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Abstract: The effect of Nb addition on the composition, morphology, quantity, and size of inclusions
in Fe-Mn-C-Al steel was studied by SEM, EDS, and thermodynamic analysis. The research shows
that the number of inclusions in Fe-Mn-C-Al high manganese steel decreases obviously after adding
0.04% element Nb, and some inclusions in the steel evolve into complex niobium inclusions. When
the niobium content increases to 0.08%, the influence of niobium on inclusions in steel becomes
more obvious. The precipitation temperature of inclusions in Fe-Mn-C-Al steel was analyzed by
thermodynamics. The results show that the nucleation core of the composite inclusions is AlN, and
then NbC and MnS precipitate locally on its surface. With the increase of Nb, the amount and volume
fraction of NbC inclusions precipitated in steel increase.

Keywords: TWIP steel; thermodynamics; inclusion; precipitation behavior

1. Introduction

Twinning Induced Plasticity (TWIP) steels are thin sheet products with very high
strength and ductility that were originally developed for automotive applications. In
common with other fully austenitic structures, TWIP steels show no low temperature
ductile-brittle fracture transformation [1–5]. For Fe-Mn-C-Al steel, the chemical composi-
tion is mainly composed of 15%~18% Mn, 0.3%~0.8% C, and a certain amount of Al [6–10].
The generation of the TWIP effect is closely related to the stacking fault energy of austenite.
At a given deformation temperature, stacking fault energy only depends on chemical com-
position [7,11]. The key to the TWIP effect is to adjust the content of C, Mn, Al, and other
elements to make the stacking fault energy in a proper range. However, the characteristics
of high Mn and high Al content in TWIP steel are easy to generate a large number of AlN,
MnS, and other inclusions in the smelting process, which has a negative impact on the
quality of steel products [12].

Gigacher et al. [13,14] analyzed inclusions in as-cast Fe-(15~25) Mn-3Al-3Si TWIP steel
by SEM and EDS, and they found that the main types (number ratio) of inclusions in TWIP
steel were MnO-Al2O3-AlN (40%), MnO-Al2O3-MnS (10%), MnO-Al2O3-AlN-MnS (30%),
and single-phase AlN (14%). On this basis, Park et al. [15] carried out research on inclusions
in Fe-Mn-Al TWIP steel with different Mn and Al contents, and found that a large number
of separate Al2O3 inclusions, cluster Al(O)N, and some composite inclusions associated
with MnS (Se) and Al were found in the steel. With the increase of Mn content, the
proportion of MnS (Se) inclusions in the steel grew; with the increase of melting time, the
inclusions were aggregated; the proportion of Al(O)N in the block also increased gradually.
Xin et al. [12] carried out the quantitative characterization of inclusions in Fe-16Mn-xAl-
0.6C high manganese TWIP steel with different Al content, and calculated the equilibrium
precipitation temperature of inclusions in steel by Factsage thermodynamic software. It was
found that with the increase of Al content from 0.002% to 2.1%, the evolution phenomenon
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of the main inclusions in TWIP steel was MnO→Al2O3/MnS→MnS→AlN. However, it
was not considered whether the existing thermodynamic parameters were suitable for the
thermodynamic analysis of inclusions in high alloy steel.

Niobium is a typical grain boundary precipitation element that has a strong tendency
to form carbonitrides rather than oxide or sulfide. The high plastic deformation of the
matrix can accelerate the precipitation of Nb (C, N) in the dislocation and inhibit the
recrystallization of austenite grains. Nb (C, N) has low solution stability in TWIP steel. It
can refine recrystallization during solidification, inhibit grain growth, and improve grain
distribution [16]. Kaushik et al. [17] and Mapelli et al. [18] found that the principal inclusion
in high Al steel is AlN, and AlN precipitation is much easier than ordinary Al killed steel.
Kang et al. [19] studied the hot plasticity of TWIP steel and found that AlN precipitated at
the austenite grain boundary, which seriously worsened the as-cast thermoplastic of TWIP
steel. Kang et al. [19] studied the as-cast hot plasticity of Fe-C-Mn-N-Al high manganese
and high aluminum steel. It was discovered that the formation of AlN and MnS inclusions
resulted in poor plasticity of high manganese twinning-induced plasticity steel.

In this study, in addition to the different content of Al, niobium was added to Fe-Mn-
C-Al TWIP steels. The inclusions in four kinds of Fe-Mn-C-Al steels with different contents
of Al and Nb were analyzed by means of SEM, EDS, and metallographic microscope.
The variation of inclusions in twinning-induced plasticity steel after adding niobium was
studied. It is found that the addition of niobium obviously reduced AlN and Al2O3
inclusions in TWIP steel. Therefore, it is necessary to study and analyze systematically the
type, quantity, and distribution of inclusions in Fe-Mn-C-Al TWIP steels with Nb, which is
of great significance to the development of the inclusion control theory of twinning-induced
plasticity steel.

2. Experimental Materials and Methods
2.1. Experimental Materials

Four batches of Fe-Mn-C-Al steels A, B, C, and D were made by using a medium
frequency induction melting furnace. The specific process was as follows: Pure iron bar
(99.90%), electrolytic manganese (99.90%), aluminum (99.994%), and niobium (99.99%)
were used as the main raw materials, and 10 kg melted raw materials were prepared
according to the proportion. In the iron bar, 99.90% was iron, and the other impurity
elements were 0.004% C, 0.013% P, and 0.007% S. In the medium frequency induction
heating furnace, the ingot samples were cast after melting, and the melting process was in
an open-air environment. The casting method and cooling conditions of the four heats of
steel were the same. Steel without aluminum and niobium were added to the sample A
steel, and 1.49% aluminum without niobium was added to the sample B steel. To sample C,
1.50% aluminum and 0.04% niobium were added, whereas in sample D, 1.51% aluminum
and 0.08% niobium were added. Aluminum and niobium were added to both C and D
steels, but the contents of aluminum and niobium were different. The contents of Mn,
Al, and Nb in steel were determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), C and S content was detected by a carbon–sulfur detector, and N
and O content was detected by a nitrogen–oxygen determinator. It is worth noting that
the deoxidizer used in the process of smelting Fe-Mn-C-Al TWIP steels in the laboratory
was aluminum, so the preset A steel without aluminum actually had a certain aluminum
content. The main components are shown in Table 1.

Table 1. Chemical composition of Fe-Mn-Al-C high manganese steel (wt%).

Serial
Number C Mn Al Nb N O S Fe

A 0.71 15.83 0.014 0 0.0019 0.0018 0.0071 Bal.
B 0.65 17.65 1.49 0 0.0023 0.002 0.0076 Bal.
C 0.69 17.16 1.5 0.04 0.0018 0.0017 0.008 Bal.
D 0.61 16.02 1.51 0.08 0.0017 0.0016 0.0073 Bal.
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2.2. Sampling and Characterization of Inclusions

After removing the casting head, the TWIP steel ingot was longitudinally dissected
along the center in consideration of the symmetry of the cylindrical ingot, and then samples
were taken from the longitudinally dissected ingot. The sampling position is shown in
Figure 1. Inclusion analysis was carried out on 15 samples at different heights (ingot
surface, L/3 position, L/2 position, where “L” stands for ingot height), and the samples
were labeled A1~5, B1~5, and C1~5, respectively. In addition, in order to avoid uneven
composition distribution in steel due to macro-segregation, chemical composition analysis
was carried out and the average value was finally taken as the content of each element in
the steel.
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Figure 1. Sampling diagram.

A total of 60 TWIP steel samples with different Nb and Al contents were obtained
by the above sampling scheme. After rough grinding, fine grinding, and polishing, the
morphology and size of the inclusions were observed under a Zeiss-Utra55 field emission
scanning electron microscope, and the composition of the inclusions was determined by
energy dispersive spectrometer (EDS).

3. Experimental Results and Analysis
3.1. Characteristics of Inclusions in High Manganese Twinning Induced Plasticity Steel
3.1.1. The TWIP Steel without Aluminum (the Actual Al Content Was 0.014%) Was Preset

Figure 2 shows the morphology and main components of typical inclusions observed
by SEM for steel A. The average size of the inclusions was 2~5 µm and the morphology
was elliptical. It should be noted that there were matrix elements in the inclusions from the
energy spectrum results, which was due to the small size of the inclusions and the influence
of the scanning range on the Oxford energy spectrometer equipped with a scanning electron
microscope. However, the content of these elements was relatively small, which did not
affect the judgment of the inclusion type.

As shown in Figure 2a, there were MnO inclusions in the oxidation inclusions of steel
A, the shape was elliptical, and the size was about 2 µm. In Figure 2b, the morphology of
the MnS inclusions separated out was elliptical, and the size was between 3~5 µm. The
Al2O3-MnS (Se) inclusions were mainly composed of small-size Al2O3 inclusions. MnS
(Se) inclusions precipitated locally on the surface of the inclusions. The nucleation core
of Al2O3 inclusions was round. The MnS (Se) inclusions were irregular polygons on the
surface, and the size was about 5~6 µm.
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It should be noted that the sulfide in high manganese twinning-induced plasticity
steel is mainly MnS (Se), rather than pure MnS. The reason is that a large amount of
electrolytic manganese is used as raw material to produce a high manganese twinning-
induced plasticity steel ingot, whereas in the industrial production process of electrolytic
manganese, SeO2 is generally used as an electrolytic additive, which can improve the
current efficiency. Se4+ is reduced to Se at the cathode and adsorbed on the cathode, and it
can improve the overvoltage of the hydrogen evolution.

3.1.2. TWIP Steel Containing 1.49% Al

It can be clearly seen in Figure 3 that after adding 1.49% Al to the high manganese
twinning-induced plasticity steel, some AlN inclusions with an angular polygon appeared
in sample B steel, and their size was about 8 µm. Figure 3a shows SEM images of typical
AlN inclusions. Figure 3b,c shows SEM/EDS images of typical AlN-MnS complex non-
metallic inclusions. It can be seen from Figure 3b–c that AlN precipitated first, then
AlN acted as the nucleation core of the complex non-metallic inclusions: MnS (Se) was
wrapped and precipitated on the surface of AlN to form AlN-MnS (Se) complex non-
metallic inclusions. In this kind of inclusion, AlN inclusions, which are heterogeneous
cores, are smaller in size, generally between 0.6µm and 3 µm. In addition, a few clusters of
AlN inclusions were observed under SEM, and the size of AlN inclusions was generally
larger than 8 µm. The existence of Al2O3 inclusions was rarely observed in steel B, but it
was common to find Al(O)N inclusions.

3.1.3. TWIP Steel Containing 1.5% Al and 0.04% Nb

With the addition of niobium in the steel, niobium carbide inclusions appeared in the
steel, and the morphology is shown in Figure 4b. Although the content of aluminum in
C steel was 1.5%, there were no cluster AlN inclusions. It was found that the AlN inclu-
sions transferred to complex non-metallic inclusions by combining with other inclusions.
Figure 4c shows the single-phase AlN inclusions found in steel C.

The typical inclusion morphology of Fe-Mn-C-Al steel with a niobium content of
0.04% under the scanning electron microscope is shown in Figure 4. It can be clearly seen
in Figure 4a that the size of different types of inclusions was about 2~5 µm. MnS (Se)
inclusions generally existed alone, with a size of 2 µm, and their morphology was an
irregular polygon. Figure 4b shows the separated NbC inclusions, the size of which was
about 3 µm. Figure 4d–e are the SEM/EDS pictures of typical Al(O)N-MnS(Se)-niobide
complex non-metallic inclusions in steel C. Among such composite inclusions, AlN was
the first to precipitate. Then, as the core of the composite inclusions, MnS (Se) wrapped
and precipitated on its surface, and then niobide inclusions locally precipitated on MnS
(Se) to form AlN-MnS (Se)-niobide inclusions. No separate Al2O3 inclusions were found
under the scanning electron microscope.



Metals 2021, 11, 83 5 of 15

Metals 2021, 11, x FOR PEER REVIEW 5 of 17 
 

 

  

 

Figure 3. Morphology of typical inclusions in TWIP steel (steel B) (the mass fraction of Al is 1.49%). (a) AlN inclusion; (b) 
AlN-MnS complex inclusion; (c) The surface scan of AlN-MnS complex inclusion. 

3.1.3. TWIP Steel Containing 1.5% Al and 0.04% Nb 
With the addition of niobium in the steel, niobium carbide inclusions appeared in the 

steel, and the morphology is shown in Figure 4b. Although the content of aluminum in C 
steel was 1.5%, there were no cluster AlN inclusions. It was found that the AlN inclusions 
transferred to complex non-metallic inclusions by combining with other inclusions. Figure 
4c shows the single-phase AlN inclusions found in steel C. 

  

Figure 3. Morphology of typical inclusions in TWIP steel (steel B) (the mass fraction of Al is 1.49%). (a) AlN inclusion;
(b) AlN-MnS complex inclusion; (c) The surface scan of AlN-MnS complex inclusion.Metals 2021, 11, x FOR PEER REVIEW 6 of 17 

 

 

  

  

 
Figure 4. Morphology of typical inclusions in TWIP steel (steel C) (the mass fraction of Al and Nb is 1.5% and 0.04%, 
respectively). (a) MnS inclusion; (b) NbC inclusion; (c) AlN inclusion; (d) AlN-MnS-NbC complex inclusion; (e) the surface 
scan of niobium complex inclusion. 

The typical inclusion morphology of Fe-Mn-C-Al steel with a niobium content of 
0.04% under the scanning electron microscope is shown in Figure 4. It can be clearly seen 
in Figure 4a that the size of different types of inclusions was about 2~5 μm. MnS (Se) in-
clusions generally existed alone, with a size of 2 μm, and their morphology was an irreg-
ular polygon. Figure 4b shows the separated NbC inclusions, the size of which was about 
3 μm. Figure 4d–e are the SEM/EDS pictures of typical Al(O)N-MnS(Se)-niobide complex 
non-metallic inclusions in steel C. Among such composite inclusions, AlN was the first to 
precipitate. Then, as the core of the composite inclusions, MnS (Se) wrapped and precipi-
tated on its surface, and then niobide inclusions locally precipitated on MnS (Se) to form 
AlN-MnS (Se)-niobide inclusions. No separate Al2O3 inclusions were found under the 
scanning electron microscope. 

3.1.4. TWIP Steel Containing 1.5% Al and 0.08% Nb 
In this study, the content of Al and Nb in steel D was 1.5% and 0.08%, respectively, 

and Nb content was twice that of steel C. A large number of niobium complex inclusions 

Figure 4. Morphology of typical inclusions in TWIP steel (steel C) (the mass fraction of Al and Nb is 1.5% and 0.04%,
respectively). (a) MnS inclusion; (b) NbC inclusion; (c) AlN inclusion; (d) AlN-MnS-NbC complex inclusion; (e) the surface
scan of niobium complex inclusion.



Metals 2021, 11, 83 6 of 15

3.1.4. TWIP Steel Containing 1.5% Al and 0.08% Nb

In this study, the content of Al and Nb in steel D was 1.5% and 0.08%, respectively,
and Nb content was twice that of steel C. A large number of niobium complex inclusions
were found in steel D; the main forms of niobium complex inclusions were NbC, MnS
(Se)-NbC, and AlN-MnS (Se)-NbC. There were few single NbC inclusions; most of the
niobium complex inclusions existed in the form of complex inclusions. The morphology
characteristics of the inclusions were basically the same as those in the previous section.
The distinguishing element was that the number of inclusions was different, as presented
in Figure 3 or Figure 4.

3.2. Types and Evolution Rule of Inclusions in High Manganese Twinning-Induced Plasticity Steel

The type, quantity, size, and distribution of main non-metallic inclusions in Fe-Mn-
C-Al high manganese steel with different niobium contents were analyzed by SEM and
energy dispersive spectroscopy (EDS). Results were obtained as shown in Figure 5a–e
are the specific number of inclusions in steels A, B, C, and D, and f is the proportion of
different types of inclusions in the steels). It can be seen from Figure 5 that the main sulfide
inclusion in steel was MnS, which accounted for 46.98% of the total inclusions. The main
oxide inclusions in steel A were alumina inclusions, accounting for 25.99%. Al inclusions
mainly existed in the form of single-phase AlN/Al(O)N, accounting for about 53.02%. The
oxide inclusions containing Mn existed in the steel as complex non-metallic inclusions,
which account for 14.00%.

When the Al content in TWIP steel reached 1.49%, AlN/Al(O)N in TWIP steel in-
creased gradually. As shown in Figure 5, the complex non-metallic inclusions contain-
ing AlN/Al(O)N were mainly composed of Al2O3-AlN-MnS. The core of the complex
non-metallic inclusions was Al2O3, and then AlN and MnS precipitated on its surface.
The proportion of such inclusions in steel B was about 17.54%; the proportion of single-
phase AlN/Al(O)N, single-phase Al2O3, single-phase MnS, and Al2O3-MnS complex
non-metallic inclusions accounted for 18.87%, 6.96%, 26.82%, and 12.92%, respectively.
Therefore, in steel B, inclusions composed with Al element were principal single-phase
AlN/Al(O)N inclusions.

Compared with steel B, the proportion of Al2O3-AlN-MnS and AlN/Al(O)N inclu-
sions in steel C with 1.5% Al and 0.04% niobium content gradually decreased. Compared
with steel B, the proportion of these two kinds of inclusions in steel decreased by 4.53%
and 5.86%, respectively. With the addition of niobium in steel C, new inclusions such as
NbC, MnS-NbC, AlN-NbC-MnS, and so on appeared gradually in steel C. The proportions
of these new inclusions were 6.00%, 2.99%, and 11.01%, respectively. The proportion of
single-phase AlN/Al(O)N and AlN-MnS inclusions in the original Al-bearing inclusions
gradually decreased to about 13.01% and 6.99% due to the existence of niobium and com-
plex niobium inclusions. The proportion of single-phase Al2O3 was only 8.00%. Although
niobium was added to steel C, the proportion of MnS inclusions was still very high, about
24.00%. This phenomenon may be related to the chemical composition of high manganese
steel. It can be seen that the proportion of AlN and AlN complex non-metallic inclusions in
steel C decreased obviously after adding a niobium element to the steel; AlN inclusions
were brittle inclusions, and AlN inclusion was one of the main reasons for cracks in the
steel, so the appearance of a large number of AlN inclusions should be avoided as far as
possible. After adding niobium to steel C, NbC inclusions appeared locally in the steel.
The size of NbC inclusions was generally less than 2 µm; NbC inclusions can refine grains
in steel.
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When the mass fraction of Nb in TWIP steel increased to 0.08%, the proportion of
single-phase NbC, MnS-NbC, and AlN-MnS-NbC in the Nb-containing inclusions increased
to 12.63%, 10.69%, and 9.62%, respectively. MnS-NbC composite inclusions were the prime
type of niobium inclusions in steel D. The proportion of single-phase Al2O3, AlN-Al2O3-
MnS, MgO-Al2O3, AlN-MnS, Al2O3-MnS, AlN/Al(O)N, and MnS inclusions were reduced
to 4.87%, 8.75%, 0.00%, 7.76%, 14.57%, 9.73%, and 21.38%, respectively. The increase
of niobium inclusions led to a decrease in aluminate in the steel. It can be seen from
Figure 5f that Al2O3 and AlN/Al(O)N inclusions in steel D decreased sharply to 4.87% and
9.73%, respectively. At this time, the prime inclusions in steel D were MnS, MnS complex
non-metallic inclusions, and NbC inclusions.

In addition, it can be concluded from Figure 5a,b that with the increase of Al content in
the steel, the number of Al2O3-MnS complex non-metallic inclusions rose from 142 to 679,
and the proportion increased from 3.00% to 12.92%. With the addition of Al in steel, a new
type of complex non-metallic inclusion MgO-Al2O3 appeared in steel B, the proportion
of which increased from 0.00% to 1.98%. Xin et al. [12] reported that higher dissolved
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Al in TWIP steel could react with MgO in crucible to form dissolved Mg, which led to
the increase of MgO content in Fe-16Mn-0.6C-1.5Al steel. However, in this study, only
MgO-Al2O3 complex non-metallic inclusions were found in this steel, and the proportion
of Mg inclusions in the steel was relatively low. According to Figure 5e, it can be seen that
the number of inclusions in steels C and D was much lower than that in steels A and B
under the same condition, which may be related to the addition of the niobium element in
steels C and D.

A total of 100 steel samples were taken by scanning electron microscope. The size of
the inclusions in Fe-Mn-C-Al TWIP steels was counted by “Image-Pro” inclusion statistical
software. The average size of the inclusions in steel of four heats was obtained, as shown
in Figure 6.
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It can be seen from Figure 6 that the average size of the inclusions in steel A was
6.23 µm. When the aluminum content increased to 1.49%, the average size of the inclusions
in steel B was higher than that in steel A. When 0.04% Nb was added to the steel, the
average size of the inclusions decreased. With the increase of Nb content to 0.08%, the
average size of the inclusions in the steel continued to decrease to 3.89 µm.

4. Analysis and Discussion

It can be seen from the above experimental results that in the process of increasing
Al mass fraction from 0 to 1.49%, AlN inclusions first precipitated, then MnS (Se), MnS
(Se)-Al2O3, and other complex non-metallic inclusions began to precipitate locally on the
surface of AlN inclusions. When the mass fraction of the Al element added in the steel
reached 1.5%, it could be seen through SEM that AlN inclusion appeared in clusters, and
a large number of AIN were used as heterogeneous nuclei. MnS (Se) was encapsulated
on its surface and precipitated to form AlN-MnS (Se) complex non-metallic inclusion. At
this time, single-phase AlN and AlN-MnS (Se) complex non-metallic inclusions accounted
for up to 34% in steel B. With the addition of metal niobium, single-phase NbC inclusions
and other types of niobium complex inclusions began to be precipitated out of the steel.
When the niobium content in the steel continued to aggrandize to 0.08%, the number of
single-phase NbC inclusions in the steel began to elevate, and other types of inclusions in
the steel began to transform into compound niobium inclusions.

4.1. Thermodynamic Calculation of Inclusions in TWIP Steel

The content of Mn in Fe-Mn-C-Al TWIP steel was about 16%, which was much
higher than that of ordinary steel. For general low alloy steel, the Gibbs free energy
(∆GΘ) and interaction coefficient of inclusions in steel are calculated by the Wagner model.



Metals 2021, 11, 83 9 of 15

This calculation model is not suitable for Fe-Mn-C-Al TWIP steels with high Mn and Al
characteristics. It is necessary to use the latest data to calculate the thermodynamic analysis
of inclusions in twinning-induced plastic steels. By analyzing the formation mechanism of
AlN, MnS, and their complex non-metallic inclusions from the view of thermodynamics,
the evolution law of different inclusions in TWIP steel can be further understood. The
chemical reaction of AlN formation can be expressed as:

[Al] + [N] = (AlN)(s) (1)

K =
αAlN(S)

α[Al]α[N]
=

1
fAl [%Al] fN [%N]

(2)

where K is the equilibrium constant for the formation of AlN, and αAlN(s)
is the activity of

AlN, taken as 1. α[Al] and α[N] are the activities of Al and N, respectively. fAl and fN are
the activity coefficients of Al and N, respectively. [%Al] and [%N] are the concentrations of
Al and N in molten steel, respectively.

For the formation reaction of AlN, the Gibbs free energy data of Wada [20] are generally
used by researchers, as follows:

∆Gθ
1 = −245900 + 107.59T (J/mol) (3)

However, the latest Gibbs free energy of AlN formation reaction obtained by
Paek et al. [21] is as follows. The aluminum content of less than 4.5% is applicable, which is
more suitable for TWIP steel with high aluminum peculiarity. Therefore, the ultramodern
Gibbs free energy data are used in this study.

∆Gθ
2 = −303500 + 134.6T (J/mol) (4)

where ∆GΘ is the Gibbs standard free energy of AlN formation in molten iron, K is the
reaction equilibrium constant, and T is the reaction temperature.

log10 K = log10
αAlN

αAl αN
= − log10 αAl − log10 αN

= − log10 fAl − log10[Al%]− log10 fN − log10[N%]
(5)

log10 fi = ∑(ej
i [%j] + γ

j
i [%j]2) (6)

where fAl and fN represent the activity coefficients of Al and N in steel, respectively, and
the activity coefficients of alloy elements can be calculated by the Wagner model, where
ej

i and γ
j
i are the primary interaction coefficient and secondary interaction coefficient,

respectively. Since the Mn and Al contents of Fe-Mn-C-Al TWIP steels are as high as 16%
and 1.5%, the primary and secondary interaction coefficients have enormous influence on
the thermodynamic calculation of AlN precipitation. Therefore, it is very important to
select the appropriate interaction coefficient for the study of AlN precipitation.

In recent years, some researchers [15,22–24] have measured the interaction coefficient
of elements in high manganese and high aluminum steel, and obtained the basic data
suitable for thermodynamic calculation of inclusions in high Mn and high Al steel, which
is very conducive to the thermodynamic study of inclusion precipitation in Fe-Mn-C-Al
TWIP steels.

Combined with the above formula, the thermodynamic conditions of AlN precipita-
tion in steel C could be obtained respectively by using the interaction coefficient commonly
used in previous literature (as shown in Table 2) and the primary and secondary interaction
coefficients (as shown in Table 3), which are most suitable for twinning-induced plasticity
of high manganese and high aluminum steel.
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Table 2. Primary and secondary interaction coefficients ej
i and rj

i (1873K) commonly used in previ-
ous literature [25].

rj
i rC

Al = −0.004, rSi
Al = −0.0006, rAl

Al = 0.17/T − 0.0011

ej
i

C Si Mn P S Al O N

Al 0.091 0.0056 0.012 0.05 0.03 0.045 −6.6 −0.058
N 0.13 0.047 −0.02 0.045 0.007 −0.028 0.05 0

Table 3. Primary and secondary interaction coefficients most suitable for the thermodynamic calculation of TWIP steel.

Primary and
Secondary Interaction

Coefficient
Interaction Coefficient Numerical

Value(1873K) Scope of Application Reference

ej
i

eMn
N −0.0209 [%Mn] < 25 [23]

eAl
N 0.017 [%Al] < 2.5 [24]

eC
N 0.08 [%C] < 5.2 [26]

eAl
Al 0.043 [%Al] < 4.5 [22]

eMn
Al 0 [%Mn] < 22 [22]

eN
Al 0.033 [%Al] < 4.5 [22]

eC
Al 0.03 [%Al] < 2.45 [27]

rj
i

rMn
N 0 [%Mn] < 26 [21]
rAl

N 0 [%Al] < 2.5 [22]
rC

N 0.014 [%C] < 5.2 [26]
rAl

Al 0 [%Al] < 4.5 [22]
rMn

Al 0 [%Mn] < 22 [22]
rN

Al 0 [%Al] < 4.5 [27]
rC

Al 0 [%C] < 3.9 [27]

Thermodynamic conditions of AlN precipitation using the interaction coefficient
commonly used in previous literature [20]:

log10[%Al][%N] = −12842.6477
T

+ 5.5868 (7)

The most suitable thermodynamic conditions for AlN precipitation in high manganese
steel with primary and secondary interaction coefficients [21]:

log10[%Al][%N] = −15850.9296
T

+ 7.2159 (8)

In Formulas (7) and (8), [%Al] and [%N] are the activities of Al and N in liquid steel,
respectively; T stands for temperature, and the unit is K.

According to the thermodynamic calculation results, when the N content is 0.0080%,
the ordinary thermodynamic data and the latest thermodynamic data suitable for high
manganese and high aluminum steel are used for the calculation of steel C, and the equilib-
rium precipitation temperatures of AlN were 1708.75K and 1733.32K, with a difference of
24.57K. Through thermocalc thermodynamic software (using database TCFE7), the liquidus
temperature of steel C was 1692K. Therefore, AlN precipitated in the liquid phase of steel
C, whether the general thermodynamic data or the latest thermodynamic calculation data.
Moreover, AlN inclusions were more easily formed in twinning-induced plasticity steel
of high manganese Fe-Mn-C-Al TWIP steels. In order to reduce the precipitation of AlN
in the liquid phase, the content of N in the steel should be reduced as much as possible
during the steelmaking process of TWIP steel, especially to avoid the secondary oxidation
of molten steel in the production process, so as to avoid excessive AlN inclusions.
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Similarly, the equilibrium precipitation temperature of MnS can be calculated from
Formula (9) and Table 4:

[S] + [Mn] = MnS(s) (9)

∆Gθ = −165520 + 91.47T (10)

Table 4. First order interaction coefficients related to MnS formation.

ej
i(j→) C Mn P S Al N

Mn −0.07 - −0.0035 −0.048 - −0.091
S 0.11 −0.026 0.029 −0.028 0.035 0.01

The reaction equilibrium constant is as follows:

K =
αMnS(s)

α[Mn]α[S]
=

1
fMn[%Mn] fS[%S]

(11)

The thermodynamic conditions of MnS precipitation in high manganese Fe-Mn-C-Al
system of steel C could be obtained by the following calculation:

log10[%Mn][%S] = −8644.6322
T

+ 5.1433 (12)

It can be seen from the calculation that the equilibrium precipitation temperature
of AlN in steel was higher than that of liquidus, which indicates that AlN inclusions
can be precipitated earlier in the steelmaking process of Fe-Mn-C-Al TWIP steels. AlN
inclusions precipitated in molten steel and grew by collision, which was also the main
reason for cluster AlN in twinning-induced plastic steel. It was found that the precipitation
temperature of MnS was 1439.41K when the sulfur content was 0.08%, and the equilibrium
precipitation temperature of AlN was obviously higher than that of MnS. The results show
that AlN was formed first in the liquid phase, and AlN could be used as heterogeneous core
to form MnS (Se) inclusions, thus forming AlN-MnS(Se) complex non-metallic inclusions.

4.2. Thermodynamic Analysis of Niobium Complex Inclusions

When niobium was added into Fe-Mn-C-Al TWIP steels, the precipitation process of
carbides affected the solidification macrostructure, so the precipitation thermodynamics
of carbides must be considered. Some researchers [28–32] obtained the solid solubility
product formula of NbC in austenite by different methods. In this paper, the precipi-
tation temperature of NbC was calculated by the phase analysis method and statistical
analysis method.

By the statistical analysis method, the solubility product of niobium carbide in austen-
ite could be calculated with the following Formula (13) [33]. The total solution temperature
TAS of niobium carbide as the second phase could be calculated with Formula (14) [33]:

log10{ [%Nb] · [%C]} = 2.96− 7510/T (13)

TAS =
B

A− log10([%Nb] · [%C])
(14)

where A and B are constants in the Formula of the solid solubility product of the NbC
phase in iron substrate. In statistical analysis, A was 2.96 and B was 7510.

When the chemical composition of steel was known, the precipitation temperature
of niobium carbide could be calculated with the above formula. Formula (15) is the
precipitation temperature of NbC in steel C when calculated by the statistical analysis
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method, and Formula (16) is the precipitation temperature of NbC in steel D calculated
with the statistical analysis method.

TAS =
7510

2.96− log10(0.69× 0.04)
= 1661.84K (15)

TAS =
7510

2.96− log10(0.61× 0.08)
= 1758.13K (16)

Similarly, when the solubility product of carbide in austenite was calculated with the
phase analysis method, Formula (17) could be used [28].

log10{ [%Nb] · [%C]} = 2.80− 8500/T (17)

The precipitation temperature of niobium carbide in TWIP steel was calculated with
Formulas (13) and (17). When the phase analysis method was used, A was 2.80 and B was
8500 in Formula (14). Formula (18) is the precipitation temperature of NbC in C steel when
phase analysis method was used, and Formula (19) is the precipitation temperature of NbC
in steel D calculated with the phase analysis method.

TAS =
8500

2.80− log10(0.69× 0.04)
= 1949.95K (18)

TAS =
8500

2.80− log10(0.61× 0.08)
= 2067.33K (19)

The precipitation of the second phase particles was related to the equilibrium solid
solution amount of the constituent elements in the steel [33]:

PNb
PC

=
Nb%− [Nb]%

C%− [C]%
=

ANb
AC

(20)

where PNb represents the niobium content in the precipitated phase and PC represents the
carbon content in the precipitated phase; Nb% represents niobium content added, [Nb]% is
the content of niobium dissolved in the iron matrix in an equilibrium state, C% is the added
carbon content, and [C]% is the carbon content in the iron substrate. The atomic weights
of niobium and carbon are ANb = 92.9064 and AC = 12.011, respectively. The relationship
between the amount of second phase particles of Nb and C in the substrate and the amount
in the precipitated phase could be obtained by the simultaneous Formulas (14) and (20),
and (17) and (20) at any temperature, as shown in Figure 7.
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It can be seen in Figure 7 that when the statistical analysis method was adopted, nio-
bium and carbon were completely dissolved in high manganese steel with 0.04% niobium
content at 1661.84 K; in high manganese steel with 0.08% niobium content, the complete so-
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lution temperature was 1758.13 K. By the phase analysis method, niobium and carbon were
completely dissolved in high manganese steel with 0.04% niobium content at a high tem-
perature of 1949.95 K, and the complete solution temperature of high manganese steel with
0.08% niobium content was 2067.33 K. It can be seen from Figure 7 that no matter which
calculation method was adopted, when the niobium content in the steel increased, the
precipitation amount of niobium carbide also increased at the same temperature. Therefore,
the increase of Nb content in high manganese steel could not only increase the precipitation
temperature of niobium carbide, but also further enhance the precipitation amount of
niobium carbide inclusions at the same temperature. Both of them further strengthened
the precipitation process of precipitates in steel.

The volume fraction of NbC precipitated at any temperature in the steel could be
calculated with Formula (21) [33] when the second phase particles precipitated in liquid
steel reached equilibrium at different temperatures [33].

V = (Nb%− [Nb]% + C− [C]%) · dFe
100.dNbC

(21)

where dFe and dNbC are the densities of the iron substrate and NbC phase, respectively.
Combined with the amount of NbC in the precipitated phase calculated above, the

volume fraction change diagram of NbC at different temperatures in TWIP steel could be
obtained, as shown in Figure 8.
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When 0.04% and 0.08% Nb content were added into Fe-Mn-C-Al TWIP steels, through
the statistical analysis method, according to the Formulas (13) and (14), it could be con-
cluded that the precipitation temperatures of niobium carbide in steel were 1661.84 K and
1758.13 K, respectively. Through the phase analysis method, according to Formulas (13)
and (17), it could be concluded that the precipitation temperatures of niobium carbide in
steel were 1949.95 K and 2067.33 K, respectively. From the above experimental results,
NbC precipitates in the peripheral region of AlN inclusions and the precipitation temper-
ature of NbC were lower than those of AlN. It seems that the precipitation temperature
of niobium carbide calculated by the phase analysis method is not reasonable, and the
formula obtained by the statistical analysis method is more reliable. Therefore, from the
calculation results, the alloy element Nb can be completely dissolved by heating, and the
heating temperature should be higher than 1661.84 K.

It can be seen from Figures 7 and 8 that with the rise of temperature, NbC inclusions
in TWIP steel began to precipitate; the volume fraction of NbC inclusions precipitated in
the second phase increased continuously. When the temperature reached a certain value,
the influence of temperature on NbC tended to be gentle. At the same temperature, with
the increase of Nb content, the amount of NbC precipitated in TWIP steel increased, and
the volume fraction of NbC precipitated from the second phase.
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5. Conclusions

It was found that the dominating inclusions in Fe-Mn-C-Al TWIP steels are MnS, AlN,
MnO, and Al(O)N before adding Nb. After adding niobium, single-phase Nb inclusions
and MnS-NbC niobium complex inclusions begin to precipitate in the steel. When the
niobium content in the steel continues to increase to 0.08%, the number of single-phase
NbC inclusions in the steel begins to increase, and other types of inclusions in the steel
begin to transform into AlN-MnS-NbC and other composite niobium inclusions.

After adding niobium to the steel, the types of inclusions in the steel did not decrease,
but the number of AlN and MnS inclusions in the steel decreased obviously. When
the content of niobium was 0.04%, the proportion of Al2O3-AlN-MnS and AlN/Al(O)N
inclusions decreased by 4.53% and 5.86% compared with that of steel B without Nb. When
the content of niobium was increased to 0.08%, the content of niobium in the steel increased
to 32.94%, and the total number of inclusions in steel B decreased by 32.38% compared
with that in steel B without Nb.

According to the thermodynamic calculation of the equilibrium precipitation tempera-
ture of different inclusions, AlN first precipitates and acts as a heterogeneous nucleation
core of inclusions, and then NbC and MnS precipitate locally on its surface. With the
increase of Nb content, the amount of NbC inclusions precipitated in the steel rises. As a
result, the volume fraction of NbC inclusions precipitated from the second phase increases.
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