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The effect of Al content on the formation mechanism of AlN and MnS inclu-
sions in Fe-5Mn-xAl-0.15C-0.23Si (x = 0.018%, 0.95%, 1.93%, 2.97%) medium
Mn steel was investigated under as-cast conditions by microstructure obser-
vation, thermodynamic analyses, and the Clyne–Kurz microsegregation
model. The effect of Al content on the partition coefficient, diffusion coefficient,
and secondary dendrite arm spacing was explored first, and then these
parameters under different Al contents were used in the Clyne–Kurz model to
predict the solute concentration in the residual liquid steel. The results
showed that, with increasing Al content, the solute partition coefficients were
easily influenced, and the order of the influence was S> C > N> Al> Mn.
Among these, the average partition coefficients of S showed a large downward
trend (from 0.0107 to 0.0060), while Mn showed little change (approximately
0.71). Based on an electron probe microanalyzer, the partition coefficients of
the solutes S, C, N, and Mn were all lower than 1, while solute Al was higher
than 1, which were consistent of the results by Thermo-Calc calculations. With
the Al content increasing from 0.95% to 2.97%, the precipitation temperature
of AlN increased from 1730 K to 1759 K. The local growth time of MnS in-
creased from 0.80 s to 4.96 s.

INTRODUCTION

Recently, with the increasing demand for achiev-
ing energy savings and emission reduction in the
automotive industry, automotive steel has been set
high requirements. Medium Mn steel has received
much attention owing to high strength, high ductil-
ity, and excellent tensile strain-hardening perfor-
mance.1,2 Aluminum is a lightweight element
commonly used in medium Mn steel.3,4 The addition
of Al not only reduces weight but also improves
elongation by increasing the ferrite content.5

Accordingly, the Fe-Mn-Al-C system is gradually
replacing the Fe-Mn-C system because of its advan-
tages, and occupies a large market share in auto-
motive steel.6,7 However, adding high Al into
medium Mn steel may result in a large amount of
AlN and MnS forming directly in the liquid steel or
precipitate in the residual liquid steel during the

subsequent solidification process, which limits the
combination of high strength and ductility.8,9 Thus,
it is necessary to investigate the formation mecha-
nism of AlN and MnS inclusions.

Many assumed microsegregation models have
been presented to predict the solute concentration
in residual liquid steel during the solidification
process, such as the lever-rule model,10 the Scheil
model,11 the Brody–Flemings model,12 the Clyne–
Kurz model,13 the Ohnaka model,14 and the Voller–
Beckermann model.15 However, the applicability of
some parameters in those models has usually been
neglected, such as the solute partition coefficient. In
fact, it is an important parameter which determines
the redistribution trend of solute elements between
the liquid phase and the solid phase, and is easily
influenced by the phase composition. Al, as a ferrite-
forming element, can stabilize the d phase during
steel solidification, and, therefore, the addition of Al
into medium Mn steel has some influence on the
phase composition. The adding of Al into medium
Mn steel will change the solubility of solute ele-
ments between the liquid phase and the solid (d and
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c) phase, inducing the variation of solute partition
coefficients during solidification. Under different Al
contents, the variation of the partition coefficient
should be considered in microsegregation models,
which may accurately describe the solute microseg-
regation behavior to further account for the forma-
tion of AlN and MnS inclusions. Among the
microsegregation models, the Clyne–Kurz model is
widely applicable considering the finite non-zero
diffusion of solute elements in the solid phase, and
can accurately predict the solute concentration in
residual liquid steel during the solidification pro-
cess.16–18 Currently, in the research of the forma-
tion mechanism of AlN and MnS inclusions in Fe-
Mn-Al-C steel, the partition coefficients of solutes
Al, N, Mn, and S were simplified to the same value
in Fe-Mn-Al-C steel with various Mn contents.19–21

Alba et al.20 analyzed the formation of AlN in Fe-
xMn-3Al-0.12C (x = 2%, 5%, 20%) steel by the lever-
rule model and the Scheil model. However, the
variation of the partition coefficients of Al and N
under different Mn contents were neglected in their
study. With the increas of the Mn content, the
values of the partition coefficients of Al and N were
invariant, and were still 0.6 and 0.27, respectively.
They found that the AlN will precipitate first with
the increase of Mn content. When the Mn contents
were 2% and 5%, the solid fractions (fs) of AlN
precipitation were 0.574 and 0.422, respectively.
With Mn content further increasing to 20%, the AlN
can form in the liquid steel. Moreover, Liu et al.21

reported the formation of MnS in Fe-xMn-7Al-0.7C
(x = 3%, 10%, 20%, 30%) steel by the Voller–Beck-
ermann model, but the solute partition coefficients
of Mn and S were also unchanged under different
Mn contents. With increasing of Mn content, the fs
of MnS precipitation decreased from 0.91 to 0.43. As
mentioned above, all these values of partition
coefficients for solutes Al, N, Mn, and S were
invariant, which led to insufficient accuracy of the
predictions of the solute concentration in the resid-
ual liquid steel. Obviously, the Al content has an
effect on the solute partition coefficients and also
the formation of AlN and MnS. However, studies on
the formation mechanism of AlN and MnS inclu-
sions in medium Mn steels with various Al contents
have rarely been reported. In this study, the effect
of Al content on the partition coefficient, diffusion
coefficient, and secondary dendrite arm spacing in
medium Mn steel have been explored, and then
these parameters under different Al contents have
been used in the Clyne–Kurz model to predict the
solute concentration. The Fe-5Mn-(0, 1, 2, 3)Al-
0.15C-0.23Si medium Mn steels were prepared,
using a 50-kg vacuum-induction furnace. The for-
mation mechanisms of AlN and MnS under the as-
cast conditions were analyzed by thermodynamic
calculations and the Clyne–Kurz model. Further-
more, an electron probe microanalyzer (EPMA) was

employed for dendrite structure observation and
chemical composition analysis to describe the micro-
segregation behavior of the solute elements.

EXPERIMENTAL PROCEDURES
AND THERMODYNAMIC CALCULATIONS

Material Preparation

The medium Mn steels with various Al contents
were smelted using a 50-kg intermediate frequency
induction furnace, and the compositions of these
steels are listed in Table I. The initial average N
(0.0029%) and S (0.0062%) contents have been
compared with the critical N and S contents of
AlN and MnS for the stability diagram (Fig. 2),
which appears in the subsequent discussion. The
dimensions of the steel ingot and the positions of the
specimen are shown in Fig. 1.

Microstructure Characterization

The specimens used for observation were mechan-
ically ground and polished, and then they were
etched in 5% saturated picric acid solution, and the
dendritic structure was observed using a digital
microscope (AxioCam MRc5). The secondary den-
drite arm spacing was analyzed by the Image-Pro
Plus 6.0 image software, and the dendrite structure
and chemical composition were characterized using
EPMA (JXA-8530F).

Thermodynamic Calculations

Thermodynamic Equations of AlN and MnS
Formation in Liquid Steel

The reaction equations of AlN and MnS formation
in liquid steel are:22,23

Al½ � þ N½ � ¼ AlNð Þ Sð Þ DGh ¼ �303500 þ 134:6T

ð1Þ

Mn½ � þ S½ � ¼ MnSð Þ Sð Þ DGh ¼ �168822 þ 98:87T

ð2Þ

Then, the solubility constants of AlN and MnS
were calculated by:

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

¼ �15850

T
þ 7:03 ð3Þ

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

¼ �8817

T
þ 5:16 ð4Þ

where fi is the activity coefficient of component I
relative to the dilute solution. The values of fi were
calculated by:
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log fi ¼
P

eji � pct j½ � þ rji � pct j½ �2
� �

ð5Þ

where i = Al, N, Mn, S; j = C, Al, N, Mn, S, Si, P, O.
The first-order interaction parameters ðejiÞ and

the second-order interaction parameters (rji) are
from our previous study.18 Accordingly, the equilib-
rium solubility product of AlN formation can be
derived from Eqs. 1, 3, and 5:

KAlN ¼ ½pct Al�½pct N� ¼
107:104�15850=T Al ¼ 0:95
107:089�15850=T Al ¼ 1:93
107:083�15850=T Al ¼ 2:97

8
<

:

ð6Þ

When the Al content was 0.018%, the AlN cannot
precipitate in the liquid steel or the residual liquid
steel during subsequent solidification process due to
the lower Al content. Therefore, for the 0.018% Al
steel, the formation of AlN is not discussed in this
study.

Similarly, the MnS formation in liquid steel were
calculated by Eqs. 2, 4, and 5:

KMnS ¼ ½pct Mn�½pct S�

¼
105:276�8817=T Al ¼ 0:018
105:236�8817=T Al ¼ 0:95
105:192�8817=T Al ¼ 1:93
105:152�8817=T Al ¼ 2:97

8
>><

>>:
ð7Þ

When the actual product of [% Al] and [% N], [%
Mn], and [% S] reached the values of KAlN and KMnS

at the liquidus temperature, AlN and MnS, respec-
tively, formed in the liquid steel. With the increas-
ing Al content, the values of KAlN and KMnS

decreased, which led to the possibility of the forma-
tion of AlN and MnS gradually increasing in the
liquid steel.

Microsegregation Models of AlN and MnS
Formation During the Solidification Process

The microsegregation of solute elements
increased the actual concentration product in the
residual liquid phase, and AlN and MnS may be
forming during the solidification process. Accord-
ingly, many assumed microsegregation models have
been proposed to account for the redistribution of
solute elements.

The lever-rule model10 assumes the solute ele-
ments completely diffuse between the liquid and
solid phase:

CL ¼ C0= 1 � 1 � kið Þfs½ � ð8Þ

However, the Scheil model11 neglects the diffu-
sion of solute elements in the solid phase:

CL ¼ C0½1 � fs� ki�1ð Þ ð9Þ

However, the idealized microsegregation models
of the lever-rule and the Scheil were not reasonable
enough. The lever-rule model thinks that the diffu-
sion rate of any solute element is infinite in the solid
phase. The Scheil model considers that the diffusion
rate of any solute element is zero in the solid phase.
During solidification, the diffusion rate of any solute
element will not be zero or infinity in the solid
phase. Accordingly, the finite non-zero diffusion of
solute elements in the solid phase should be con-
sidered to predict the solute concentration during
solidification. The Brody–Flemings model12

assumes finite non-zero diffusion of solute elements

Table I. Chemical compositions of medium Mn steels (wt.%)

Specimens C Mn Al Si Nb V N S P O

0 Al 0.15 5.05 0.018 0.23 0.06 0.05 0.0029 0.0060 0.0050 0.0015
1 Al 0.15 4.98 0.95 0.23 0.05 0.05 0.0032 0.0063 0.0050 < 0.0005
2 Al 0.17 4.96 1.93 0.23 0.07 0.04 0.0025 0.0059 0.0040 < 0.0005
3 Al 0.15 5.04 2.97 0.23 0.06 0.04 0.0030 0.0066 0.0040 < 0.0005
Average – – – – – – 0.0029 0.0062 – –

Fig. 1. The dimensions of the steel ingot and the positions of the
specimen.
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in the solid phase, and the results are more
suitable for the actual solidification process:

CL ¼ C0 1 � 1 � bikið Þfs½ � ki�1ð Þ= 1�bikið Þ 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 tf (s) is the local solidification time, defined
as:

tf ¼
TL � TS

CR
ð13Þ

The Clyne–Kurz model13 modified the back-diffu-
sion parameter ðbiÞ and ensured the reasonability in
the physical, and is defined as:

bi ¼ 2a 1 � exp � 1
a

� �� �
� 1

2 exp � 1
2a

� �
ð14Þ

It is obvious that the lever-rule model and the
Scheil model were not accurate enough. The Brody–
Flemings improved their accuracy due to the finite
non-zero diffusion of solute elements being consid-
ered in the solid phase. Based on the Brody–
Flemings model, the Clyne–Kurz modified the
back-diffusion parameter, which made the results
more suitable for the actual solidification process.
As mentioned above, when the four models
appeared in the study, the Clyne–Kurz model could
be directly used to calculate. Thus, in this study, we
directly selected the Clyne–Kurz model to calculate
the solute concentration in the residual liquid phase
during solidification, as it was more accurate and
widely applicable.16–18,24–26 In this study, the actual
product concentrations of AlN and MnS during
solidification of medium Mn (� 5 Mn%) steel with
various Al contents were calculated by the Clyne–
Kurz model:

QAlN ¼ % Al½ � % N½ �

¼ % Al½ �0 ð1 � 1 � bAlkAlð Þfs½ �
kAl�1ð Þ

1�bAlkAlð Þ % N½ �0

ð1 � 1 � bNkNð Þfs½ �
kN�1ð Þ

1�bNkNð Þ

ð15Þ

QMnS ¼ % Mn½ � % S½ �

¼ % Mn½ �0 ð1 � 1 � bMnkMnð Þfs½ �
kMn�1ð Þ

1�bMnkMnð Þ % S½ �0

ð1 � 1 � bSkSð Þfs½ �
kS�1ð Þ

1�bSkSð Þ

ð16Þ

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

When the actual products, QAlN and QMnS, exceed
the values of KAlN and KMnS, calculated by Eqs. 6
and 7, respectively, AlN and MnS are able to form
during the solidification process.

RESULTS AND DISCUSSION

Thermodynamics Analysis of AlN and MnS
Formation in Liquid Steel

The stability diagram of AlN and MnS formation
is shown in Fig. 2. The dashed and solid lines
illustrate the solubility product of AlN and MnS at
the liquidus (TL) and solidus temperatures (TS),
respectively. It can be seen in Fig. 2a, with Al
content increasing from 0.95% to 2.97%, that the N
contents of the formation of AlN decreased from
0.0151% to 0.0049% at the liquidus temperature.
However, the critical N contents of the formation of
AlN inclusions were still higher than the initial
average content of N (0.0029%), so AlN was unable
to form in the liquid steel. As shown in Fig. 2b, with
the Al content increasing from 0.018% to 2.97%, the
S contents of the formation of MnS also decreased at
the liquidus temperature, from 0.3960% to 0.3120%,
which are much larger than the initial average
content of S (0.0062%); therefore the MnS cannot
precipitate in the liquid steel.

Variable Parameters During the Solidification
Process

As seen in Fig. 2, the AlN and MnS were unable to
form in the liquid steel. However, when the tem-
perature was lower than the liquid temperature, the
microsegregation of solute elements will increase
the actual concentration product in the residual
liquid steel, and the AlN and MnS may be forming
during solidification. The Clyne–Kurz model can be
expressed as a function of the microsegregation of
element i. These parameters contain the equilib-
rium partition coefficient (ki) and diffusion coeffi-
cient (DS), secondary dendrite arm spacing (kS), and
cooling rate (CR), which have been discussed to
illustrate the variation. These parameters under
different Al contents have been used in the Clyne–
Kurz model.

The pseudo-binary phase diagram of Fe-5Mn-xAl-
0.15C-0.23Si steel is shown in Fig. 3. It can be seen
that the Al content influences and determines the
phase transition during the steel solidification. The
Al contents are 0.018, 0.95, 1.93, and 2.97% in the
steel, which classified three solidification modes.
Among them, when the Al content is 0.018%, it
belongs to hyper-peritectic steel, and to the L + d,
L + d + c, and L + c phases in turn, and the L + c
phase exists mainly during solidification. When the
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Al content is 0.61%, it is a critical Al content of the
peritectic point of the steel. The steel belongs to
hyper-peritectic steel when the Al content is lower
than 0.61%. When the Al contents are 0.95 and
1.93%, they are hypo-peritectic steels, and the L + d,
L + d + c, and d + c phasesin turn. When the Al
content is higher than 2.69%, the range of the single
c phase cannot exist due to the large content of the d
phase after the peritectic reaction (L + d fi c)
finishes. Although the 2.97% Al steel also belongs
to hypo-peritectic steel, the steel is classified as
another mode. The solidification mode of Fe�5Mn-
xAl-0.15C-0.23Si steel concludes as follows:

Mode 1: 0.018% Al: L fi L + d fi L + d +
c fi L + c fi c
Mode 2: 0.95 and 1.93% Al: L fi L + d fi
L + d + c fi d + c fi c
Mode 3: 2.97% Al: L fi L + d fi L + d +
c fi d + c

As seen in Table II, with the increase of Al content,
the solidification starting temperature (liquids tem-
perature) increased while the ending temperature
(solidus temperature) decreased, and the tempera-
ture range of the solidification process increased
from 40.1 K to 88.3 K. The temperature range of the
L + d phase coexisting zone gradually increased,
from 14.5 K to 87.0 K, and the proportion of the
L + d in the whole solidification temperature range

( DTLþd
TL�TS

), increased from 36.2% to 98.5%. Therefore,

under different Al contents, the solidification modes
of Fe-5Mn-xAl-0.15C-0.23Si steel were quite differ-
ent, which caused a significant effect on these
parameters of the Clyne–Kurz model.

Figure 4 shows the equilibrium partition coeffi-
cients during Fe-5Mn-xAl-0.15C-0.23Si steel solidi-
fication. In the d/L phase, the Al content has a slight
influence on the partition coefficients of solutes Mn
and C, while it has a great effect on solutes S, N, and
Al. In the d + c/L phase, the solute partition coeffi-
cients contain the d/L and c/L phases, which were
different because of the difference in solubility.

kdþc=L was calculated by:27,28

kdþc=L ¼ md � kd=L þmc � kc=L ð17Þ

md þmc ¼ 1 ð18Þ

where kd/L, kc/L, and kd+c/L are the solute partition
coefficients in the d/L, c/L, and d + c/L interfaces,
respectively, and md and mc are the mass fractions
of d and c in the solid phase, respectively. In the c/L
phase, the Al content has little effect on solutes Mn,
C, and Al, while it has a great influence on S and N.

The average values of the partition coefficients of
the solute elements are shown in Fig. 4f. With

increasing Al content, k
ave
Mn

shows little change and

is approximately 0.71, k
ave
N

first decreased from

0.47 to 0.30 (0.018–0.95%) and then presented a

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

Fig. 3. The pseudo-binary phase diagram of Fe-5Mn-xAl-0.15C-
0.23Si steel.
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Table II. The solidification temperature range and phase transition temperature

Al

L + d range (K)

DTLþd

L + d + c range (K)

DTLþdþc

L + c range (K)

DTLþc TL � TSTLþd
start TLþd

end TLþdþc
start TLþdþc

end TLþc
start TLþc

end

0.018 1770.1 1755.6 14.5 1755.6 1754.7 0.9 1754.7 1730.0 24.7 40.1
0.95 1776.1 1733.2 42.9 1733.2 1725.5 7.7 – – – 50.6
1.93 1778.2 1714.6 63.6 1714.6 1708.8 5.8 – – – 69.4
2.97 1780.9 1693.9 87.0 1693.9 1692.6 1.3 – – – 88.3

Fig. 4. The equilibrium partition coefficients of solute elements calculated by Thermo-Calc software: (a) kMn; (b) kS; (c) kC; (d) kN; (e) kAl; (f) k
ave
i .
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slight increase to 0.33 (2.97% Al), and k
ave
Al

showed

the reverse trend with N, first increasing from 1.15
to 1.25, and then decreasing to 1.19 (2.97%). The
values of the solute partition coefficients were
further away from 1, illustrating that the segrega-
tion degree of the solute elements is becoming more
serious. Although the partition coefficients of
solutes Al and N had the reverse variable trend
with the increase of Al content, the variation of
segregation degree was nearly consistent. As seen in
Fig. 4d, the solute N easily enriched in the c phase

compared with the d phase (k
c=L
N

>k
d=L
N

), and the

c/L coexisting zone only exists in the 0.018% Al

steel, and, therefore, the value of k
ave
N

was the

largest (0.018%). Furthermore, with the Al content
increasing from 0.95% to 2.97%, the proportion of
the d/L coexisting zone gradually increased in the

whole solidification process, and the k
d=L
N

was

higher in 2.97% Al steel, and, therefore, the k
ave
N

presented a slight increase. Similarly, the k
ave
Al

was

the smallest in the 0.018% Al steel, and, then, with
the Al content increasing from 0.95% to 2.97%, the

k
ave
Al

presented a slight decrease. The values of

k
ave
S

and k
ave
C

decreased continuously with the

increase of Al content. The solute S showed a large
downward trend, from 0.0107 to 0.0060, and the
values were much smaller than other solute
elements.

In addition, the positive segregation or negative
segregation of the solute elements did not change
with increasing of the Al content. The partition
coefficients of Mn, S, N, and C were all lower than 1
under different Al contents, which showed the
positive segregation. Thus, those elements will
segregate in the interdendritic area, enriching in
the residual liquid steel during solidification. How-
ever, the solute Al was higher than 1, presenting the
negative segregation, and, therefore, the Al will
segregate in the dendrite, which will be enriched in
the solid phase. In summary, the solute partition
coefficients were easily influenced by the addition of
Al during solidification, and the order of the influ-
ence was S> C> N> Al> Mn. Thus, under dif-
ferent Al contents, the variation of the solute
partition coefficients should be considered, and then
used in the Clyne–Kurz model.

The typical dendrite morphology of Fe-5Mn-xAl-
0.15C-0.23Si steel is shown in Fig. 5. With the Al
content increasing from 0.018% to 2.97% Al, the
average secondary dendrite arm spacing (kS) chan-
ged little, and were 66 ± 17 lm, 68 ± 20 lm,
71 ± 13 lm, 67 ± 19 lm, respectively. The value

of kS can be used to predict the cooling rate, and
investigators29 have shown that the relationship
was:

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

C ð19Þ

where Cc is the content of carbon (wt.%) and CR is
the cooling rate (K/s). Then, the cooling rate for the
medium Mn steel ingots with various Al content
during solidification was approximately 2.5 K/s.
Therefore, the variation of the secondary dendrite
arm spacing and cooling rate under different Al
contents should be considered, and then used in the
Clyne–Kurz model.

The results of EPMA have been widely used in Fe-
Mn-Al-C steel to describe the microsegregation of
solute elements in the solid phase and the residual
liquid phase, or the dendrite and interdendritic
areas.30–33 The EPMA composition maps of solute
elements under different Al contents are shown in
Fig. 6. The results show that the concentrations of
solutes C, N, S, and Mn in the interdendritic area
were higher than those in the dendrite under
different Al contents, while the concentration dis-
tribution of solute Al was the opposite, which is
consistent with the results of the Thermo-Calc
calculations (Fig. 4). The concentrations of N and
S were lower in the detecting matrix, because the
initial contents of solutes S (0.0062%) and N
(0.0029%) were lower than the other solute ele-
ments (C, Mn, and Al).

The distance of 1 lm shows a value in the process
of determining the element content by the line
scanning of EPMA. The calculated microsegregation
ratio (= the element content in this position/the
average element content in this line) of solutes C, N,
S, Mn, and Al under different Al contents is shown
in Fig. 7. Under different Al contents, the big
difference of the microsegregation ratios of the
solute elements existed in the interdendritic area
and the dendrite. Among these, the larger microseg-
regation ratios appeared in the interdendritic area
or dendrites, which depended on the positive segre-
gation or negative segregation of the solutes.
Solutes C, N, S, and Mn were positive segregation,
enriching in the interdendritic area, and, therefore,
their microsegregation ratios in the interdendritic
area were higher than those in the dendrite.
However, the solute Al was negative segregation,
which enriched in the dendritic. Accordingly, its
microsegregation ratio was larger in the dendritic.
Under different Al contents, these microsegregation
ratios of the solutes in the interdendritic area and
dendrite all had good agreement with positive
segregation or negative segregation of the solutes.

The standard deviation (SD) can describe the
segregation degree for solute elements.33 Based on
the Fig. 7, the microsegregation ratios have been
used to calculate the SD of those solute elements,
and then the SDs are shown in Fig. 8. Under
different Al contents, the SD of a solute element was
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greater and the segregation degree was more severe
for this solute element. With the increase of Al
content, the SD of solutes C, S, and Mn increased,
which indicated their segregation degrees became
severe. The SDs of solutes N and Al were the
smallest when the Al content was 0.018%, present-
ing the smallest segregation degree, while the
segregation degree of solutes N and Al was the
most serious when the Al content was 0.95%,
because the SD was the largest. Finally, the

segregation degree of solutes N and Al showed an
alleviative trend on the whole with the Al content
increasing from 0.95% to 2.97%.

Figure 9 shows the d and c phase fractions. With
increasing Al content, the percentage of the d phase
increased while the c phase decreased, while when
the Al content was 0.018%, the solid phase was the
single c phase. The majority of the solid phase was
the c phase when the Al content was 0.95%.
However, with the Al content increasing to 2.97%,

Fig. 5. Typical dendrite morphology: (a) 0.018 Al; (b) 0.95 Al; (c) 1.93 Al; (d) 2.97 Al.

Fig. 6. EPMA composition maps of solute C, N, S, Mn, and Al: (a) 0.018 Al; (b) 0.95 Al; (c) 1.93 Al; (d) 2.97 Al.
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the solid phase was gradually occupied by the d
phase, and only a small amount of the c phase
formed at the later stage of solidification. The Al
content had a great influence on the fractions of the
d and c phases for Fe-5Mn-xAl-0.15C-0.23Si steel
solidification, further changing the solubility of the
solute elements between the liquid phase and the
solid (d and c) phase.

Figure 10 shows the diffusion coefficients of solute
elements in the solid phase during Fe-5Mn-xAl-
0.15C-0.23Si steel solidification. In the d phase, the
Al content has a slight influence on the diffusion
coefficients of solutes Mn, C, and S, while it has a
great effect on solutes N and Al. In the d + c phase,
they were quite different in the d and c phases. Dd+c

was calculated by:27,28

Fig. 7. EPMA composition line and microsegregation ratio of solute C, N, S, Mn and Al: (a) 0.018 Al; (b) 0.95 Al; (c) 1.93 Al; (d) 2.97 Al.
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Ddþc ¼ Vd �Dd þ Vc �Dc ð20Þ

Vd þ Vc ¼ 1 ð21Þ

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

and Vc are the volume fractions of d and c in the
solid phase, respectively. In the c phase, the Al
content has a slight influence on solutes Mn, S, C,
and Al; however, the Al content has a great effect on
solute N. In addition, the diffusion coefficients of
solutes Mn, S, N, C, and Al in the c phase were all
smaller than those in the d phase under different Al
contents.

The average values of the diffusion coefficients
are shown in Fig. 10f. With the Al content increas-
ing from 0.018% to 0.95%, the values of the diffusion
coefficients of the solute elements all greatly
increased. This is because these solute elements
diffuse faster in the d phase, and the percentage of
the d phase increases. With the further increase of
Al (from 0.95% to 2.97%), those diffusion coefficient
values have slightly increased, and, in this range of
Al content, the average values of solutes Mn, Al, S,
N, and C were approximately 1.57 9 10�11,
2.86 9 10�11, 2.26 9 10�10, 3.37 9 10�9, and
7.45 9 10�9 m2 s�1, respectively. The diffusion coef-
ficients of the solute elements were influenced by
the addition of Al, and the order of the influence was
Mn > Al> C> S> N. Accordingly, under differ-
ent Al contents, the variation of the solute diffusion
coefficients should be considered, and then used in
the Clyne–Kurz model. A previous study showed
that there was a slight effect of the solute diffusion
coefficient on microsegregation,34 because the solute
diffusion coefficient was much smaller than the
solute partition coefficient and had a low order of
magnitude as a whole.

Formation Mechanism of AlN and MnS
Inclusions

When the actual concentration products, QAlN

and QMnS (by Eqs. 10–16), reached the equilibrium
concentration products, KAlN and KMnS (by Eqs. 6
and 7), respectively, the AlN and MnS were able to
form during solidification. As shown in Fig. S-1a
(refer to online supplementary material), with the
Al content increasing from 0.95% to 2.97%, the fs of
AlN precipitation decreased from 0.960 to 0.563,
showing a large decrease. The addition of Al also
has some effect on the formation of MnS, and the
MnS precipitated earlier during solidification, with
the fs decreasing from 0.983 to 0.958, as shown in
supplementary Fig. S-1b. Additionally, when the Al
content is 0.018%, the AlN cannot precipitate
during the solidification process. However, the
addition of Al to medium manganese steel not only
reduces the specific weight but also increases the
stacking fault energy, and the addition of Al into
medium manganese steel is necessary. When the Al
content is 0.95%, the values for fs of AlN precipita-
tion and MnS precipitation are smaller than the
1.93% and 2.97% Al steel. Also, with the Al content
increasing from 0.95% to 1.93%, the values for fs of

Fig. 8. The standard deviations of solutes C, N, S, Mn, and Al.

Fig. 9. The d and c phase fractions: (a) d phase fraction; (b) c phase
fraction.
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AlN precipitation and MnS showed a large decrease.
Therefore, in this study, the recommended range of
Al content is 0.95% in medium manganese steel to
control the precipitation of AlN and MnS inclusions.

The solid fraction has a relationship with the
temperature,25,35 and the precipitation tempera-
tures of AlN and MnS (TP-AlN and TP-MnS) can be
obtained. The tg (s) was the local growth time of AlN
and MnS during solidification, defined as:36

tg ¼
Tp�AlNðMnSÞ � TS

CR
ð22Þ

where TS is the solidus temperature from Table II,
and the CR is the cooling rate from Eq. 19.

As shown in supplementary Fig. S-2a, with the Al
content increasing from 0.95% to 2.97%, the TP-AlN

increased from 1730 K to 1759 K, and the local
growth time of AlN during solidification increased
from 1.88 s to 26.6 s. For the AlN inclusions, the
2.97% Al steel possesses a higher local growth time,
which provided a more sufficient condition for the
growth of AlN. The addition of Al also has an effect
on the formation of MnS, as shown in supplemen-
tary Fig. S-2b. With the Al content increasing from
0.018% to 2.97%, the TP-MnS gradually decreased,

Fig. 10. The diffusion coefficients of solute elements in the solid phase calculated by DICTRA software: (a) DS-Mn; (b) DS-S; (c) DS-C; (d) DS-N;
(e) DS-Al; (f) DS-i(ave).
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and the temperatures were 1732 K, 1729 K, 1717 K,
and 1705 K, respectively. The local growth time of
MnS during solidification increased from 0.80 s to
4.96 s, which showed a relative slight increase
compared with the AlN inclusions.

CONCLUSION

The effect of Al content on the formation mech-
anism of AlN and MnS inclusions in Fe-5Mn-xAl-
0.15C-0.23Si (x = 0.018%, 0.95%, 1.93%, 2.97%)
medium Mn steel was investigated by microstruc-
ture observation, thermodynamic analyses, and the
Clyne–Kurz model. The effect of Al content on
partition coefficient, diffusion coefficient, and sec-
ondary dendrite arm spacing was explored, and
then these parameters under different Al contents
were used in the Clyne–Kurz model. The main
conclusions can be summarized as follows:

1. In Fe-5Mn-xAl-0.15C-0.23Si (x = 0.018%, 0.95%,
1.93%, 2.97%) medium Mn steel, with the Al
content increasing from 0.95% to 2.97%, the N
contents of the formation of AlN decreased from
0.0151% to 0.0049% at the liquidus tempera-
ture. However, the critical N contents of the
formation of AlN were still higher than the
initial average content of N (0.0029%), so the
AlN was unable to form in the liquid steel. With
the Al content increasing from 0.018% to 2.97%,
the S contents of the formation of MnS also
decreased at the liquidus temperature, from
0.3960% to 0.3120%, which was much larger
than the initial average content of S (0.0062%),
and, therefore, the MnS cannot precipitate in
the liquid steel.

2. The partition coefficients of the solute elements
were easily influenced by the addition of Al
during solidification, and the order of the influ-
ence was S> C> N> Al > Mn. With the Al
content increasing from 0.018% to 2.97%, k

ave
Mnshowed little change and was approximately

0.71, k
ave
N

first decreased from 0.47 to 0.30
(0.018–0.95%) and then presented a slight
increase to 0.33 (2.97%), and k

ave
Al

showed the
reverse trend with N. The values of k

ave
S

and
k

ave
C

decreased continuously with the increase
of Al from 0.018% to 2.97%, and the partition
coefficients of S showed a large downward trend
(from 0.0107 to 0.0060).

3. Based on EPMA, under the different Al con-
tents, the concentrations of the solutes C, N, S,
and Mn in the interdendritic area were higher
than those in the dendrite zone, while the
concentration distribution of solute Al was the
opposite. The partition coefficients of solutes S,
C, N, and Mn were all lower than 1, presenting
positive segregation, while solute Al was higher
than 1, showing negative segregation, which
was consistent with the results by Thermo-Calc
calculations.

4. The diffusion coefficients of the solute elements
were influenced by the Al contents, and the
order of the influence was Mn > Al> C> S>
N. With the Al content increasing from 0.018%

to 0.95%, the average values for the diffusion
coefficients of the solute elements all greatly
increased. This is because these elements dif-
fuse faster in the d phase, and so the percentage
of the d phase increases. With the further
increase of Al (from 0.95% to 2.97%), those
diffusion coefficient values slightly increased.

5. Based on the Clyne–Kurz model, with the Al
content increasing from 0.95% to 2.97%, the
precipitation temperature of AlN increased from
1730 K to 1759 K, and the local growth time of
AlN during solidification increased from 1.88 s
to 26.6 s. For AlN inclusions, the 2.97% Al steel
possessed a higher local growth time, which
provided a more sufficient condition for the
growth of AlN. The local growth time of MnS
increased from 0.80 s to 4.96 s, which showed a
relatively slight increase compared with the AlN
inclusions.
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