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The formation mechanism of AlN-MnS complex inclusions in Fe-5Mn-2Al-
0.15C medium Mn steel was investigated under as-cast conditions by
microstructure observation, thermodynamic analyses, and the Clyne–Kurz
microsegregation model. The results showed the variations in the maximum
and minimum partition coefficients for N and S were relatively large, and that
the maximum diffusion coefficients of solute N, S, Mn and Al were more than
70% more than the minimum ones. Therefore, the variable partition coeffi-
cients and variable diffusion coefficients of solute elements under different
temperatures should be considered in the Clyne–Kurz model during the
solidification process. The partition coefficients of Al were higher than 1,
segregating into the dendrite interior. However, the partition coefficients for
elements N, Mn, and S were lower than 1, enriching in the residual liquid
steel. By the Clyne–Kurz model considering the variable partition coefficients
and variable diffusion coefficients, the precipitation temperatures of AlN and
MnS were 1738 K and 1717 K during the solidification process, respectively.
With experimental observation, the formation of AlN-MnS complex inclusions
during the solidification process may be the AlN acting as a nucleation site for
MnS, and then MnS wrapped or attached to the surface of AlN.

INTRODUCTION

In recent years, with the increasing demand for
improving passenger safety and reducing weight in
automobile production, the automobile industry has
been setting high standards for automotive steel.
Medium Mn transformation-induced plasticity
steels have attracted much attention because of
their high strength, excellent ductility, and high
energy absorption capacity.1,2 Al-added medium Mn
steels not only reduce weight but also greatly
increase the stacking fault energy and effectively
suppress delayed fracture induced by hydrogen
embrittlement.3–7 The Fe-Mn-C system is gradually
being replaced by the Fe-Mn-Al-C system due to the
many advantages of the addition of Al. At present,
the cost of Fe-(4–6) Mn-(1–3) Al-(0.1–0.2) C medium
Mn steel is relatively moderate and achieves a
combination of strength and plasticity, showing

broad market prospects.8,9 Also, the addition of
microalloying elements (Nb, V, and Ti) to Fe-Mn-Al-
C medium Mn steels, which can facilitate grain
refinement through austenite, is a method to
improve the plasticity.10–12 The content of alloying
elements Mn and Al in Fe-Mn-Al-C medium Mn
steel is higher, so the segregation of these elements
is more severe. Then, a large number of AlN-MnS
complex inclusions precipitated during the solidifi-
cation process, which seriously deteriorated the
ductility and toughness of the steel.13–15 Therefore,
it is important to study the formation mechanism of
AlN-MnS complex inclusions in Fe-Mn-Al-C med-
ium Mn steels. The microsegregation of Al, N, Mn,
and S increases the concentration product of AlN
and MnS in the residual liquid phase, resulting in
the formation of these inclusions during the solid-
ification process. Accordingly, it is necessary to
investigate the segregation behavior of Al, N, Mn,
and S to understand the formation of AlN-MnS
complex inclusions during the solidification process.
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Many assumed and simplified microsegregation
models have been developed to predict solute redis-
tribution, such as the lever-rule model,16 the Scheil
model,17 the Brody–Flemings model,18 the Clyne–
Kurz model,19 the Ohnaka model,20 and the Voller–
Beckermann model.21 The fundamental equations
and assumptions of these microsegregation models
are listed in Table I. In these models, several
approximations have been made for the description
of solute microsegregation. There were still some
shortcomings in these models. During alloy solidi-
fication, the redistribution trend of the solute
between the solid and liquid phases is determined
by the solute partition coefficient. However, the
partition coefficients of solute elements were
assumed to be constant (see Table II) in most of
the previous studies.22,23 In fact, the partition
coefficients of solute elements are easily influenced
by the temperature and phase composition during
the solidification process, usually as a variable value
and not as a constant. The lever-rule model assumes
that solute elements completely diffuse between the
liquid phase and the solid phase, usually leading to
the prediction not being valid because of the low
diffusion rate in the solid phase. The Scheil model
neglects diffusion of solute elements in the solid
phase, which is not accurate for the solute concen-
tration at the last stage of alloy solidification.24 At
present, research on the formation mechanism of
AlN and MnS inclusions in Fe-Mn-Al-C steels has
mainly focused on the idealized microsegregation
model of the lever-rule and Scheil models. In fact,
the finite nonzero diffusion of solute elements in the
solid phase and the variable partition coefficients
and variable diffusion coefficients under different
temperatures should be taken into account during
the solidification process. In most studies on the
formation mechanism of AlN inclusions in Fe-Mn-
Al-C steel, the partition coefficients of Al and N are

simplified to 0.6 and 0.27 during the solidification
process, respectively, rather than a variable value.
Shi et al.25 investigated the formation of AlN
inclusions in Fe-1.7Mn-1.05Al-0.07C steel by the
Scheil model. They indicated that AlN can precip-
itate during the solidification process and the solid
fraction (fs) was 0.841. However, the actual fs of AlN
was less than 0.841. Because the concentration
product of AlN calculated by the Scheil model would
be larger, the lever-rule model is more suitable for
the element of N because the diffusion coefficient of
N in the solid phase is larger. Therefore, some
researchers have proposed that the concentration of
N in the residual liquid phase is calculated by the
lever-rule model. Liu et al.26 reported the segrega-
tion of N and Al in high Mn twinning-induced
plasticity (TWIP) steel (� 6Al %) calculated by the
lever-rule and Scheil models, respectively and they
found that AlN observed by means of high-temper-
ature confocal scanning laser microscopy (HT-
CSLM) were able to form in liquid steel. By the
same calculation method, Alba and Nabeel et al.27–29

analyzed the formation of AlN in high Al (� 6Al %)
and medium Mn steel and obtained the critical
content of N (5 ppm) for the formation of AlN form
in liquid steel. Moreover, Liu et al.30 investigated
the finite nonzero diffusion of Mn and S in the solid

Table I. The fundamental equation and assumption of microsegregation models

Models Equations Assumptions Year References

Lever-
rule

CL;i ¼ C0

1� 1�kið Þfs
Complete diffusion of solutes in both liquid and solid

phases
1922 16

Scheil CL;i ¼ C0

½1�fs� 1�kið Þ
No diffusion in solid phase, complete diffusion in liquid 1942 17

B-F
CL;i ¼ C0½ð1 � 1 � bikið Þfs�

ki�1ð Þ
1�bikið Þ

Complete diffusion in liquid phase, finite nonzero diffu-
sion in solid phase bi = 2 ai

1966 18

C-K
CL;i ¼ C0½ð1 � 1 � bikið Þfs�

ki�1ð Þ
1�bikið Þ

Modified bi, ensure its physical reasonability 1981 19

Ohnaka
CL;i ¼ C0½ð1 � 1 � bikið Þfs�

ki�1ð Þ
1�bikið Þ

Modification of bi, useful for columnar dendrites 1986 20

V-B
CL;i ¼ C0½ð1 � 1 � bikið Þfs�

ki�1ð Þ
1�bikið Þ

Modified ai = 2(ai + 0.1), account for coarsening 1999 21

These microsegregation models present the redistribution of solute between the solid and liquid phases but without considering the
variable partition coefficients and variable diffusion coefficients of solute elements under different temperatures during the solidification
process.

Table II. Constant value of equilibrium partition
coefficients in steel22,23

Elements kd/L kc/L

Al 0.6 0.6
N 0.25 0.48
Mn 0.77 0.785
S 0.05 0.035
C 0.19 0.34
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phase by the Voller–Beckermann model in Fe-xMn-
7Al-0.7C (x = 3, 10, 20, 30%) steels. With increasing
Mn content, the fs of MnS precipitation decreased,
from 0.91 to 0.43. To date, studies on the formation
mechanism of AlN-MnS complex inclusions in
medium Mn (� 5Mn %) and high Al (� 2Al %) steel
have rarely been reported. Therefore, in this study,
the finite nonzero diffusion of solute elements in the
solid phase and the variable partition coefficients
and variable diffusion coefficients of elements were
considered under different temperatures during the
solidification process, which can accurately describe
the precipitation of AlN-MnS complex inclusions in
Fe-5Mn-2Al-0.15C medium Mn steel. Typical Fe-
5Mn-2Al-0.15C medium Mn steel was prepared
using a 50-kg vacuum-induction furnace. The for-
mation mechanism of AlN-MnS complex inclusions
under the as-cast conditions was analyzed by ther-
modynamic calculations and the Clyne–Kurz
microsegregation model. The variable partition
coefficients and variable diffusion coefficients of
solute elements under different temperatures have
been used in the Clyne–Kurz model during the
solidification process. Furthermore, a scanning
electron microscope (SEM; Carl Zeiss Ultra Plus)
equipped with energy-dispersive spectroscopy
(EDS) was employed for the morphology and chem-
ical composition analyses to describe the precipita-
tion behavior of AlN-MnS complex inclusions.

EXPERIMENTAL PROCEDURES
AND THERMODYNAMIC CALCULATIONS

Materials Preparation

The Fe-5Mn-2Al-0.15C medium Mn steel was
prepared in a 50-kg vacuum-induction furnace,
and the chemical compositions of the steel are listed
in Table III. Then, we investigated the formation of
AlN and MnS inclusions in liquid steel and during
solidification. The dimensions of the steel ingot and
the positions of the specimens are shown in Fig. 1.

Microstructure Characterization

The specimens used for microstructure observa-
tion were mechanically ground and polished. Sub-
sequently, the morphology and chemical
composition of the AlN-MnS complex inclusions in
the specimens were characterized using SEM and
EDS.

The polished specimens used for measuring the
secondary dendrite arm spacing were etched in 5%
saturated picric acid solution. The dendritic struc-
ture was observed using a digital microscope

(AxioCam MRc5), and the secondary dendrite arm
spacing was statistically analyzed by the Image-Pro
Plus 6.0 image analysis software.

Thermodynamic Calculations

Thermodynamic Equations of AlN and MnS
Formation in Liquid Steel

The reaction equilibrium equations of AlN and
MnS formation in liquid steel are described in Eqs. 2
and 4, and the solubility constants for AlN and MnS
were described as:31,32

Al½ � þ N½ � ¼ AlNð Þ Sð Þ ð1Þ

logKAlN ¼ log
aAlN

aAl � aN
¼ logaAlN � log aAl � logaN

¼ � log fAlð Þ � % Al½ � � log fNð Þ � % N½ � ¼ �15850

T
þ 7:03

ð2Þ

Mn½ � þ S½ � ¼ MnSð Þ Sð Þ ð3Þ

logKMnS ¼ log
aMnS

aMn � aS
¼ logaMnS � logaMn � logaS

¼ � log fMnð Þ � % Mn½ � � log fSð Þ � % S½ � ¼ �8817

T
þ 5:16

ð4Þ

where a represents the activity and fi is the Henrian
activity coefficient of component i relative to the
dilute solution. The value of fi is calculated as:

log fi ¼
P

ðej
i � pctj½ � þ rj

i � pctj½ �2Þ ð5Þ

Table III. Chemical composition of the medium Mn steel, wt.%

C Mn Al Si Nb V S N P O Fe

0.17 4.96 1.93 0.23 0.07 0.04 0.0059 0.0025 0.0040 < 0.0005 Bal.

Fig. 1. The dimensions of the steel ingot and the positions of the
specimen.
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(i = Al, N, Mn, S; j = Al, N, Mn, S, Si, Nb, V, P, O).
The first-order interaction parameters (ej

i) and the

second-order interaction parameters (rj
i) used in this

study are listed in Tables IV and V, respectively,
and were taken from previous studies.26,32,33

Accordingly, the equilibrium solubility product
KAlN of AlN formation calculated by Eqs. 1, 2 and 5
is:

KAlN ¼ pctAl½ � pctN½ � ¼ 107:089�15850=T ð6Þ

In the case of MnS, the equilibrium solubility
product KMnS of MnS formation can be derived from
Eqs. 3–5 as:

KMnS ¼ pctMn½ � pctS½ � ¼ 105:192�8817=T ð7Þ

When the actual product of [% Al] and [% N] in
the liquid phase exceeded the value of KAlN, AlN
inclusions formed in the liquid steel. Similarly, the
precipitation of MnS from the liquid steel will occur
if the actual concentration reaches the equilibrium
solubility product (KMnS).

Microsegregation Models of AlN and MnS
Formation During Solidification Process

The microsegregation of Al, N, Mn, and S will
increase the concentration products of AlN and MnS
in the residual liquid phase, resulting in these
inclusions forming during the solidification process.
Therefore, many assumed and simplified microseg-
regation models have been developed to predict
solute microsegregation and redistribution.

The lever-rule model16 assumes that solute ele-
ments diffuse completely between the liquid phase
and the solid phase, and that the solidification of the
alloy is an equilibrium process:

CL ¼ C0

1 � 1 � kið Þfs
ð8Þ

The assumption of the lever-rule model leading to
the prediction was not usually valid because of the
low diffusion rate in the solid phase.

However, the Scheil model17 neglects the diffu-
sion of solute elements in the solid phase:

CL ¼ C0½1 � fs� ki�1ð Þ ð9Þ

The solute concentration will become infinite
when the solid fraction was equal to 1 at the last
stage due to no diffusion of the solute element in the
solid phase calculated by the Scheil model.

Considering the finite nonzero diffusion of solute
elements in the solid phase, the microsegregation
behavior of the solute can be described more accu-
rately and realistically. The Brody–Flemings
model,18 which assumes incomplete back-diffusion
of solute into the solid phase, can be defined as:

CL ¼ C0½ 1 � 1 � bikið Þfsð �
ki�1

1�bki ð10Þ

where bi is the back-diffusion parameter, which is
described as:

bi ¼ 2ai ð11Þ

where ai is the Fourier number of solute i, as:

ai ¼ 4DStf
k2

S
ð12Þ

where DS (m2 s�1) is the diffusion coefficient of the
solute in the solid phase, kS is the secondary
dendrite arm spacing, and tf (s) is the local solidi-
fication time, defined as:

tf ¼ TL�TS

CR
ð13Þ

Table IV. The first-order interaction parameters (1873 K)

eji(j fi ) C Mn Si S P O Al N

Al 0.091 � 0.004 0.056 0.009 0.033 � 1.98 0.043 0.033
N 0.13] � 0.023 0.048 0.007 0.059 0.05 � 0.028 0.0166
Mn � 0.07 0 � 0.0327 � 0.048 � 0.06 � 0.083 – � 0.091
S 0.111 � 0.026 0.075 � 0.046 0.035 0.01 0.041 � 0.072

Table V. The second-order interaction parameters (1873 K)

rji(j fi ) C Mn Si S P Al

Al � 0.004 – � 0.0006 – – � 0.0011 + 0.17/T
N – 0 0.0012 – – –
Mn – 0 – – – –
S 0.0058 0 0.0017 � 0.0009 0.0006 0.0009
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bi is a back-diffusion parameter, which is
defined differently by researchers. The Clyne–Kurz
model19 modified bi and ensured the physical rea-
sonability, and bi was defined as:

bi ¼ 2a 1 � exp � 1
a

� �� �
� 1

2 exp � 1
2a

� �
ð14Þ

Ohnaka20 reported a quadratic solute profile in a
solid, and Voller–Beckermann21 considered the
effect of coarsening on microsegregation by adding
an additional term to the Fourier number, defined
by:

aþi ¼ 2 ai þ aC
� �

; aC ¼ 0:1 ð15Þ

Based on the above microsegregation models, the
Clyne–Kurz model was more popular and widely
applicable. Therefore, in this study, the AlN and
MnS actual product concentrations during the
solidification process were calculated by the
Clyne–Kurz model and are:

QAlN ¼ % Al½ � % N½ � ¼ % Al�0
� �

ð1 � 1 � bAlkAlð Þfs�
kAl�1

1�bAlkAl

% N�0
� �

ð1 � 1 � bNkNð Þfs�
kN�1

1�bNkN

ð16Þ

QMnS ¼ % Mn½ � % S½ � ¼ % Mn�0
�

½ð1 � 1 � bMnkMnð Þfs�
kMn�1

1�bMnkMn % S�0
�

½ð1 � 1 � bSkSð Þfs�
kS�1

1�bSkS

ð17Þ

where [% Al]0, [% N]0, [% Mn]0 and [% S]0 are the
initial contents of Al, N, Mn, and S in liquid steel,
respectively, kAl, kN, kMn, and kS are the equilibrium
partition coefficients of Al, N, Mn, and S, respec-
tively, and fs is the solid fraction.

When the actual product of [% Al] and [% N]
reached the value of KAlN (calculated by Eq. 6), AlN
inclusions were able to form during the solidifica-
tion process. Similarly, the precipitation of MnS will
occur if the actual concentration (QMnS) exceeds the
equilibrium concentration of KMnS (calculated by
Eq. 7).

In Eqs. 16 and 17, the relationship between the
temperature of the liquid phase during solidification
(T) and the solid fraction (fs) is:

T ¼ Tm � Tm � TL

1 � fs
TL�TSð Þ
Tm�TSð Þ

ð18Þ

where Tm, TL, and TS are the melting temperatures
of pure Fe (1811 K, 1538 �C), the liquidus temper-
ature, and the solidus temperature, respectively.

In addition, the equilibrium solubility products of
AlN and MnS (Eqs. 6 and 7) can also be expressed
by Eq. 18.

RESULTS AND DISCUSSION

Thermodynamic Analysis of AlN and MnS
Formation in Liquid Steel

The calculated stability diagram of AlN and MnS
formation in liquid steel is shown in Fig. 2. The
dashed and solid lines represent the solubility
products of AlN and MnS inclusions at liquidus
(TL = 1778 K) and solidus temperatures (TS = 1709
K), respectively, which were calculated by Thermo-
Calc software. In current steel compositions, the
contents of Al, N, Mn, and S are low, and the
composition positions are in the solid phase far from
the liquid region. It is clear that AlN and MnS were
unable to form in the liquid steel due to the initial
content of Al and N, Mn and S being lower than
those at the liquidus temperature, respectively.
According to the solubility product of AlN and
MnS inclusions at liquid temperature, the critical
contents of N and S for AlN and MnS formation in
liquid steel are 0.0075 and 0.3546 wt.%,
respectively.

Thermodynamic Analysis of AlN and MnS
Formation During Solidification Process

As shown in Fig. 2, the equilibrium concentration
products of Al and N and Mn and S cannot reach the
liquid steel, so the AlN and MnS inclusions cannot
precipitate in the liquid steel. However, when the
temperature of the steels dropped below the liq-
uidus temperature, the microsegregation of Al, N,
Mn, and S increased the concentration product of
AlN and MnS in the residual liquid phase, resulting
in the formation of AlN and MnS inclusions during
the solidification process.

According to the Clyne–Kurz microsegregation
model, it can be expressed as a function of the
segregation of elements i. These parameters include
the secondary dendrite arm spacing (kS), the cooling
rate (CR) of the steel ingot, the equilibrium partition
coefficient (ki), and the diffusion coefficient (DS) of
these elements. It is known that the value of kS can
be used to predict the cooling rate of the ingot, and
investigators16 have shown that, for this study
([C] > 0.15 wt.%), the relationship is:

kS ¼ 143:9 � C�0:3616
R � C 0:5501�1:996CCð Þ

C ð19Þ

where kS is the secondary dendrite arm spacing
(lm), Cc is the carbon content (wt.%), and CR is the
cooling rate (K s�1).

Figure 3 shows the dendrite structure in the
medium Mn steel, and the measured average kS is
71 ± 13 lm based on many measurements; hence,
the estimated cooling rate (by Eq. 19) for the steel
ingot during solidification is approximately 2.5 K/s.
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The phase composition fractions and solidification
sequence in medium Mn steel are shown in Fig. 4
were calculated using Thermo-Calc software. Dur-
ing the cooling of the steel, the d phase is predicted
to first form from the liquid phase at 1778 K, and
then a peritectic reaction occurs at 1715 K, leading
to a temperature range where the mixed liquid, the
d phase, and the c (austenite) phase exist simulta-
neously with the liquid phase disappearing at
1709 K. Finally, the phase of medium Mn steel is
fully transformed to the c phase at 1594 K.

To require the equilibrium partition coefficients of
Al, N, Mn, and S (kd/L and kc/L), the concentrations
of Al, N, Mn, and S in the liquid, and the d and c
phases were calculated by Thermo-Calc software, as
shown in Fig. 5. During the solidification process,
the content of Al in the L + d phase first decreased,
and then gradually increased in the L + d + c phase,
while the content of the solute elements N, Mn, and
S increased in different phases.

The equilibrium partition coefficients of Al, N,
Mn, and S in the d and c phases (kd/L and kc/L) are
shown in Fig. 6a and b. The partition coefficients of
Al were higher than 1, which showed negative
segregation. Therefore, it will segregate into inter-
nal dendrites, consumed in the residual liquid steel
during the solidification process. The segregation
behavior of Al was consistent with the studies of
Zhang et al.34 in high-Al (� 2 Al %) TWIP (� 23 Mn
%) steel and Lu et al.35 in high-nitrogen (� 0.4 N %)
(0.006–0.076 Al %) stainless bearing steel. The
equilibrium partition coefficients for elements N,
Mn, and S were lower than 1, which presented
positive segregation; therefore, they preferred to
segregate into the interdendritic area, enriching the
residual liquid steel. Meanwhile, the values of kc/L

were closer to 1 than those of kd/L, illustrating that
the segregation degree of Al, N, and Mn between the
c and liquid phases was lower than that between the

Fig. 2. The stability diagram of AlN and MnS formation in liquid steel: (a) AlN; (b) MnS.

Fig. 3. The typical dendrite structure of the medium Mn steel.
Fig. 4. The phase composition fractions and solidification sequence
in medium Mn steel during cooling.
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d and the liquid phases. However, solute S was the
opposite, and it was more severe between the c and
the liquid phases.

In addition, when the temperature was 1715 K, a
peritectic reaction took place, and the liquid, d, and
c phases coexisted simultaneously. Due to the

Fig. 5. The phase composition fractions in medium Mn steel during solidification process: (a) Al and N; (b) Mn and S.

Fig. 6. The equilibrium partition coefficient of solute elements calculated by Thermo-Calc software: (a) Al and N; (b) Mn and S; (c) kS/L of Al and
N; (d) kS/L of Mn and S.
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partition coefficients of the solute elements in the d/
L and c/L phases being quite different, it was
important to accurately calculate the partition
coefficients of elements in the three-phase (L + d +
c) coexistence zone. In this study, kS/L was calcu-

lated by Eqs. 20 and 21 according to previous
studies:35–38

kS=L ¼ md � kd=L þmc � kc=L ð20Þ

md þmc ¼ 1 ð21Þ

where kd/L, kc/L, and kS/L are partition coefficients of
solute elements in the d/L, c/L, and (d + c)/L inter-
faces, respectively, and md and mc are the mass
fractions of the d and c phases in the solid phase,
respectively. Then, the variable partition coeffi-
cients (kS/L) of Al, N, Mn, and S under different
temperatures are shown in Fig. 6c and d. The
values of kS/L of these solute elements are between

kd/Land kc/L in the L + d + c phase coexisting zone.
The maximum partition coefficient of Mn was
approximately 4.0% larger than the minimum par-
tition coefficient during the solidification process. It
was approximately 7.4% for Al, while it was approx-
imately 40.6% and 75.5% for N and S, respectively.
Obviously, the variations in the maximum and
minimum partition coefficients for N and S were
relatively large. Therefore, it is necessary to con-
sider the variable partition coefficient of solute
elements under different temperatures to describe
the segregation behavior during the solidification
process.

Figure 7a and b shows the diffusion coefficients of
Al, N, Mn, and S in the d and c phases (Dd and Dc)
calculated by DICTRA software. The diffusion coef-
ficients of the substitutional elements Al and Mn
are far less than those of the interstitial elements N
and S, and the diffusion coefficients of N are greater
than those of S. The diffusion coefficients of Al, N,

Fig. 7. The diffusion coefficients of solute elements calculated by DICTRA software: (a) Al and N; (b) Mn and S; (c) DS of Al and N; (d) DS of Mn
and S.
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Mn, and S in the d phase are larger than those in
the c phase. In addition, the difference in the
diffusion coefficients of Al and Mn in the d and c
phases was larger than that of N and S. In the d and
c phases, the interstitial elements (N and S) have
large diffusion coefficients, which more easily pass
the layer of c formed on the surface of the d phase
and evenly distribute in the d and c phases, while
the diffusion of substitutional elements (Al and Mn)
is relatively slow and difficult to pass through the c
layer formed by the peritectic reaction.

Similarly, the diffusion coefficients (DS) in the
three-phase (L + d + c) coexistence zone are calcu-
lated by Eqs. 22 and 23, according to previous
studies:35–38

DS ¼ Vd �Dd þ Vc �Dc ð22Þ

Vd þ Vc ¼ 1 ð23Þ

where Dd, Dc, and DS are diffusion coefficients in the
d, c, and d + c phases, respectively, and Vd and Vc

are the volume fractions of the d and c phases in the
solid phase, respectively. Accordingly, the variable
diffusion coefficients of Al, N, Mn, and S under
different temperatures are shown in Fig. 7c and d.
The DS values of these solute elements are between
those of the Dd and Dc in the L + d + c phase
coexisting zone. During the solidification process,
the maximum diffusion coefficients of N, S, Mn, and
Al were approximately 73.0%, 138.5%, 170.4%, and
183.0% larger than the minimum coefficients,
respectively. Therefore, to study the segregation
behavior, the variable diffusion coefficients of solute
elements under different temperatures should also
be taken into account during the solidification
process.

The concentration product calculated by the
lever-rule and Scheil models is compared in Fig. S-
1 (refer to online supplementary material). As
shown in supplementary Fig. S-1a, AlN can precip-
itate during the solidification process, and the solid
fraction (fs) is 0.78 and 0.83, calculated by the Scheil
model and the lever-rule model, respectively. The
difference in model assumptions leads to different
calculated fs values of AlN precipitation during
solidification. The lever-rule model assumes that
the solute elements were completely diffused in the
solid phase, while these elements were not diffused
in the solid phase by the Scheil model. Therefore,
the QAlN calculated by the lever-rule model was
smaller than that calculated by the Scheil model, so
the fs of the AlN formation calculated by the lever-
rule model was larger than that calculated by the
Scheil model. As shown in supplementary Fig. S-1b,
the fs values of MnS are 0.94 and 0.98 by the Scheil
model and lever-rule model, respectively. In fact, as
mentioned above, the formation of AlN and MnS
inclusions calculated by the lever-rule model and
the Scheil model were not sufficiently accurate, and

the Clyne–Kurz model considering the finite non-
zero diffusion of solute elements in the solid phase
can realistically represent the precipitation of AlN
and MnS inclusions.

Accordingly, Eqs. 10–14 and Figs. 3–7 were
calculated by the Clyne–Kurz model. During the
solidification process, the concentrations of Al, N,
Mn and S in the residual liquid steel were calcu-
lated as shown in supplementary Fig. S-2. [% Al]
decreased with increasing solid fraction (fs), and [%
N], [% Mn], and [% S] increased with increasing fs,
which correspond to the equilibrium partition coef-
ficients in Fig. 6c and d.

Thereafter, the relationship between the AlN and
MnS formation and solid fraction in medium Mn
steel are shown in supplementary Fig. S-3. As
shown in supplementary Fig. S-3a, the values of
QAlN indicated that the solid fraction (fs) of AlN is
0.81, so AlN can precipitate during the solidification
process. The fs of MnS is 0.94, as shown in
supplementary Fig. S-3b. Furthermore, the precip-
itation temperatures of AlN and MnS are 1738 K
and 1717 K, respectively. The fs of AlN and MnS are
calculated by the Clyne–Kurz model, which are
larger than the lever-rule model and less than the
Scheil model. In this study, the Clyne–Kurz model
was chosen, considering the nonzero diffusion of
solute elements in the solid phase. The variable
partition coefficients and variable diffusion coeffi-
cients of Al, N, Mn, and S under different temper-
atures during the solidification process, as shown in
Figs. 6c and d and 7c and d, were also taken into
account in the Clyne–Kurz model. In addition, as
shown in supplementary Fig. S-3a, it is obvious that
the variation trend of QAlN (0.0025 wt.% N) was
basically consistent with that of [% N] in supple-
mentary Fig. S-2a, illustrating that the change of in
[% N] had a more significant effect on QAlN (0.0025
wt.% N). Similarly, as shown in supplementary
Figs. S-2b and S-3b, the variation trend of QMnS

(0.0059 wt.% S) may fall under the great influence of
[% S].

In addition, based on the parameters of medium
Mn steel, when the Al content is 1.93 wt.%, the
critical N content of AlN formation during the
solidification process is calculated as 0.0013 wt.%,
as shown in supplementary Fig. S-3a. In the case of
MnS, as shown in supplementary Fig. S-3b, when
the Mn content is 4.96 wt.%, the critical S content of
MnS formation is calculated as 0.0033 wt.%. There-
fore, the N and S contents were lower than 0.0013
wt.% and 0.0033 wt.%, respectively, which pre-
vented AlN and MnS formation during the solidifi-
cation process.

Formation Mechanism of AlN-MnS Complex
Inclusions

Previous studies have shown that AlN and MnS
inclusions are able to form during the solidification
process, and have similar lattice parameters, while
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AlN and MnS can coprecipitate.39–41 In this study,
the present thermodynamic calculations illustrate
the formation of AlN and MnS inclusions during the
solidification process. The precipitation tempera-
tures of AlN and MnS are 1738 K and 1717 K,
respectively. Therefore, AlN precipitated first, and
then AlN acted as a substrate for the coprecipitation
of MnS.

By experimental observation, the morphology and
chemical composition of the AlN-MnS complex
inclusions are shown in supplementary Fig. S-4.
As shown in supplementary Fig. S-4a, b, the
structure of the AlN-MnS complex inclusion is a
smaller AlN with the size of 2.0 9 1.0 lm fits the
center and a MnS inclusion with the equivalent
diameter of 4.7 lm in the outer layer, which shows
that the order of precipitation temperature may be
that AlN precipitates first at a relatively high
temperature during solidification process and then
MnS precipitates with a relatively low temperature.
Therefore, the formation of AlN-MnS complex inclu-
sions may be the AlN as a nucleation site for MnS,
and then MnS wrapped around it. Meanwhile, as
shown in supplementary Fig. S-4c, d, it seems that
the single smaller MnS with the diameter of 1.1 lm
attaches to the surface of the larger AlN inclusion
with the size of 7.9 9 2.4 lm. Also, AlN may
precipitate first and grow up for a period of time
during the solidification process, and then the MnS
precipitates at the later stage of solidification,
finally attaching to the surface of AlN, forming the
AlN-MnS complex inclusions. Accordingly, the
smaller MnS may attach one side of the larger
AlN. In general, the experimental observations are
in relative agreement with the results of the
thermodynamic calculations, and further study is
needed.

CONCLUSION

The formation mechanism of AlN-MnS complex
inclusions in Fe-5Mn-2Al-0.15C medium Mn steel
was analyzed by thermodynamic calculations and
the Clyne–Kurz microsegregation model. The vari-
able partition coefficients and variable diffusion
coefficients of solute elements under different tem-
peratures were considered in the Clyne–Kurz model
during the solidification process. The main conclu-
sions can be summarized as follows:

1. In the Fe-5Mn-2Al-0.15C steel (0.0025 wt.% N,
0.0059 wt.% S), AlN and MnS inclusions were
unable to form in liquid steel. With an N content
higher than 0.0075 wt.%, the concentration
product of Al and N could exceed its solubility
product at the liquidus temperature, which led
to the formation of AlN in liquid steel, while the
critical S content for the formation of MnS was
0.3546 wt.%.

2. The maximum partition coefficient of Mn was
approximately 4.0% larger than the minimum
partition coefficient during the solidification

process. They were approximately 7.4%, 40.6%,
and 75.5% for Al, N, and S, respectively. It is
necessary to consider the variable partition
coefficients of solute elements under different
temperatures to describe the segregation behav-
ior during the solidification process. The parti-
tion coefficients of Al were higher than 1,
segregating into the dendrite interior. However,
the partition coefficients for elements N, Mn,
and S were lower than 1, enriching in the
residual liquid steel.

3. During the solidification process, the maximum
diffusion coefficients of N, S, Mn, and Al were
approximately 73.0%, 138.5%, 170.4%, and
183.0% larger than the minimum coefficients,
respectively. Therefore, to study the segregation
behavior, the variable diffusion coefficients of
solute elements under different temperatures
should also be taken into account during the
solidification process. The diffusion coefficients
for the substitutional elements Al and Mn are
far less than those for the interstitial elements
N and S in the solid phase.

4. By the Clyne–Kurz model, considering the vari-
able partition coefficients and variable diffusion
coefficients, the precipitation temperatures of
AlN and MnS are 1738 K and 1717 K, respec-
tively. Based on experimental observations, the
formation of AlN-MnS complex inclusions dur-
ing the solidification process may be the AlN
acting as a nucleation site for MnS, and then
MnS wrapped or attached to the surface of AlN
during the solidification process.
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