
materials; 

(2) The properties of the rolled piece and its 
inclusions exhibit isotropy; 

(3) Cohesion between the rolled piece and the 
inclusion is not accounted for; 

(4) The friction coefficient between the roll and 
the rolled piece remains constant at 0.3, and the rolled 
piece and the inclusion are perfectly integrated, 
disregarding friction between the steel matrix and the 
inclusion; 

(5) The temperature of the rolled piece is 
maintained throughout the rolling process, ensuring 
uniform temperature across all positions of the rolled 
piece; 

(6) No residual stress is present at the inclusion, 
and the propensity for cavity formation and 
cracking is assessed through stress field analysis 
and strain differences, without delving into fracture 
mechanics. 

 
Results 3.

Effect of MnS inclusions on steel matrix 3.1.
 
The plasticity of MnS inclusions varies under 

different temperature conditions. In this study, a hot 
rolling temperature of 1100 °C was chosen, as it 
results in the highest relative plasticity of MnS 
inclusions [27, 28]. This increased plasticity allows 
for a more pronounced difference between MnS and 
Al2O3 inclusions, enabling better observation of the 
changes in various plastic inclusions within the steel 
matrix. As illustrated in Fig. 4, whether the inclusion 
is a regular circle or an elliptical MnS inclusion with 
a length-width ratio of 2, the maximum strain shifts 
from the positive center of the inclusion to the BDFH 

of the inclusion. However, the strain at both the center 
and the BDFH of the inclusion gradually decreases. 
This phenomenon can be attributed to the diminishing 
influence of longitudinal and transverse stresses of the 
same size on the inclusion’s strain as its size increases. 
From the results, it is evident that smaller MnS 
inclusions are more likely to deform into slender strip 
MnS inclusions during rolling. 

 
Effect of Al2O3 inclusions on steel matrix 3.2.

 
The variation in size of idealized circular Al2O3 

inclusions influences stress distribution. As illustrated 
in Fig. 5, the stress at point AE for these circular 
inclusions diminishes with increasing size, whereas 
the peak stress consistently occurs at BDFH. In 
contrast, the stress distribution for square Al2O3 
inclusions remains unaffected by size changes. The 
peak stress values for both square and circular Al2O3 
inclusions are observed at BDFH, but the magnitude 
for square inclusions exceeds that of circular ones. 
Notably, as the size increases, there is minimal 
alteration in the peak stress for either type of 
inclusion. The peak stress for circular Al2O3 
inclusions consistently approximates 160 MPa, while 
for square Al2O3 inclusions, it consistently 
approximates 450 MPa. This suggests that, relative to 
size, the shape of the inclusion exerts a more 
pronounced impact on stress, with the size effect 
primarily influencing the area subjected to peak 
stress. 

Fig. 6 illustrates the strain on the steel matrix 
surrounding Al2O3 inclusions. Circular Al2O3 
inclusions remain undeformed post-rolling, whereas 
square Al2O3 inclusions exhibit minor deformation at 
their four corners. The strain distribution around 
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Figure 3. Submodel method: (a) Rolling model; (b) Splitting the grid; (c) Inclusions; (d) Submodel



various shapes of Al2O3 inclusions remains 
consistent, irrespective of size. The strain and stress 
are concentrated at the four corners of the square 
Al2O3 inclusions. The peak stress for square Al2O3 
inclusions coincides with the location of strain, while 
circular Al2O3 inclusions, being more uniform, 
experience less stress and no deformation. Observing 
the strain around the Al2O3 inclusions, it can be seen 
that the strain distribution of Al2O3 inclusions with 
different shapes is the same after rolling. The 
maximum strain around the inclusion is at ACEG, 
and the strain near the inclusion is 0. Therefore, 
between the inclusions and the steel matrix, the 
ACEG is the place with the largest strain difference. 
Due to the generation of strain difference, the steel 
matrix and the inclusions will have a force that 
separates the two due to deformation, and the larger 
the strain difference, the greater the force generated. 
When the force generated is greater than the bonding 
force between the inclusions and the steel matrix, the 
two will be separated to produce voids. This 
phenomenon will subsequently evolve into cracks, 
which is extremely harmful to the performance of 
steel. After calculation, the strain difference 
generated at A is the largest, because the AE is along 
the rolling direction, and the lateral deformation will 
be greater than the longitudinal deformation. Due to 
the inertia generated by the movement of the rolled 
piece during the rolling process, the inclusions will 
move slightly backward, which also leads to the 
phenomenon that the strain at A is slightly larger than 

that at E. All in all, the probability of voids at A is 
greater. 

 
Effect of Al2O3-MnS composite inclusions 3.3.

on steel matrix 
 
For Al2O3-MnS composite inclusions, the diameter 

of MnS inclusions was set to gradually increase from 
5μm to 10μm, and spherical Al2O3 inclusions with a 
diameter of 4μm and square Al2O3 inclusions with a 
side length of 3μm were embedded in them, 
respectively. The difference in size between the two is 
to control the volume gap between the two and reduce 
the error. As depicted in Fig.  7, the MnS inclusion 
layer does not alter the stress distribution of the 
intermediate Al2O3 inclusion, and the maximum stress 
distribution of the Al2O3 inclusion remains at BDFH. 
However, the stress of Al2O3 inclusions with different 
shapes diminishes as the thickness of the MnS 
inclusion coating layer increases, thereby reducing the 
likelihood of stress concentration and crack initiation 
in Al2O3 inclusions. Concurrently, since the maximum 
stress of the square Al2O3 inclusion is at the MnS 
inclusion, this facilitates the transfer of crack 
initiation from the steel matrix to the inclusion, which 
is advantageous for the steel matrix. 

As illustrated in Fig. 8, the application of a MnS 
inclusion coating results in a diminished strain within 
the steel matrix, as well as a reduced strain difference 
between the inclusion and the matrix. This 
observation confirms that MnS inclusions can 
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Figure 4. Strain distribution of circular and elliptical MnS inclusions with different sizes 
Diameter of round MnS: (a) 2 µm; (c) 6 µm; (e) 10 µm;  

Elliptical MnS minor axis length: (b) 2 µm; (d) 6 µm; (f)10 µm



effectively mediate the deformation between 
inclusions and the steel matrix, thereby mitigating 
crack formation induced by voids surrounding the 
inclusions. Notably, the deformation capacity of MnS 
inclusions is curtailed, and their deformation remains 
subdued compared to isolated MnS inclusions of 
equivalent size following rolling. Such an effect 
diminishes the impact of MnS inclusions on the steel 
matrix’s anisotropy. 

As illustrated in Fig.  9, a comparative analysis of 
the stress distribution for Al2O3 inclusions, MnS 
inclusions, and Al2O3-MnS composite inclusions of 
identical size but varying shapes within the steel 
matrix reveals that the stress distribution patterns and 
maximum stress values for identical inclusions are 
similar. The difference between different kinds of 
inclusions is that the matrix with MnS inclusions is 
less stressed where the strain is small. Although the 
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Figure 5. The stress distribution of Al2O3 inclusions with different sizes and shapes:  
Circular diameter: (a) 2 µm; (b) 6 µm; (c) 10 µm; Square side length: (d) 2 µm; (e) 6 µm; (f) 10 µm

Figure 6. Strain distribution of Al2O3 inclusions with different sizes:  
Circular diameter: (a) 2 µm; (b) 6 µm; (c) 10 µm; Square side length: (d) 2 µm; (e) 6 µm; (f) 10 µm



degree of stress reduction is obvious, the area where 
the stress can be reduced is small. In general, it has 
little effect on the rolled piece. These findings indicate 
that while inclusions influence the stress magnitude 
and distribution in the steel matrix, the impact of 
different inclusion types and shapes is relatively 
consistent. 

Discussion 4.
 
As demonstrated in Fig. 10, a statistical analysis 

was conducted on the length-width ratios of circular 
and elliptical MnS inclusions of varying sizes after 
rolling. It is evident that the length-width ratio of 
elliptical MnS inclusions diminishes as their size 
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Figure 7. Stress distribution of Al2O3-MnS inclusions with different sizes and shapes 
Composite inclusion size: round Al2O3: (a) 6 µm; (b) 8 µm; (c) 10 µm; 

 Square Al2O3: (d) 6 µm; (e) 8 µm; (f) 10 µm

Figure 8. Strain distribution of Al2O3-MnS composite inclusions with different sizes 
Composite inclusion size: round Al2O3:  

(a) 6 µm; (b) 8 µm; (c) 10 µm; Square Al2O3: (d) 6 µm; (e) 8 µm; (f) 10 µm



increases, surpassing that of standard circular MnS 
inclusions. Smaller elliptical MnS inclusions are more 
susceptible to deformation, resulting in a larger aspect 
ratio post-rolling. This increased aspect ratio can 
potentially lead to disparities in the horizontal and 
vertical performance of steel, thereby adversely 
affecting its properties. 

Fig. 11 displays the maximum stress statistics for 
circular and square Al2O3 inclusions of varying sizes. 
For circular Al2O3 inclusions, an increase in size 
corresponds to a rise in maximum stress, albeit the 
change is subtle. Conversely, the maximum stress 
experienced by square Al2O3 inclusions remains 
largely unchanged with increasing size. This stability 
can be attributed to the stress concentration primarily 
occurring at the tips of the square inclusions, 
unaffected by size variations. In manufacturing 
processes, mitigating the presence of square or 
sharply shaped inclusions within Al2O3 can effectively 
reduce stress concentration phenomena. 

As shown in Fig.6, after the rolling of Al2O3 
inclusions with different shapes, the strain distribution 
of the steel matrix is similar. The strain between the 
steel matrix and the inclusions is different, and the 
strain of the steel matrix is greater than the strain of 
the inclusions. The strain difference will separate the 
inclusions from the steel matrix. The larger the strain 
difference, the greater the force generated, and the 
easier it is to produce voids [29]. As illustrated in Fig. 
12, an increase in size corresponds with a gradual rise 
in strain difference. Notably, circular Al2O3 inclusions 

exhibit a larger strain difference compared to square 
Al2O3 inclusions of equivalent size. Consequently, 
larger circular Al2O3 inclusions are more susceptible 
to void formation. This suggests that larger square 
Al2O3 inclusions pose a greater threat to the steel 
matrix integrity. To mitigate this risk, it is crucial to 
reduce their size and modify their shape to circular 
during the smelting process. 

The stress of Al2O3-MnS composite inclusions of 
varying sizes was analyzed to derive Fig.  13. The 
results indicated that the peak stress of circular Al2O3 
inclusions diminished progressively as the thickness 
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Figure 9. The stress distribution of different kinds of 6 µm inclusions: 
 (a)circular Al2O3; (b) Square Al2O3; (c) Circular MnS; (d) Elliptic MnS; 

 (e) Circular Al2O3 in circular Al2O3-MnS; (f) Square Al2O3 in circular Al2O3-MnS

Figure 10. Aspect ratio of MnS inclusions with different 
sizes and shapes after rolling



of the MnS coating layer increased. In contrast, the 
stress in square Al2O3 inclusions remained unaffected 
by the MnS coating layer, consistently measuring 
approximately 450 MPa. For standard circular Al2O3 
inclusions, the MnS coating effectively mitigated the 
stress concentration induced by differing hardness 
values. However, for Al2O3 inclusions with tips, the 
MnS coating merely shifted the location of stress 
concentration without reducing its magnitude. 

The length-width ratio of Al2O3-MnS composite 
inclusions post-rolling is statistically depicted in Fig. 
14. It illustrates that as the size of these inclusions 
increases, there is a corresponding increase in their 
length-width ratio. However, this ratio remains 
significantly smaller than that of a singular MnS 
inclusion after rolling. When compared to single 
plastic inclusions of equivalent size, composite 
inclusions exert a lesser influence on the steel matrix’s 
anisotropy. Circular Al2O3 inclusions are more 
effective in inhibiting the deformation capability of 
MnS inclusions than their square counterparts. 
Consequently, even with a thin MnS coating, the 
stress on Al2O3 inclusions remains significant due to 
the excessive deformation of MnS inclusions. 
Conversely, when the MnS cladding layer is thick, the 
aspect ratio of the composite inclusions post-rolling is 
elevated, which can impact the steel matrix’s 
anisotropy. This phenomenon is opposite to the 
change of single MnS inclusion with size. Although 
the deformation of both inclusions is mainly MnS 
inclusions during rolling, there are Al2O3 inclusions in 
the composite inclusions to hinder the deformation of 
MnS inclusions. Observing a single MnS inclusion, it 
can be found that the maximum strain of the MnS 
inclusion is at the core during large deformation, but 
the core of the composite inclusion is an undeformed 

Al2O3 inclusion, which will make the deformation of 
the MnS inclusion shift from the core to the area 
around the core, and the aspect ratio of the inclusion 
after rolling becomes larger. However, as the size of 
MnS inclusions increases, the influence of Al2O3 
inclusions will gradually decrease. The aspect ratio of 
composite inclusions reaches the maximum at 9 μm, 
and then gradually returns to the deformation law of 
single MnS inclusions. With the increase of inclusion 
size, the aspect ratio after rolling decreases gradually. 

Upon analyzing the maximum stress on the steel 
matrix, the results are depicted in Fig. 15. 
Observations from the figure indicate that the 
morphology and dimensions of the inclusions exert 
minimal influence on the peak stress experienced by 
the steel matrix. The peak stress observed around the 
six distinct inclusions ranges between 100-120 MPa. 
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Figure 11. Maximum stress of Al2O3 inclusions with 
different sizes and shapes 

Figure 12. Strain difference at different positions of Al2O3 
inclusions with different sizes and shapes

Figure 13. Maximum stress of Al2O3-MnS composite 
inclusions with different sizes after rolling



Notably, the form of the inclusions predominantly 
impacts the stress distribution across the steel matrix. 
Among the evaluated inclusions, those composed of 
Al2O3 present the most critical stress distribution, 
characterized by the largest area of peak stress. 
Furthermore, the stress concentration surrounding the 
square Al2O3 inclusions is particularly pronounced, 
posing a heightened risk to the integrity of the steel 
matrix. 

Currently, most studies on the size change of 
inclusions in steel are primarily related to rare earth 
elements. Rare earth treatment modifies these 
inclusions, making them rounder and promoting the 
formation of composite Al2O3-MnS inclusions, where 
MnS tends to wrap around Al2O3. Research indicates 
that as the size of these composite inclusions 
increases, their aspect ratio decreases after rolling 

[33]. Luo [34] found that the impact performance of 
steel plates treated with rare earth improves post-
rolling. This improvement is attributed to the reduced 
stress concentration in Al2O3-MnS composite 
inclusions compared to single Al2O3 inclusions, and a 
smaller aspect ratio compared to single MnS 
inclusions, resulting in lower probabilities of crack 
formation and reduced anisotropic effects. According 
to Wang’s theory [35], rare earth treatment decreases 
the size of Al2O3 inclusions and transforms their 
shapes from elongated strips and sharp corners to 
more spherical forms, which can effectively enhance 
the performance of the rolled material. In summary, 
these experimental findings align well with the 
simulation results presented in this paper. 

 
Conclusion 5.

 
ABAQUS software was used to simulate the 

deformation of MnS inclusions, Al2O3 inclusions and 
Al2O3-MnS composite inclusions of different sizes at 
the same reduction using the submodel method. The 
effects of different sizes and different types of 
inclusions in GCr15 steel after rolling were 
investigated and the harmfulness of the inclusions was 
evaluated: 

(1) When the size of the inclusions is 2-10 µm, the 
stress distribution on the inclusion and the stress 
distribution and magnitude of the steel matrix around 
the inclusion change little with the change of the size 
of the three inclusions. At this point, the size of the 
inclusion has little effect on the inclusion in the steel 
matrix. 

(2) When the size of the inclusions is less than 10 
µm, the more regular the shape of the Al2O3 and MnS 
inclusions and the closer they are to the circle, the 
smaller the influence of the inclusions on the steel 
matrix. The square Al2O3 inclusions cause greater 
strain and are more prone to cracking. The aspect ratio 
of the elliptical MnS inclusions changes more after 
rolling, which tends to affect the anisotropy of the 
steel. 

(3) The effect of Al2O3-MnS composite inclusions 
on the properties of steel is less than that of single 
Al2O3 and MnS inclusions. The composite inclusions 
can not only eliminate the stress concentration of 
Al2O3 inclusions, but also reduce the realizability of 
MnS inclusions. At the same time, they can also 
coordinate the strain difference between the 
inclusions and the steel matrix, so that the gap 
between the two is not easily created. 
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Y.-H. Jiang a, Q.-Q. Mou b, X.-D.Deng a, R.A. Muvunyi a, J.-L. Li a, c, * 

 
a Glavna laboratorija provincije Hubej za nove procese proizvodnje gvožđa i čelika, Univerzitet za nauku i 

tehnologiju u Vuhanu, Vuhan, Kina 
b CNCEC-EEC Dajiang Environmental Protection Technology Co., LTD., Huangši, Hubej, Kina 

c Glavna laboratorija za metalurgiju gvožđa i iskorišćenje resursa Ministarstva obrazovanja, Univerzitet za 
nauku i tehnologiju u Vuhanu, Vuhan, Kina

Apstrakt  
 
Nemetalni uključci imaju značajan uticaj na vek trajanja čelika koji se koristi za ležajeve. Proučavanje deformacionog 
ponašanja ovih uključaka tokom procesa valjanja od suštinskog je značaja za kontrolu njihovog oblika i veličine u 
proizvodnji. Ova studija fokusira se na GCr15 čelik za ležajeve, koji predstavlja tipičnu klasu čelika koja se koristi za ovu 
namenu, kao i ABAQUS softver za metodu konačnih elemenata kako bi se simulirala deformaciju Al2O3 uključaka, MnS 
uključaka i kompozitnih Al2O3-MnS uključaka nakon toplog valjanja GCr15 čelika. Rezultati pokazuju da, kada veličina 
uključaka iznosi do 10 µm, njihova vrsta i oblik imaju veći uticaj od varijacija u veličini. Među njima, kompozitni Al2O3-
MnS uključci najmanje oštećuju čeličnu matricu. Kod Al2O3 uključaka dolazi do koncentracije napona na MnS sloju obloge, 
što može usporiti pojavu pukotina. Takođe, odnos dimenzija MnS uključaka smanjuje se nakon valjanja, čime se smanjuje 
njihov uticaj na anizotropiju čelične matrice. Istovremeno, kompozitni uključci mogu uskladiti deformacione sposobnosti 
uključaka i čelične matrice, čime se mogućnost formiranja praznina svodi na minimum. Shodno tome, u procesu topljenja 
korisno je modifikovati uključke u pravilne kružne oblike i formirati kompozitne Al2O3-MnS  uključke kako bi se ublažili 
njihovi štetni efekti na čeličnu matricu. 
 
Ključne reči: Toplo valjanje; Kompleksni uključci; Koncentracija napona; Razlika u deformaciji; Simulacija metodom 
konačnih elemenata


	1.  Introduction
	2.  Establishment of the model
	2.1.  Mathematical model
	2.2.  Geometric model of inclusions
	2.3.  Related physical parameters

	3.  Results
	3.1.  Effect of MnS inclusions on steel matrix
	3.2.  Effect of Al2O3 inclusions on steel matrix
	3.3.  Effect of Al2O3-MnS composite inclusions on steel matrix

	4.  Discussion
	5.  Conclusion
	Acknowledgments
	Author contribution statement
	Conflicts of interest
	Data availability statement
	Funding
	References

