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The features of inclusion and microstructure for carbon structural steel containing Mg-Al-O inclusions were studied through the
scanning electron microscope (SEM) and Energy Dispersive Spectrometer (EDS). It can be seen that, in Mg-Al-O inclusions, the
elements ofMn, Si, and S coexist, and their central mole ratio ofMg/Al varies in a wide range.This value formost inclusions is larger
than 0.5, which suggests the formation of solid solution between MgAl

2
O
4
and MgO. After etching, the typical microstructure of

intragranular acicular ferrites is observed, which is due to the nucleation effect induced by Mg-Al-O inclusions. From the SEM-
EDS mapping images, it is found that the element of sulfur accumulates on the periphery of nucleation inclusion. Moreover, line
EDS analysis hints that Mn-depletion zone (MDZ) exists in steel matrix, which is adjacent to the complex inclusion. Combined
with the theoretical analysis, this phenomenon can be explained by the absorption of Mn due to the magnesium vacancy in
MgAl

2
O
4
, and this MDZ promotes the nucleation of intragranular acicular ferrite. Through statistical analysis of SEM images for

microstructure, the probabilistic nature of inducing nucleation effect is revealed. These results may be helpful to clarify the nature
of oxide metallurgy.

1. Introduction

Nonmetallic oxides have been considered being harmful to
the ductility, toughness, and fatigability of steel because of
their high melting point and hardness [1]. However, in 1990,
the technology of oxide metallurgy was proposed to utilize
the positive effect of the fine oxide to refine the grain [2–4].
Due to the perspective prospect, this technology has been a
subject of intense study.

Among different kinds of nonmetallic inclusions [5–7],
which have been utilized in oxide metallurgy, Mg-bearing
oxide has recently attracted much attention due to its special
properties [8]. It can not only inhibit austenitic grain growth
through the pinning effect [8, 9] but also induce nucleation
of intragranular acicular ferrite (IAF) during the austenite-
ferrite transformation [10]. The former is based on the fact
that Mg-bearing oxides are thermally stable second phase
particles that do not easily dissolve or grow at a temperature
as high as 1673K [8]. However, the mechanism of the latter is
still under discussion.

In 2011, Wen et al. [10] pointed out that the lattice
disregistry is the possible mechanism to explain the inducing
nucleation effect of Mg-bearing oxides. First, they simplify
the Mg-bearing oxides as MgAl

2
O
4
and MgO.Then through

calculations, they find that the lattice disregistry between
MgAl

2
O
4
and 𝛼-Fe is only 0.6%, and the value betweenMgO

and 𝛼-Fe is only 4.03%. According to the Bramfitt’s theory
[6], if the lattice disregistry is less than 6%, the heterogeneous
nucleation will be well induced. But this explanation is not
consistent with the complexity of inclusion’s feature. On the
one hand, other elements, such as Mn, S, and Si, coexist with
Mg-Al-O in inclusion, which leads to the inaccuracy in only
considering pure MgAl

2
O
4
. On the other hand, according to

the PCPDFWIN Database of JCPDS (version 1.1.1.0, 2002),
the finely crystal structure types of Mg-Al-O, Mg-Al-Mn-O,
and Mg-Al-Si-O are 62, 9, and 84, respectively. This makes
it difficult to confirm the exact structural parameters of Mg-
bearing oxides, let alone the parameters at the transformation
temperature between austenite and ferrite. In fact, Chai et al.
[11] have clearly pointed out that MgO is impotent to induce
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Figure 1: SEM micrographs and EDS results for typical magnesia-bearing oxide.

the IAF nucleation. Thus, the mechanism of IAF nucleation
induced by Mg-Al oxides should be further clarified.

In recent years, different experimental tools have been
applied to study the nature of oxidemetallurgy, such as trans-
mission electron microscope (TEM) [12], scanning Auger
microprobe (SAM) [13], and scanning electron microscope
(SEM) [14]. Among them, the role of Energy Dispersive
Spectrometer (EDS), which is equipped on SEM, is special.
On the one hand, due to its limitation in accuracy, EDS can
only qualitatively describe the composition of submicrometer
scale. On the other hand, compared with other more precise
tools, EDS can be easily utilized to analyze a large number
of inclusions and characterize their statistical features. More-
over, line and mapping functions of EDS can further qualita-
tively describe the distribution of elements in inclusion.These
results are helpful to gain more insight into the inclusion’s
inducing nucleation effect for IAF. Till now, the application
of these tools to Mg-Al-O inclusions is still lacking. Thus,
the objective of this paper is to elucidate mechanism of IAF
nucleation induced by Mg-Al-O inclusions through systemic
measurements by SEM and EDS.

2. Experimental Procedure

The experiment is carried out in a high-heat tube-type resis-
tance furnace (KSY-10-18). The commercial 20 MnSi (about
1000 g) were charged into an alumina crucible. After pre-
heating, the charged alumina crucible was lowered into the
hot zone of resistance furnace with a graphite outer crucible.
The furnace temperature was maintained at 1873K. When
melting was done, the appropriate amounts of aluminum and
magnesia alloy (Mg: 8%, mass percentage) were added into
the molten steel in turn. After being held for 20 minutes at
1873K, the crucible was taken out. After solidification, the
sample is quenched into water.

The contents of magnesia and acid-soluble aluminum
(Sol.Al) were analyzed by the Inductively Coupled Plasma
Spectroscopy method. The sample composition is shown in
Table 1. The morphology and composition of inclusions were
characterized by the SEM (JSM-6510LV) and EDS (INCA
Feature X-Max 20). To conduct further detailed analysis of
inclusions, the line andmapping functions of EDS are applied
to reveal the elements distribution in inclusion. The sample

Table 1: Chemical composition of steel sample (mass percentage).

C Si Mn P S Sol.Al Mg
Mass Pct 0.13 0.36 0.95 0.021 0.019 0.0013 0.0008

was polished carefully and etched in 3Vol% Nital solution
for microstructure observation, which was performed by the
optical and scanning electron microscopes.

3. Results and Discussion

To characterize the nature of inclusion, 100Mg-bearing
inclusions are randomly selected and analyzed with SEM-
EDS. Figure 1 presents two typical SEM images and their
composition. It should bementioned that the data processing
for EDS is carried out in two steps [15]. First, elements of iron
and oxygen are excluded from the composition analysis. Iron
was excluded to eliminate the contribution of signals from the
steel matrix, and oxygen was ruled out since oxygen accuracy
is not sufficient for scientific analysis. Second, the content of
the remaining elementswas normalized to 100% and reported
in the unit of atomic percent. In fact, similar data processing
is also carried out by Zhuo et al. [15].

Through the statistical analysis of SEM-EDS images, three
features of Mg-bearing inclusions can be educed. First, the
elements of magnesia and alumina coexist in inclusion, and
nopureMgOare found.This is consistentwith earlier reports.
For example [16], Luo et al. pointed out that even 2 ppmMg
addition resulted in the oxide formation change from Al

2
O
3

to MgAl
2
O
5
. Second, in Mg-Al-O inclusions, other elements,

such as Si, Mn, and S, are also found.This coexistence means
that the simplification of MgO and MgAl

2
O
5
is not precise.

Third, the mole ratio of Mg/Al is not exactly equal to the
ideal value (0.5 for MgAl

2
O
5
) and varies in a wide range.

To characterize this distribution, each central mole ratio of
Mg/Al for 100 Mg-Al-O inclusions is analyzed through the
EDS spot function. The distribution of mole ratio (Mg/Al)
is shown in Figure 2. It is found that the ratio for most
inclusions is larger than 0.5, which hints the formation of
solid solution between MgAl

2
O
4
and MgO. These features

mean the complexity of Mg-Al-O inclusions, which should
be considered to explain its inducing nucleation effects.
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Figure 2: The distribution of central mole ratio (Mg/Al) for
magnesia-bearing oxides.

Figure 3 describes the sample’s optical microstructure
after etching in 3Vol% Nital solution. It can be seen that
the intragranular acicular ferrites are distributed among
the prior austenite grain boundaries, and these IAF plates
seem to be formed independently at large angles. This
results in an interlocking appearance, which is similar to
the typical microstructure with IAF in Ti-contained steel
[17, 18]. Figure 3 clearly shows that these IAF plates initiate
from a dark spot, which hints that an inclusion induces
the IAF nucleation. Since optical microscope does not have
the function of composition analysis, the sample’s etched
microstructure is further characterized by SEM and EDS.

From Figure 4(a), it is found that seven laths emanate
from a single Mg-Al-O inclusion, which confirms that the
inclusion induces the formation of intragranular acicular
ferrites. This nucleation effect is similar to that of typical
Ti-O [17, 18]. Moreover, from the element mapping figures
(Figures 4(b)∼4(f)), it can be seen that the element of sulfur
congregates at the inclusions margin. This phenomenon is
also confirmed by Luo et al. [16]. They found that MnS
can heterogeneously nucleate on MgAl

2
O
5
at 1523K and

suggested that 2 ppmMg addition resulted in the inclusion
formation change fromMnS-Al

2
O
3
to MnS-MgAl

2
O
5
. Since

element of manganese exists in entire inclusion, only the
congregation of sulfur at inclusions margin is found.

According toWen et al.’s paper [10], the lattice disregistry
theory has been proposed to explain the mechanism of IAF
nucleation induced by Mg-Al-O inclusions. However, this
explanation is challenged by the following four facts. First,
other elements, such as Mn, S, and Si, coexist with Mg-Al-O
in inclusion. Second, according to the PCPDFWIN Database
of JCPDS (version 1.1.1.0, 2002), the finely crystal structure
types of Mg-Al-O, Mg-Al-Mn-O, and Mg-Al-Si-O are 62, 9,
and 84, respectively. This makes it difficult to confirm the
exact structural parameters of Mg-bearing oxides, let alone
the parameters at the transformation temperature between
austenite and ferrite. Third, our statistical analysis shows that
the mole ratio of Mg/Al is not exactly equal to the ideal value

(0.5 for MgAl
2
O
5
) and varies in a wide range, which hints

the formation of solid solution. Fourth,MnS heterogeneously
nucleates on MgAl

2
O
5
at the inclusion margin, which means

the complexity of crystal structure at the interface between
Mg-bearing inclusions and the IAF plates.Thus, this inducing
effect cannot be explained only based on the lattice disregistry
between MgAl

2
O
4
and 𝛼-Fe. Other alternative explanations

should be considered.
In fact, the manganese-depleted zone (MDZ)mechanism

has beenwidely accepted to explain the function of inclusions
on nucleation effect of IAF [13, 14, 19, 20].The typical example
is Ti
2
O
3
. This hypothesis is based on two assumptions.

First, the cation vacancies exist in Ti-contained inclusions.
Second, the effective ionic radius of Mn (six-coordinated
Mn3+: 0.0645 nm for high-spin state) is similar to that of
Ti (six-coordinated Ti3+: 0.067 nm) [21]. Thus, Ti-contained
inclusions can absorb neighboring Mn atoms from the Fe
matrix, which results in a manganese-depleted zone in Fe
matrix adjacent to inclusion. Since Mn is one of austenite
stabilizing elements, this MDZ will lower the stability of
austenite and promote the nucleation of ferrites. This leads
to the nucleation of IAF.

In Mg-Al-O inclusions, the upper two conditions are
also met. On the one hand, magnesium vacancy is one
of the intrinsic defects in MgAl

2
O
4
through a computer

simulation study by using empirical potential parameters
[22]. On the other hand, the effective ionic radius of Mg
(four-coordinated Mg2+: 0.057 nm) is similar to that of Mn
(four-coordinated Mn2+: 0.066 nm for high-spin state) [21].
It should be mentioned that the effective ionic radius is
closely related to coordination number, valence state, and
spin state.The selection of coordination number is according
to the crystal structure, the valence state is dependent on
that of substitution ions, and the spin state is closely related
to arrangement of the outermost electrons. For example, the
coordination number of Ti3+ in Ti

2
O
3
is 6, while that ofMg2+

in MgAl
2
O
4
is 4. As for Mn, the values of effective ionic

radius are listed according to the corresponding coordination
number and valence state.

Based on upper two sides, a conclusionmay be drawn that
the absorption of Mn by MgAl

2
O
4
is feasible and reasonable.

In fact, the Mn-doping on the Mg site in MgAl
2
O
4
is well

studied by materials scientists, and the doping concentration
is high up to 50%, such as Mg

0.5
Mn
0.5
Al
2
O
4
[23]. They

systematically studied this doping effect and applied this kind
of doping material in optical devices [24]. According to the
distribution of mole ratio (Mg/Al) shown in Figure 2, it can
be seen that, in our sample, most Mg-bearing inclusions are
the solid solution between MgAl

2
O
4
and MgO. Thus, these

Mg-bearing inclusions can also produceMDZ in steel matrix
around them.

To verify the existence of MDZ, the line EDS analysis
was applied to the inclusion, which induces the formation
of intragranular acicular ferrites. These results are shown in
Figures 5(a) and 5(b). Due to the limitation of accuracy, the
line, which represents the content of Mn, is not smooth and
continuous. However, it can be clearly seen that the content
of Mn shows a valley in steel matrix, which is adjacent to
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Figure 4: SEM micrograph (a) and EDS mapping images of various elements ((b): Mg; (c): Si; (d): S; (e): Al; (f): Mn) for the inclusion in
etched sample.
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Figure 5: (a) The SEM image of inclusion, which induces the formation of intragranular acicular ferrites. (b) Line EDS analysis of Mn along
the nucleation site of inclusion and surrounding steel matrix.
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Figure 6: The diversity of nucleation effect induced by four typical Mg-Al-O inclusions.

the inclusion. The distance from minimum of Mn content to
the interface of inclusion is about 0.4 𝜇m. This observation
and distance value are consistent with earlier reports in Ti-
contained oxides, such as about 0.6 𝜇m through the line EDS
analysis [14] and 0.2 𝜇m through SAM [13]. In both papers,
this observation is suggested to confirm the existence of
MDZ. Thus, our results qualitatively hint the existence of
MDZ. Though this evidence is not decisive, it is still helpful
to settle this important issue.

Through statistical analysis of SEM images for micro-
structure, another important feature of inducing nucleation
should bementioned.That is probabilistic nature. In Figure 6,
four typical Mg-Al-O inclusions are present, which are all
found among the prior austenite grain boundaries.Their sizes
are 4.2, 3.6, 4.4, and 4.2 𝜇m, respectively. The corresponding
mole ratios of Mg/Al are 0.72, 0.70, 0.64, and 0.65. However,
similar size and ratio lead to totally different nucleation
effect. This contrast hints that the study on the mechanism
of oxide metallurgy cannot only focus on precise analysis
on single inclusion. The statistical analysis should be carried
out to clarify its probabilistic nature, and the concept of
probability should be introduced to scientifically characterize
relationship between the oxide features and effect of inducing
nucleation. This needs great amount of work, which we will
do in the future.

4. Conclusion

The features of inclusion and microstructure for Mg-treated
carbon structural steel were studied through the SEM and
EDS. It can be seen that, in magnesia-alumina oxides, central

mole ratio of Mg/Al is not fixed to the ideal value (0.5 for
MgAl

2
O
5
) and varies in a wide range. Since this value for

most inclusions is larger than 0.5, this hints the formation
of solid solution between MgAl

2
O
4
and MgO. After etching,

it is found that the magnesia-alumina inclusion can act as
nucleation sites for acicular ferrite. Line EDS analysis suggests
that the content of Mn shows a valley in steel matrix, which
is adjacent to the inclusion. Combined with the theoretical
analysis, this phenomenon can be explained by the absorp-
tion of Mn due to the magnesium vacancy in MgAl

2
O
4
, and

this manganese-depleted zone plays an important role in the
acicular ferrite formation. Furthermore, through statistical
analysis of SEM images for microstructure, the probabilistic
nature of inducing nucleation effect is revealed.
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