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Abstract: A novel method for testing stress–strain curves of non-metallic materials was presented. The high temperature 
stress–strain curves of MnS were preliminarily obtained and corrected to account for the influence of friction. Using the finite 
element method, the influence of deformation parameters on the deformation evolution of MnS inclusions was investigated based on 
the experimental reference data. The corresponding physical experiment was designed for comparative analysis. The results indicate 
that the experimental high-temperature deformation data of MnS are highly reliable. In the process of matrix deformation, the shapes 
of MnS inclusions change from spherical to ellipsoidal and even to lamellar. There are some differences in the morphological 
deformation of MnS inclusions located at different positions. With the increase in the initial size of MnS inclusions, the risk of failing 
the inclusion-flaw inspection increases and the forging quality further deteriorates. 
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1 Introduction 
 

A non-metallic inclusion, which is one of the 
metallurgical defects found inside large forgings, 
destroys the continuity of metal materials and affects 
their mechanical properties. This increases risks to the 
reliability and security of the service structure [1−3]. 
MnS is a type of non-metallic inclusion found inside 
large forgings, which is difficult to eliminate using 
existing metallurgical technology. MnS has good 
plasticity in forging deformation and exists in the 
forgings as a banded texture, which is the source of 
cracks that induce splitting of the matrix and is the main 
reason for crack propagation. Therefore, in the fields of 
industrial production of large forgings, ATKINSON and 
SHI [4] have aimed to elevate the metallurgy technology 
level of large ingots to reduce the non-metallic inclusion 
content. Moreover, the progress of research in which 
plastic inclusions are broken and dispersed without 
causing inclusion-fracturing porosity defects through the 
forging process has continued. 

For a long time, the research on the deformation 
behavior of inclusion in materials could generally be 

divided into three categories. The first is experimental 
investigations. Representative works are as follows: 
RUDNIK [5], MALKIEWICZ and RUDNIK [6] 
researched the deformation of non-metallic inclusions 
during hot working and found a correlation among this 
deformation, the rolling temperature, and the melting 
temperature of the inclusions. Furthermore, MAUNDER 
and CHARLES [7] investigated the deformation 
behavior during soaking and hot rolling of inclusions in 
specimens taken from the center of a steel ingot (3.5 t). 
Similar studies were conducted by BAKER and 
CHARLES [8]. LOU et al [9] found that the fracture of 
MnS inclusions periodically varied with the 
enhancement of the matrix deformation and that MnS 
inclusions exhibited the highest relative plasticity at a 
rolling temperature of 900 °C. Their investigations 
focused on the determination of the relative plasticity of 
inclusions by measuring their dimensions. The second 
category is theoretical work. The finite difference 
method was used by TUBA [10] in a plane strain 
analysis that considered a cylindrical rigid inclusion in 
an elastic–plastic matrix with linear strain hardening. 
Furthermore, a variational semi-analytical approach was 
presented by GILORMINI and MONTHEILLET [11].  
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The third category is the use of the finite element method 
(FEM). The deformation behavior of inclusions in steel 
during hot rolling has been studied by LOU et al [12,13] 
using FEM, and the influence of the process parameters 
on the morphological evolution of inclusions has been 
also investigated. Similar studies have also been 
conducted by YU et al [14,15]. However, because of the 
physical properties of inclusion without experimental 
data, some assumptions lacking a theoretical or 
experimental basis were applied in the study, which 
involved hot deformation parameters of non-metallic 
inclusions. 

To accurately describe the hot deformation behavior 
of MnS, it is necessary that the basic data for high- 
temperature deformation of MnS are directly measured 
by experiment. Thus, a method to measure the high 
temperature stress–strain curves of MnS was presented 
herein, and hot compression experiments of MnS 
cylinder specimens were conducted on a Gleeble thermo- 
mechanical simulator. High temperature stress–strain 
curves of MnS inclusions were obtained using this 
method and were applied to the FEM simulation for 
MSC Marc software. Next, the influence of the forging 
process parameters on the deformation status of MnS 
inclusions was analyzed. And corresponding physical 
tests were carried out. 
 
2 Experimental 
 
2.1 Compression specimen and experimental equipment 

MnS cylindrical specimens of 10 mm in diameter 
and 15 mm in length were prepared by hot pressing 
sintering using industrial-grade MnS powders as raw 
materials. MnS specimens had a relative density of 
93.93% and an apparent porosity of 4.90%. The phase of 
MnS specimens was a pure phase of α-MnS, which is the 
same as the phase structure of MnS inclusions in    
steel [16]. Cylindrical MnS specimens had high density 
and high strength for powder combination. 

The Gleeble−3500 thermo-mechanical simulator 
was the main experimental equipment. To solve the 
problem caused by the non-conductivity and non- 
weldability of the MnS specimens, the heating and 
pressuring device was specially designed and 
manufactured, as shown in Fig. 1. The device comprised 
a stainless steel tube, a graphite tube, and two sections of 
anvils placed at both ends of the two tubes. The 
specimen was placed centrally in the space, which 
comprised the graphite tube and two anvils, and was 
clamped by the two anvils. The thermocouple to measure 
temperature, which was shown as K1, was welded onto 
the cylindrical surface of the steel anvil. 

 
2.2 Temperature calibration and experimental 

procedure 
To precisely control the deformation temperature of 

MnS specimens, the temperature relationship of the 
heating process between the MnS specimen and the 
experimental anvil (thermocoupled solder joints) was 
demarcated. Two groups of K-type thermocouples were 
welded to the anvil and the specimen at the positions 
indicated in Fig. 1, to measure the temperature changes 
of the anvil and the core section of the specimen, labeled 
as K1 and K2, respectively. The specimen was heated to 
the preset temperature of 1100 °C at a heating rate of 
55 °C/min and held for 10 min. 

Figure 2 shows the experimental results of the 
temperature changes between the specimen and the anvil. 
The temperature control of the experimental equipment 
is good because the curves of the K1 temperature and 
preset temperature are coincident. However, the K2 
temperature is different from the preset temperature. At 
the start of heating, the K1 temperature is higher than the 
K2 temperature, and the difference decreases with 
increasing preset temperature. When the preset 
temperature reaches 707 °C or the heating time equals 
765 s (labeled as t0), the three temperature curves 
intersect. When the preset temperature is in the range of  

 

 
Fig. 1 Heating and pressuring device for MnS specimens 
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Fig. 2 Test results of temperature change between MnS 

specimen and anvil 

 
707−1000 °C, the K1 temperature is lower than the K2 
temperature and the difference increases with increasing 
the preset temperature. The maximum difference is 
approximately 90 °C. After the preset temperature 
reaches 1000 °C, the K1 temperature is still lower than 
the K2 temperature, and the temperature difference 
remains at 90 °C. 

When the preset temperature is in the range of 
707−1000 °C, the K1 and K2 temperatures show a linear 
relationship with the heating time. Equations (1) and (2) 
are obtained through linear regression. The inter- 
section-point temperature of two data curve-fitting 
formulae is 713 °C. Hence, according to these formulae, 
the relationship between the K1 and K2 temperatures 
above 713 °C can be calculated, as shown in Eq. (3). 
 
K1 = 0.918t+4.418 (Correlation coefficient R = 0.9991) 

         (1) 
K2 =1.202t−212.291 (Correlation coefficient R=0.9990) 

         (2) 
K1=0.764K2+166.597 (K1 >713 °C)               (3) 
 

During the hot compression experiment, high 
temperature lubricant was applied and graphite papers 
were placed onto both ends of the specimens to decrease 
friction effects and ensure the uniformity and stability of 
deformation. After the atmosphere of argon was  
provided, MnS specimens were heated by heat 
conduction and heat radiation. The MnS specimens were 
heated to the deformation temperatures of 1150, 1200 
and 1250 °C at a rate of 55 °C/min and held for 5 min. 
They were then subjected to compressive deformation at 
strain rates of 0.01, 0.001 and 0.0001 s−1. The true strain 
was approximately 0.16. After compression, the 
specimens were slowly cooled to room temperature. 
 
2.3 Stress–strain curves of MnS at high temperatures 

Figure 3 shows the stress–strain curves for MnS   

at high temperatures. The data curves have been 
smoothened. During the hot compression process of MnS 
specimens, the stress–strain curves show three stages:  
(1) an initial increase and then decrease, (2) a second 
increase and then decrease, and (3) a tendency to 
stabilize. In the early stage of the deformation process, 
the stress value increases with the increase of the strain. 
When the strain value reaches a certain value, the stress 
value will be reduced. In the middle stage of the 
deformation process, the stress value again increases 
with the increase of the strain; in addition, the rate of 
stress increment first increases and then decreases. After 
the stress value reaches its peak value, it decreases with 
increasing strain. In the late stage of the deformation 
process, the stress tends to maintain steady-state values. 
 

 

Fig. 3 Stress–strain curves of MnS specimens under different 

conditions: (a)  =0.0001 s–1; (b) T=1200 °C 

 
With increasing deformation temperature and 

decreasing strain rate, the stress values of MnS decrease. 
When the stress remains in a steady state and the strain 
rate equals 0.0001 s−1, the stress values are 
approximately 3.24, 2.67, and 1.84 MPa at deformation 
temperatures of 1150, 1200, and 1250 °C, respectively. 
When the deformation temperature equals 1200 °C, the 
stress values are approximately 5.22, 3.51, and 2.67 MPa 
at strain rates of 0.01, 0.001, and 0.0001 s−1, respectively. 
As evident in Fig. 3, the high-temperature deformation of 
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MnS is strongly influenced by both deformation 
temperatures and strain rates. The stress value required 
for MnS material deformation at high temperatures is 
generally less than that of the metal materials for large 
forgings. The value of high temperature tensile stress of 
30Cr1Mo1V steel, which is used to manufacture the 
rotor forging, is approximately 60 MPa [17]. This also 
means that MnS inclusions can deform with the matrix as 
plastic inclusions. 
 
2.4 Correction of stress–strain curves 

It is well known that the interfacial friction between 
the specimen and anvils will affect the symmetrical 
deformation of the specimens [18]. In practice, although 
lubricants and graphite papers were used to reduce the 
friction, the influence of friction between the specimen 
and anvils increases with the increase of the degree of 
deformation, until the interfacial friction becomes 
progressively more evident and leads to more serious 
asymmetry of deformation. Figure 4 shows photos of the 
specimens deformed under different conditions. Because 
of the influence of the interfacial friction, the specimens 
experience a barreling phenomenon. The measured true 
stress cannot accurately reflect the reality of the MnS 
specimen plastic deformation. Therefore, the measured 
flow stress should be corrected by considering the effects 
of interfacial friction. 
 

 

Fig. 4 Morphology photos of MnS specimens deformed  

under different conditions: (a) 1150 °C, 0.001 s–1; (b) 1200 °C, 

0.0001 s–1; (c) 1250 °C, 0.0001 s–1 

 

A simple representation of a solid compression 
experiment is shown in Fig. 5. Here, h is the height of the 
deformed specimen; RM and RT are the maximum radius 
and the top radius of the deformed specimen, 
respectively; and h0 and R0 are the initial height and 
radius of the specimen, respectively. 

Considering the friction factor, the deforming force 
σf derived from the principal stress method is shown as 
follows [19]: 
 

f
2 2

1
3 3

F

m R
R

h


        

                       (4) 

 
where F is the instantaneous load during the experiment; 

R and h are instantaneous radius and height of  
specimens, respectively; and m is the friction factor. The 
stress σ and strain ε are calculated by gathering the 
instantaneous load and displacement. They are calculated 
as follows: 
 

2
0 0

Fh

h R



                                  (5) 

 
 0ln /h h                                 (6) 

 
According to Eqs. (4)−(6), the formula corrected for 

the influence of friction on the flow stress in the 
compression process can then be deduced as follows: 
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                    (7) 

 
Based on the upper-bound theory found in the study 

of EBRAHIMI and NAJAFIZADEH [20], an equation to 
calculate the value of m is investigated. Under the 
cylindrical coordinate system, the barreling shape is 
assumed to be a period of arc for a circle. Through the 
description of the velocity field, the friction factor can be 
reversely calculated on the basis of the height and 
diameter of the compressed specimen. Thus, the friction 
factor m can be expressed as follows: 
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where Rave is the average radius of specimens after 
deformation. 
 

 

Fig. 5 Simple representation of solid compression experiment 
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The height, maximum radius and top radius of 
deformed specimens were measured, and the stress– 
strain curves were modified by Eq. (7). The results are 
shown in Fig. 6. It is obvious that the measured flow 
stress is higher than the corrected one. Furthermore, with 
the increase of the deformation  degree, the differences 
between the measured flow stress and the corrected   
one are much larger. When the strain rate is equal to 
0.0001 s−1 and the strain is approximately 0.16, the stress 
differences corresponding to deformation temperatures 
of 1150, 1200, and 1250 °C are 0.16, 0.11, and 0.06 MPa 
and the relative differences are 4.90%, 4.05%, and 3.47%, 
respectively. When the deformation temperature is equal 
to 1200 °C and the strain is approximately 0.16, the 
stress differences corresponding to strain rates of 0.01, 
0.001, and 0.0001 s−1 are 0.41, 0.26, and 0.11 MPa and 
the relative differences are 7.92%, 7.45%, and 4.05%, 
respectively. The effect of the friction is less obvious 
with increasing deformation temperature and decreasing 
strain rate. 
 

 
Fig. 6 Stress–strain curves after correction due to friction under 

different conditions: (a)  =0.0001 s–1; (b) T =1200 °C 

 

3 FEM simulation 
 
3.1 Modeling of FEM 

Finite element method is one of the effective means 
to analyze the plastic deformation of metal [21,22]. The 

upsetting process of a cylinder billet was investigated as 
a case. Considering the billet shape and load distribution, 
the simulation specimen of 1/4 was modeled using MSC 
Marc software. The schematic of the upsetting process 
for the simulation specimen is shown in Fig. 7, where 
x-axis is the radial direction, y-axis is the circumferential 
direction, and z-axis is the axial direction of the billet. 
The simulation specimens were cylindrical specimens 
that were 8 mm in diameter and 12 mm in length; they 
had the same size as the specimens used in subsequent 
physical experiments. The initial diameters of the MnS 
inclusions (D0), which were assumed to be standardly 
spherical, were 10, 20, 30, 40, and 50 μm. Seven MnS 
inclusions were installed in different positions of the 
matrix xz profile, with location coordinates of O(0, 0, 0), 
A((1/3)L0, 0, 0), B((2/3)L0, 0, 0), C(0, 0, (2/5)H0), 
D((1/3)L0, 0, (2/5)H0), E(0, 0, (4/5)H0), and F((2/3)L0, 0, 
(4/5)H0). 
 

 

Fig. 7 Schematic diagram of upsetting process for simulation 

specimen 

 
In the finite element simulation, the body cell  

model [23] was applied to solving the scale gap problem 
between the inclusions and the matrix. The matrix 
material was 304L stainless steel. The inclusions were 
MnS, and the high temperature stress–strain curves that 
are required for a constitutive model are shown in Fig. 6. 
The other material property parameters for the matrix 
and inclusions used in the FEM models are shown in 
Table 1. 
 
Table 1 Material parameters in upsetting process for matrix and 

inclusion 

Material 
Density/ 

(kg·m−3) 

Elastic 

modulus/GPa 

Poisson 

ratio 

Matrix 7850 100 0.28 

Inclusion 3400 60 0.28 
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When the FEM model was established, the contact 
relationship between the matrix and the inclusion was 
said to be “touching”. The shear-friction model was 
applied. The friction coefficients between the matrix and 
inclusions and between the matrix and flat anvil were 
0.15 and 0.5, respectively [24]. The influences of 
deformation temperature of the specimen and velocity of 
the flat-anvil were not considered in this study. For the 
simulation, the deformation temperature was set to be 
1200 °C, and the flat-anvil velocity in the −z direction 
was 0.1 mm/s. The maximum deformation degree was 
60%, so that the billet was pressed to a height of 4.8 mm. 
The upset anvil was modeled as a rigid body. 
 
3.2 Evolution of inclusion morphology 

Figure 8 shows the contour of the MnS inclusion 
located at the core of the matrix at different deformation 
rates, simplified as Dr, when the initial diameter was   
30 μm. The inclusion extended along the radial and 
circumferential directions and the size of the inclusion 
increased with the increase of the matrix deformation 
rate. However, the inclusion was compressed along the 
axial direction, and the thickness of the inclusion was 
reduced. Since the inclusion was located at the core of 
the matrix, the strain states of the x and y directions were 
positive and that of the z direction was negative. The 

contour of the MnS inclusion in the xy profile was still 
circular, and the diameter of inclusion gradually 
increased with the increase of the deformation rate. 
When the deformation rate reached 60%, the radial and 
circumferential lengths changed to 56.9 μm and the axial 
length was reduced to 19.1 μm. The three-dimensional 
shape of the MnS inclusion gradually changed from a 
spherical shape to an ellipsoidal shape, eventually 
reaching a lamellar shape, i.e., a higher deformation rate 
increased the possibility of a flaky inclusion, forming a 
potential crack in the center of forging. 

At a deformation rate of 60%, the contours of MnS 
inclusions for a variety of inclusion positions are shown 
in Fig. 9. In the deformed billet, three deformation zones 
exist due to different deformation degrees, including the 
large deformation zone, the small deformation zone, and 
the difficult deformation zone [25]. When the 
deformation rate is 60%, the shape and size of inclusions 
at positions O, A, C, and D are basically the same and are 
located in the large deformation zone. The axial height of 
inclusion at position B in the small deformation zone 
basically equals that of the inclusions located in the large 
deformation zone. The circumferential length of 
inclusion at position B is longer than the radial length 
because the deformation degree of the circumferential 
direction is greater than that of the radial direction. 

 

 
Fig. 8 MnS inclusion contours in xz (a) and xy (b) profiles for 30 μm inclusion 

 

 
Fig. 9 MnS inclusion contours in xz (a) and xy (b) profiles at different positions 
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Compared with the inclusion shapes in the large 
deformation zone, the axial height of inclusion at 
position E is larger whereas the circumferential and 
radial lengths are smaller in the difficult deformation 
zone. Inclusion at position F is located at the junction of 
the large and difficult deformation zones, where 
movement is parallel to the interface occurred. Thus,  
the shape of inclusion at position F reverses; its 
circumferential length must be less than the radial length 
for the xy profile, which shows that the circumferential 
deformation of the matrix is less than the radial 
deformation. This is in complete contrast to the 
deformation characteristics of the small deformation 
zone. 

To better analyze the influence of inclusion sizes on 
the deformation of inclusions, the scaled profile of 
inclusions was employed based on the relationship of the 
initial diameters of different inclusions. Figure 10 shows 
the contours of MnS inclusion for different sizes of D0 

after deformation. When the deformation rate is 60%, all 
the inclusion contours with different sizes have circular 
xy profiles; however, their proportions are different. The 
inclusions have similar shapes and generally the same 
size when their initial diameters are between 20 and   
40 μm. However, this deformation is significantly less 
when the initial diameter is less than 10 μm. Furthermore, 
the larger the inclusion diameter is, the greater the degree 
of inclusion deformations is. Thus, the contour of an 
inclusion of a diameter of 50 μm is more prolate. 

The equivalent strain distribution of the matrix and 
inclusion in different deformation zones with different 
initial diameters is shown in  Fig. 11. The strain value in 
the high strain zone located at the inclusion heart is 
greater than that of the inclusion surface. This is in 
accordance with the results found in Ref. [26]. 
Equivalent strain concentration areas for the matrix exist 
at the end of the long axis of elliptical inclusion. The 
strain value for the matrix at the end of the short axis of  

 

 
Fig. 10 MnS inclusion contours in xz (a) and xy (b) profiles with different initial diameters 

 

 
Fig. 11 Contours of equivalent strain distribution of matrix and inclusion in different deformation zones with different initial 

diameters in xy profile 
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elliptical inclusion is greater that than for other areas. 
When inclusions at positions O, A, C, D, and E are found 
in the large and difficult deformation zones, the 
equivalent strains of the inclusions and matrix are 
symmetrically distributed for the x and z axes and are 
butterfly shaped. However, the equivalent strain is only 
symmetrically distributed for the x axis when inclusion at 
position B is found in the small deformation zone. In 
addition, the strain value of the inner matrix is greater 
than that of the lateral matrix. The shape of inclusion at 
position F is reversed for an angle of 10°, for which the 
distribution of the equivalent strain changes. The more 
prolate the inclusion shape is, greater the strain 
concentration is. 

The sizes of the inclusions have less influence on 
the distribution of equivalent strain; however, they have 
an important influence on the maximum strain value of 
the matrix and inclusions. Table 2 shows the maximum 
and the minimum strains and strain gradient between the 
inclusions and the matrix for a variety of inclusion sizes. 
When the inclusion diameter is 50 μm, the difference in 
the strain between the inclusion and the matrix reaches 
1.365. Thus, the forging quality deteriorates with 
increasing inclusion sizes. 
 

Table 2 Strain gradient between inclusion and matrix with 

different inclusion sizes 

Inclusion 

size/μm 

Strain of 

matrix 

Strain of  

inclusion 

Strain 

difference 

10 1.263 0.428 0.835 

20 1.844 0.693 1.151 

30 1.886 0.722 1.164 

40 1.900 0.712 1.188 

50 2.089 0.724 1.365 

 

4 Verification of MnS inclusion evolution 
 

Next, 304L stainless steel with no rust and no oil 
was prepared as a base material. Balanced amounts of 
electrolytic manganese and ferrous sulfide were also 
prepared as auxiliary materials. The molar ratio of 
elemental Mn and S was controlled to be 9:1. Using a  
medium frequency vacuum induction melting furnace 
(25 g), all the above mentioned raw materials were 
melted at a high temperature under atmospheric 
conditions. Neither slagging nor the deoxidization 
process was observed [27]. Electromagnetic stirring was 
conducted for 5 min, and then, the liquid steel was cast 
into a cooling crucible and cooled naturally in the 
furnace. In this experiment, the cooling crucible was 
composed of two crucibles of different dimensions. To 
reduce the solidification rate of the liquid steel and thus 
promote the formation of large MnS inclusions, asbestos 

fibers, which performed an insulation role, were placed 
into the space between the two crucibles. 

The distribution of MnS inclusions in the specimens 
prepared from the ingot was observed via scanning 
electron microscopy (SEM), as shown in Fig. 12(a). In 
the specimen, the section morphologies of MnS 
inclusions are circular and the maximum sizes of the 
MnS inclusions are in the range of 15−20 μm. The 
elements in the inclusions were measured with an energy 
dispersive spectrometer (EDS), as shown in Fig. 12(b). 
The main elements found in inclusions were Mn and S, 
with a molar ratio of approximately 1:1. This indicates 
that the inclusions are MnS inclusions. 
 

 
Fig. 12 SEM image (a) and EDS analysis (b) of spot 1 in (a) of 

MnS inclusion in ingot 

 
Cylindrical specimens with a diameter of 8 mm and 

a length of 12 mm were machined from the ingot. The 
specimens were heated to the deformation temperature of 
1200 °C at a heating rate of 10 °C/s on the Gleeble−3500 
thermo-mechanical simulator and held for 3 min. The 
specimens were compressed at a strain rate of 0.001 s–1 
and various deformation rates in the range of 10%−60% 
at intervals of 10%. The specimens were cut 
longitudinally, polished, and observed for the 
deformation of MnS inclusions using an optical 
microscope. 

At the geometric center of the specimen section, 
two axial lengths of the inclusion profile, which are 
found in the region of the diameter of 0.2 mm, were 
measured and recorded. The area of the region is small 
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and the equivalent strain values of the region are 
basically equal, which results in the same conclusion as 
that found in Fig. 11. Thus, it can be asserted that the 
evolution of the MnS inclusion in this region is the same. 
It is assumed that the measured radial length equals the 
circumferential length of the deformed MnS inclusion. 
The volumes of different MnS inclusions deformed were 
calculated. The initial diameters (D0) were also 
calculated because the volumes of the MnS inclusions 
remained constant. 

The cross-sectional shapes of these experiments and 
FEM were compared for MnS inclusions with an initial 
diameter of 10 μm (Table 3). The corresponding sizes for 
FEM and the experiment are listed in Table 4. The 
cross-sectional shapes of MnS inclusions change from 
round to elliptical, finally reaching a zonary shape. As 
the deformation rate increases, the evolution results of 
the MnS inclusions from the numerical simulations are in 
good agreement with the experimental results. In the 
deformation process, cracks do not appear between the 
inclusions and the matrix whose bonding strength is  
high, and uniform deformation occurs. The difference in 

the size values from FEM and experiment for the long 
and short axes are less than 12%. These results indicate 
that the FE simulation results based on the MnS 
high-temperature stress–strain data exhibit high 
reliability. 
 
5 Discussion 
 

As typical plastic inclusions, MnS inclusions have 
good plasticity in deformation processes and can 
extensionally deform along the deformation direction of 
the substrate material and form a banded texture. They 
are not only the crack source that induces matrix splitting 
but also the main reason for failing the inclusion-flaw 
inspection in large forgings. To analyze the evolution of 
MnS inclusions, the lengths of the long and short axes of 
elliptic MnS inclusions are measured and marked as a, b, 
and c for the x, y, and z directions, respectively. 
Considering the morphology evolution characteristics of 
MnS inclusions and the flaw detection standard of large 
forgings, the shape index of inclusion is applied to 
describing the evolution of the MnS inclusions. 

 
Table 3 Cross-sectional shape evolution of MnS inclusions at different deformation rates 

Deformation rate Initial shape 10% 20% 30% 

FEM 

    

Experiment 

    

Deformation rate  40% 50% 60% 

FEM  
 

Experiment  

 

 

Table 4 Comparison of sizes of MnS inclusions for FEM and experiment  

Deformation rate/% 
Size for FEM/μm Size for experiment/μm  Difference/% 

Long axis Short axis Long axis Short axis  Long axis Short axis 

10 11.0 8.4 11.6 7.6  5.6 11.2 

20 12.1 7.1 12.5 6.3  3.6 11.9 

30 13.6 5.6 13.1 5.8  3.4 3.4 

40 15.6 4.4 16.1 3.9  3.4 11.5 

50 17.6 3.5 18.1 3.3  3.0 6.1 

60 18.9 2.9 18.8 3  0.5 3.3 
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The shape indices of an inclusion on the xz and xy 
profiles are defined as ηx and ηy, respectively, as follows: 
ηx=a/c and ηy=b/c. The shape index can be used to 
describe the deformation degree of an inclusion. The 
larger the η value is, the more prolate the inclusion shape 
is. 

Figure 13 shows the influence of the deformation 
rate on the shape index. Since the inclusion is located at 
the geometric center of the matrix, the sizes of a and b 
are equal after deformation and the curves of the 
inclusion shape index are superposed. As shown in   
Fig. 13, the shape indices of inclusions with different 
initial diameters gradually increase and the rate  
increases, which is given by the slope of the curve, 
progressively increases with the increase of the 
deformation rate. This indicates that the greater the 
deformation degree for the upsetting process is and the 
more prolate the inclusion shape is, the greater the risk of 
failing the inclusion-flaw inspection is. The inclusion 
shape index η increases with the increase of the initial 
diameter D0 at a deformation rate of 60%. The influence 
of the initial diameter on the shape index is also shown in 
Fig. 13. These results show that the improvement of the 
metallurgical level and the diminishment of an 
inclusion’s initial diameter can effectively reduce the risk 
of failing the inclusion-flaw inspection. 
 

 
Fig. 13 Influence of deformation rate (Dr) and initial diameter 

(D0) on shape index (ηx, ηy) of MnS inclusions 

 

The values of a and b are not necessarily equal for 
inclusions of different positions. Taking the curve of ηx 
for example, the influence of the inclusion position on 
the shape index is analyzed, as shown in Fig. 14. 

The inclusion shape indices gradually increase for 
different positions with the deformation rate. The 
deformation of the matrix is so inhomogeneous that the 
shape index is larger for the inclusion located in the large 
deformation zone and smaller for the inclusion located in 
the difficult deformation zone. The difference between 

the values for the two zones is small, which is less than 
3%. The inclusion shape indices are smaller for the small 
deformation zone and the transition zone, and different 
shape indices of inclusions for these two zones are larger. 
Furthermore, the positive and negative values of the 
shape index values, whose maximum values are 5.1% 
and 11.52%, respectively, are not equal. At a deformation 
rate of 60%, the value of the shape index is in the range 
of 5.93−6.25 for the inclusion in the large deformation 
zone, whereas the values of difficult deformation zones 
and the other areas are 5.8 and in the range of 4.76−5.05, 
respectively. The deformation degree of the matrix metal 
in the large deformation zone is larger, and it improves 
the inclusion deformation degree and the risk of failing 
the inclusion-flaw inspection. 
 

 
Fig. 14 Influence of inclusion position on shape index (a) and 

its relative difference (b) of MnS inclusions 

 
According to this study, the MnS inclusions are 

synchronously deformed with the steel matrix. The 
bonding state at the inclusion/matrix interface is perfect, 
and the gap between the inclusion and matrix does not 
exist. The contour of the inclusion changes from a circle 
to an ellipse on different profiles (Figs. 8−10). The 
following ellipsoid equation is proposed to describe the 
shape change of the inclusion during the upsetting 
process: 
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where the initial radius of inclusion r0=0.5D0; fi(Dr) is the 
exponential function of the deformation rate Dr as the 
independent variable. The data between the values of a,  
b, and c and the deformation rate Dr are conducive to an 
exponential function. The constant values of Eq. (12) are 
obtained. For example, the initial diameter of the MnS 
inclusion is 30 μm at position O of the matrix, and the 
parameters are as follows: r0=15 μm, mi=0.489, 0.589, 
and 1.299, ni=1.753, 1.555, and −1.332, and si=0.504, 
0.400, and −0.292, respectively. 

In the upsetting process, MnS inclusions in the 
matrix are compressed into the slice layer and the 
deformed area perpendicular to the main deformation 
direction of matrix is greatly increased. This destroys the 
continuity of the ingot metal material. If this type of 
lamellar inclusion is not effectively dispersed, it will 
likely exceed the standard of ultrasonic flaw detection. 
 
6 Conclusions 
 

1) The high-temperature stress–strain curves of 
MnS inclusions were preliminarily obtained through 
physical experiment and modified to consider the friction 
correction. These were then applied to the FEM model. 
The MnS deformation state revealed by FEM simulation 
results was verified through physical experiments. 

2) With an increase in the forging deformation rate, 
MnS inclusions elongated along the radial direction and 
circumferential direction of the billet but compressed 
along the axial direction of the billet. The shape of the 
MnS inclusions changed from spherical to ellipsoidal and 
even to lamellar. The shape index of MnS inclusions 
gradually increased. It is possible that lamellar inclusions 
form as the potential crack source in forging. 

3) The deformed inclusion shapes are different at 
different positions. The strain distribution is also 
different near the inclusion and matrix. In the forming 
process of large forging, it is necessary to actively break 
plastic inclusions in the forging core and disperse them 
by the forging process. It is also necessary to avoid the 
formation of lamellar inclusions. 

4) The inclusion shape index and the non-uniform 
deformation around the inclusions increase with the 
increase of the initial size of inclusions. When the initial 
diameter of a MnS inclusion is equal to 50 μm, the 
equivalent strain difference between the matrix and the 
inclusion reaches 1.365; under these conditions, the 
quality of forging will deteriorate with increasing 
inclusion size. 
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MnS 高温应力−应变曲线及其在有限元分析中的应用 
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摘  要：设计一种非金属材料高温应力−应变曲线测试方法，并对所获得的 MnS 高温应力−应变曲线数据进行摩

擦修正。在此基础上利用有限元分析技术，研究变形参数对 MnS 夹杂物演变的影响，并设计相应物理实验进行

对比分析。结果表明：实验方法获得 MnS 高温变形数据有较高的可靠性。在基体变形过程中，MnS 夹杂物形状

由球状逐渐变为椭球体形、直至圆薄片状，且基体不同位置处夹杂物变形后的形貌不同。随着 MnS 夹杂物初始

尺寸的增加，探伤检测不通过风险增大，锻件质量亦随之变差。 

关键词：夹杂物；MnS；应力−应变曲线；有限元法；形貌 

 (Edited by Wei-ping CHEN) 


