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Interaction Between Oxide Inclusions and
Low-Density Steel During Heat Treatment

WEISHENG WANG, HANGYU ZHU, JIE ZHOU, MINGMING SONG,
and LANQING WANG

A novel liquid-metal-suction (LMS) method was performed to prepare diffusion couple
specimens. The Al2O3/steel and MgO/steel interface characteristics were investigated after heat
treatment at 1373 K (1100 �C) for 10 hours using an electron probe microanalyzer (EPMA) and
scanning electron microscopy (SEM). The results indicated that the bulk oxide and steel
combined tightly. After heat treatment, the diffusion of oxygen from the oxide to the steel
matrix resulted in the formation of oxide particles in the particle precipitation zone (PPZ) on the
steel side. At the Al2O3/steel interface, fine Al2O3 and coarse Al2O3 were observed in the PPZ
after heat treatment. At the MgO/steel interface, MgOÆAl2O3 (MA) spinel particles and
dendritic Al2O3 were observed in the PPZ, and a thin MA spinel layer was detected on the bulk
MgO side. After heating at 1373 K (1100 �C), the typical non-metallic inclusions (NMIs) in the
low-density samples included AlN, MnS, AlN–MnS, and a small amount of Al2O3–MnS,
whereas MnS-containing NMIs became spherical or near-spherical, and the number of fine AlN
inclusions increased. In addition, the Mn diffusion from the steel matrix to the interface was
revealed based on Fick’s second law, and the Mn contents detected through EPMA analysis
after heat treatment were consistent with the theoretical calculation.
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I. INTRODUCTION

LOW-DENSITY steels (also known as lightweight
steels) for the transportation industry and military
vehicles have attracted increasing attention due to their
combined lightweight reduction, excellent strength, and
toughness.[1–3] The high Mn and Al content in low-den-
sity steel leads to a challenge for the control of
non-metallic inclusions (NMIs) during the smelting
process. It is well known that NMIs have remarkable
influences on the properties of steel.[4–6] Some research-
ers[7–10] have reported that the main NMIs in low-den-
sity steels are Al2O3, AlN, MgOÆAl2O3, MnS, and the
relevant complex inclusions. The formation of NMIs is
closely related to the chemical composition (oxygen,
nitrogen, sulfur, etc.), refining slag, refractory, and the

smelting process. Generally, the control of NMIs was
focused on the refining and casting process, which has
been widely investigated.
In recent years, the evolution of NMIs during heat

treatment has attracted more attention. Ren et al.[11]

investigated the transformation behavior of oxide inclu-
sions in 304 stainless steel heated from 1273 K to 1473 K
(1000 �C to 1200 �C) and found that the addition of Cr
into the steel matrix could transform MnO–SiO2 to
MnO–Cr2O3. Yang et al.[12] concluded that the forma-
tion of MnO–Cr2O3 particles was not only due to
interfacial chemical reactions but also to Ostwald
ripening. Kim et al.[13,14] investigated the solid reaction
between MnO–SiO2–FeO oxide and Fe-Mn-Si steel by
diffusion couple experiments. They pointed out that
oxide particles precipitated in the particle-precipitated
zone (PPZ), and iron particles containing Si and Mn
precipitated in the bulk oxides. It was confirmed that the
diffusion of S can suppress the diffusion of O and then
prevent the solid reaction between bulk oxide and steel
during heat treatment.[15,16] Zhang et al.[17] reported that
the PPZ width was controlled by the decomposition of
FeO in bulk oxide.
For oxides without FeO, there was still a solid

reaction between oxides and steel during heat treatment.
Kim et al.[18] studied the diffusion of elements and
change in composition between oxide inclusions and
steel and pointed out that Mn diffused into the steel
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from the oxide, while the diffusion of Si occurred in the
opposite direction. The driving force for the diffusion of
Mn and Si was subject to the activities of MnO and SiO2

in the oxide. Gan et al.[19] reported that MgO–Al2O3–
SiO2–CaO oxide was transformed to Al2O3–TiOx–
Cr2O3–MnO oxide due to the solid reaction between
Cr, Mn, Ti in the steel and SiO2 in oxides. Due to the
high Mn and Al contents in low-density steel, solid
reactions between oxide inclusions and Al in low-density
steel are inevitable. Fundamental studies on the inter-
actions between oxide inclusions and low-density steel
during heat treatment are scarce.

Generally, diffusion couple method was used to
observe the interaction between the NMIs and steel
matrix during the heat treatment. According to the
literatures,[13–21] several methods are available to pre-
pare diffusion couple specimens. Wang et al.[21] prepared
diffusion couples by clamping the oxide powder between
two steel cylinders and then sealed the diffusion couple
in a quartz tube. Kim et al.[13,14] smelted oxides and steel
in a SiO2 crucible under a CO/CO2 atmosphere at 1823
K (1600 �C) and then quenched them in water. Liu
et al.[15,16] melted oxides on a steel surface at 1673 K
(1400 �C) using a confocal scanning laser microscope
(CSLM) under an Ar atmosphere and then quenched
them immediately. For the clamping method, no preex-
isting oxide particles were found in the interface.
However, the sample preparation process was compli-
cated, and the pressure on the interface might affect the
experimental results. For the melting and quenching
method, the interfaces were firmly combined but the
interaction between oxide and steel was inevitable during
process of preparing diffusion couple specimens.

In this study, a novel liquid-metal-suction (LMS)
method was performed to prepare diffusion couple
specimens. Then, diffusion couple specimens were used
to investigate the interactions between the oxide inclu-
sions (Al2O3 and MgO) and low-density steel during
heat treatment at 1373 K (1100 �C). In addition, the Mn
diffusion behavior during heat treatment was also
elucidated.

II. EXPERIMENTAL SECTION

A. Materials and Experimental Methods

The Al2O3/steel and MgO/steel interfaces were inves-
tigated after heat treatment. The designed composition
of the low-density steel was Fe-12Mn-1Al-0.7C (wt pct).
The raw materials were industrial pure iron (99.8 wt
pct), electrolytic manganese (99.9 wt pct), aluminum
particles (99.9 wt pct), and graphite blocks (99.9 wt pct).
The oxide rods were high purity Al2O3 (99.9 wt pct) and
MgO (99.9 wt pct).

In the steel-smelting process, the industrial pure iron
and graphite blocks were first placed in a corundum
crucible, and a mixed gas (Ar-5 vol pct H2) was
introduced into the furnace at a flow rate of 0.5 L/min
for 5 hours. Then, the resistance furnace was heated.
When the temperature approached 1873 K (1600 �C),

electrolytic manganese and aluminum particles were
added to molten steel. The molten steel was held at 1873
K (1600 �C) for 10 min to homogenize the composition.
To obtain a good interface between the oxide rod and

steel, a liquid-metal-suction (LMS) method was per-
formed to prepare the diffusion couple specimens, as
shown in Figure 1. The LMS method was reported by
Wang et al.[22] to study the early stage of the dissolution
behavior of FeCr alloy in liquid iron. A quartz tube (6
mm inner diameter) was pre-shrunken and then pre-
loaded with an oxide rod. After the homogenization of
molten steel, the diffusion couple specimens were
obtained using a quartz tube. The obtained specimen
was cut into two pieces. One part was used to observe
the original oxide/steel interface before heat treatment,
and the other part was used to prepare the diffusion
couple specimen.
The diffusion couple specimen was sealed in a quartz

tube (12 mm inner diameter) filled with a gas mixture
(Ar-5 vol pct H2) at a pressure of approximately 2 9 104

Pa after vacuum pumping. Then, the quartz tube was
transferred to a muffle furnace and subjected to heat
treatment at 1373 K (1100 �C) for 10 h.

B. Analysis of Specimens

The diffusion couple specimens were ground with 400,
800, 1200, and 2000 grit SiC papers and then mirror
polished with a 1 lm diamond suspension. The oxide/
steel interfaces were analyzed using an electron probe
microanalyzer (EPMA) and scanning electron micro-
scopy (SEM) with energy-dispersive spectroscopy
(EDS). The accelerating voltage for EPMA analysis
was 15 kV, and the beam current was 0.1 lA. Moreover,

Fig. 1—Experimental procedure for the preparation of the diffusion
couple specimens.
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the morphology and chemical composition of NMIs in
steel were detected by SEM and EDS. The number of
NMIs was statistically analyzed based on 50 random
images (9500 magnification), which were obtained by
SEM. Additionally, only NMIs over 0.5 lm were
considered.

III. RESULTS

A. Non-metallic Inclusions in the Steel Matrix

Based on the observation and detection of Al2O3/steel
and MgO/steel diffusion couple specimens, there were
few differences in the types of NMIs in the low-density
steel matrix (far from the oxide/steel interface). How-
ever, the heat treatment had a significant influence on
the morphology and number of NMIs. Figure 2 shows
the typical NMIs in the steel matrix before and after the
heat treatment.

Before heat treatment, the main NMIs in the steel
matrix were AlN, MnS, AlN–MnS, and a small amount
of Al2O3–MnS, as shown in Figures 2(a) through (d).
Generally, the pure AlN particles had a polygonal
structure, and some agglomerated AlN inclusions were
also detected. The MnS inclusion was irregular with a
size of approximately 4 lm. In addition, the detected
AlN–MnS and Al2O3–MnS complex inclusions are
commonly irregular shapes, and the AlN and Al2O3

particles are completely wrapped with MnS.
After the heat treatment was performed at 1373 K

(1100 �C) for 10 hours, there were no obvious differences
in the types of inclusions in the steel matrix (Figures 2(e)
through (h)). AlN, MnS, and AlN–MnS were still the
dominant inclusions in the steel matrix, and the AlN
inclusions remained in the polygonal structure. The
morphologies of the MnS and AlN–MnS became
spherical or near-spherical, which was consistent with
the observation in the relevant literatures.[23–25] The
main reason was that the chemical potential of curved
surfaces was higher than that of flat surfaces in the MnS
inclusions, which then led to the surface diffusion of Mn
and S atoms.

The relative fractions of typical NMIs in the steel
matrix before and after heat treatment were also
statistically analyzed, as shown in Figure 3. The
considered NMIs were classified as AlN, AlN–MnS,
MnS, and others (Al2O3, Al2O3–MnS, Al2O3–AlN,
Al2O3–AlN–MnS). The fraction value of pure AlN
inclusions increased from 43 to 78 pct after heat
treatment. Before heat treatment, the fraction values
of AlN–MnS, pure MnS, and other inclusions were 27,
17, and 13 pct, respectively. However, those values
correspondingly decreased to 11, 4, and 7 pct after heat
treatment. The main reason for the increase in the
number of AlN inclusions was the precipitation of a
large number of fine AlN particles during heat treat-
ment, which is consistent with the reports by Lu[26] and
Alcântara. [27] Due to the dissolution of the MnS
inclusions during heat treatment, the fraction values of
MnS-containing inclusions decreased.

B. Interface Between Al2O3 and Steel

The Al2O3/steel interface was observed using EPMA,
and the morphology of the interface and the element
mappings of Fe, Mn, Al, and O before heat treatment
are shown in Figure 4. The Al2O3 rod and steel were
tightly combined. The dark phase is bulk Al2O3, and the
light gray phase is the low-density steel matrix. Some
particles were detected in the steel matrix, which were
AlN, MnS, and the related inclusions, as mentioned
earlier. Near the interface on the steel side, oxygen was
not detected, which indicated that there was virtually no
diffusion of oxygen from the bulk Al2O3 to the steel
matrix during the sampling process. Moreover, Mn
enrichment phenomenon was observed near the Al2O3/
steel interface mainly because of the microsegregation of
solutes during specimen solidification.
Figure 5 shows the morphology and element map-

pings of the Al2O3/steel interface after heat treatment at
1373 K (1100 �C) for 10 h. Based on the EPMA analysis,
many particles composed of Al and O were observed.
These Al2O3 particles were neatly distributed on the
steel matrix side near the interface, and the size of the
particles was starkly polarized. The coarse Al2O3

particles with sizes ranging from 5 to 10 lm were

Fig. 2—Typical morphology and composition of NMIs in the low-density steel. (a) through (d) before heat treatment; (e) through (h) after heat
treatment at 1373 K (1100 �C) for 10 h.
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approximately vertical to the Al2O3/steel interface. It
was concluded that there was a trend of growth toward
the steel matrix during heat treatment. The fine Al2O3

particles with nanoscale sizes were mainly concentrated
near the Al2O3/steel interface.

The oxide particle zone in the steel matrix near the
interface is commonly defined as the particle precipita-
tion zone (PPZ). The average width of the PPZ
(including coarse Al2O3 particles and fine Al2O3 parti-
cles) near the Al2O3/steel interface was 9.3 lm.

Notably, an essentially pure metal surface layer
between PPZ and the interface was observed. The
formation mechanism was that the molar volume of
oxide particles formed in the steel matrix was larger than
that of the alloy matrix.[28,29] This discrepancy resulted

in a gradient of internal stress between the internal oxide
front (IOF) and the stress-free surface, and the driving
force from internal stress caused the steel matrix to ooze
out to form a nearly pure surface layer.

C. Interface Between MgO and Steel

Figure 6 shows the morphology and mappings of Fe,
Mn, Mg, Al, and O at the MgO/steel interface before
heat treatment. The interface between the MgO rod and
steel is visible. A small amount of discontinuous
MgOÆAl2O3 (MA) spinel was detected on the bulk
MgO side, where the Al content was higher. This
observation may be due to the rapid chemical reaction
between the Al from molten steel and the MgO rod
during the sampling process. The reaction between Al
and MgO in low-density steel at 1873 K (1600 �C) has
been reported elsewhere.[10]

Figure 7 shows the interfacial characteristics between
the MgO rod and low-density steel after heat treatment.
An MA spinel layer (part I) was observed on the bulk
MgO side near the interface, with a width from 2 to 5
lm. On the steel side, discontinuous MA spinel particles
(part II) and dendritic Al2O3 (part III) were observed
near the MgO/steel interface. The size of dendritic Al2O3

was up to 20.0 lm, which also tended to extend into the
steel matrix. As shown in the EPMA images, the PPZ
was composed of part II and part III, which were
approximately 30.0 lm wide in the steel matrix.
Notably, there was a clear concentration gradient of
Mn from the interior to the surface of the steel matrix
according to the element mapping of Mn. The Mn
content on the surface of the steel matrix was obviously
lower than that in the inner part.

Fig. 3—Relative fractions of typical NMIs in the low-density steel
matrix.

Fig. 4—EPMA images of the Al2O3/steel interface before heat treatment.
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D. Distribution of Elements Near the Oxide/Steel
Interface

Based on the results of the EPMA detection, a
rectangular region vertical to the oxide/steel interface
was selected to reveal the changes in Mn, Al, and Mg
content before and after heat treatment, and the changes
in the contents of the related elements near the oxide/
steel interface are shown in Figure 8. At the Al2O3/steel
interface before heat treatment, the Al content remained
at approximately 1 wt pct, whereas the Mn content
fluctuated due to microscopic segregation in the steel
matrix.[30] After heat treatment, the PPZ with Al2O3

particles was formed in the Al2O3/steel interface. In the
PPZ, the Mn content gradually decreased from 11 to 8
wt pct, and the Al content correspondingly increased
from 1 to 5 wt pct. An Al-depleted zone (ADZ) was
observed in the steel matrix because the formation of
Al2O3 particles in PPZ consumed Al in the steel matrix.

The changes in Mn, Al, and Mg contents near the
MgO/steel interface before and after heat treatment are
shown in Figure 8(b). Before heat treatment, the Al
content was approximately stable at 1 wt pct in the steel
matrix, and no Mg was detected. The Mn content
fluctuated at approximately 12 wt pct, and the peak of
Mn content may be due to microscopic segregation or
the formation of MnS inclusions in the steel matrix.

After heat treatment, a PPZ composed of MA
spinel and Al2O3 particles was observed on the steel
side, which led to a decrease in Mn content. The
peaks of Al and Mg corresponded to the MA spinel

particle, and the nearby high Al content (no Mg)
corresponded to the Al2O3 particle. As mentioned
earlier, the formation of Al2O3 particles led to an
ADZ in the steel matrix after heat treatment. The Mn
content decreased from the steel matrix to the MgO/
steel interface, which reflected that Mn diffusion
occurred during the heating.
In summary, the contents of Mn, Al, and Mg were

stable from the interior to the surface of the steel matrix
before heat treatment. After heat treatment, Al2O3

particles were formed in the PPZ for the Al2O3/steel
interface, and MA spinel and Al2O3 particles were
formed in the PPZ for the MgO/steel interface. The
formation of related oxide particles caused an ADZ in
the steel matrix. Mn diffusion was subsequently
observed due to the heat treatment.

IV. DISCUSSION

A. Mn Diffusion Behavior

The variation in Mn content vertical to the interface
in low-density steel was obvious after heating at 1373 K
(1100 �C) for 10 hours. Generally, there are three
reasons for Mn variation in steel. One is the evaporation
of Mn during heat treatment, the second is the forma-
tion of Mn-containing oxide particles, which consume
Mn in the steel matrix, and the third is the Mn diffusion
behavior during the heating process.

Fig. 5—EPMA images of the Al2O3/steel interface after heat treatment.
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Jimbert and Tomota et al.[31,32] confirmed that Mn
and Cr could cause heterogeneities in steel because of
metal evaporation at heating temperatures above 1273
K (1000 �C). Liu et al. and Kim et al.[14–16] reported that
the decrease in Mn content in the Mn-depleted zone
(MDZ) was due to the solid reaction between oxygen
from the interface and Mn and Si in the steel matrix, and
then MnO–SiO2 particles formed in the PPZ. In this
study, no Mn-containing oxide particles were detected in
the PPZ, and Mn did not participate in the solid
reaction at the oxide/steel interface. Moreover, the
direction of Mn variation was perpendicular to the
oxide/steel interface. The main reason for the decrease in
Mn content from the inner steel matrix to the interface
was Mn diffusion.

To understand the Mn diffusion behavior during heat
treatment, a theoretical calculation was performed
based on Fick’s second law. The calculation was made
under the following assumptions[32]:

1. Mn evaporation occurs instantaneously from the
outermost atomic layer of the MgO/steel interface
during heating;

2. The kinetics of Mn evaporation are controlled by the
diffusivity of Mn in the steel matrix;

3. Mn diffusivity is independent of its content and
determined by the impurity diffusion coefficient;

4. The Mn content at the interface always remains
constant at zero.

Considering that Mn diffusion is one-dimensional,
Fick’s second law can be written as follows:

@C

@t
¼ D

@2C

@x2
; ½1�

where C is the Mn content, D is the diffusion coeffi-
cient, t is the heating time, and x is the distance from
the interface. Then, Equation [1] can be transformed
into a finite difference expression, as shown in Eq. [2].

CtþDt
x ¼ Ct

x þD
Dt
Dx2

Ct
xþDx � 2Ct

x þ Ct
x�Dx

� �
; ½2�

where Ct
x represents the Mn content at distance x and

time t, and the diffusion coefficient D is determined by
the Arrhenius equation, as shown in Eq. [3].

Fig. 6—EPMA images of the MgO/steel interface before heat treatment.
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Fig. 7—EPMA images of the MgO/steel interface after heat treatment.

Fig. 8—Changes in Mn, Al and Mg contents near the Al2O3/steel (a) and MgO/steel (b) interfaces.
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Fig. 9—Change in Mn content at different heating times.
Fig. 10—Distribution of Mn after heat treatment at 1373 K (1100
�C) for 10 h.

D ¼ D0exp � Q

RT

� �
; ½3�

where Q is the activation energy, D0 is the preexpo-
nential factor, R is the gas constant, and T is the heat-
ing temperature. Therefore, the finite difference
expression can be written as the following equation.

CtþDt
x ¼ Ct

x

þ Ct
xþDx � 2Ct

x þ Ct
x�Dx

� � Dt
Dx2

D0exp � Q

RT

� �

½4�
The related data used for these calculations are as

follows:
The Mn content in the steel matrix is 12 wt pct, the

heating temperature is 1373 K (1100 �C), the gas
constant R = 8.31 J/(molÆK), the preexponential factor
D0 = 5.01910-4 m2/s, and the activation energy for
diffusion Q= 288.4 kJ/mol. The D0 and Q used here are
from the literature.[33] Moreover, the calculation was
performed with segment sizes of Dx =1 lm and Dt =10
s.

The theoretical relationships among the variation in
Mn content, heating time, and the distance from the
interface are plotted in Figure 9. The Mn contents
decreased obviously with decreasing distance from the
interface. The closer to the interface, the higher the rate
of Mn reduction. The region with a Mn content ranging
from 11.88 wt pct (0.99 9 original Mn content) to zero
can be defined as an Mn-depleted zone (MDZ). In the
MDZ, a longer heat treatment time resulted in a lower
Mn content at the same distance from the interface. The
Mn diffusion area was associated with the heating time,
and the MDZ widths were 16, 28, 36, 44, and 50 lm,
corresponding to heating times of 1, 3, 5, 8, and 10
hours, respectively. It can be concluded that the Mn
content in the steel matrix was significantly influenced
by the heating time and the distance from the interface.

The theoretically calculated MDZ width was approx-
imately 50 lm with heat treatment at 1373 K (1100 �C)
for 10 h, which was larger than the observation in the
current study (approximately 40 lm). One reason was

that the bulk MgO inhibited the Mn evaporating from
the MgO/steel interface and consequently weakened the
Mn diffusion from the steel matrix. The other reason
was that the Mn content in the oxide/steel interface was
set to zero.
The Mn content in the interface after heat treatment,

as shown in Figure 8(b), indicates that the Mn content
from the inner steel matrix and the interface was
considered to range from 12 to 9 wt pct. The theoretical
Mn content in the steel matrix was recalculated, and the
relationship between the Mn content and distance from
the interface after heat treatment at 1373 K (1100 �C)
for 10 h is shown in Figure 10. The Mn contents
detected during EPMA analysis are also superimposed
in Figure 10. It can be seen that Mn began to diffuse
approximately 40 lm from the interface. This experi-
mental observation was consistent with the calculation.

B. Solid Reaction Between Oxide and Steel

To observe the details of the Al2O3/steel interface
after heat treatment, the interface was observed using
SEM and EDS. Figure 11 shows the details of the
interface and the line scanning of the oxide particles. As
mentioned earlier, there were two types of Al2O3

particles. Some were fine Al2O3 particles with a width
of approximately 2.0 lm, and the others were coarse
Al2O3 particles with an average width of 9.3 lm. In
addition, the coarse Al2O3 particles tended to grow into
the steel matrix as the heat treatment proceeded.
Based on the ion and molecule coexistence theory,

Al2O3 are complex macromolecules that consist of and
coexist with simple molecules and simple ion pairs.[34]

Solid Al2O3 exists in the ionic state of Al3+ and O2�,
and heat treatment at temperatures ranging from 1300
K to 1700 K resulted in a loss of oxygen from the
surface.[35,36] Due to the concentration gradient of
oxygen between the bulk Al2O3 and the steel matrix,
the formation of the PPZ can be concluded as shown in
Figure 12. First, Al3+ and O2� diffused through the
interface from the bulk Al2O3 under the condition of
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electrical neutrality. As the concentration of Al and O
increased on the steel side, Al2O3 particles formed, and
the solid reaction equation is shown in Eq. [5].[37–39]

2 Al½ � þ 3 O½ � ¼ Al2O3ðsÞ logK1 ¼ 64000=T� 20:48 ½5�

The diffusion of [O] was faster than that of [Al] in the
process of [Al] and [O] diffusion from the interface to the
steel matrix.[14,16] This observation indicates that the
formation of Al2O3 particles consumed aluminum from
the steel matrix, leading to an ADZ in the steel matrix
near the PPZ. As the heat treatment proceeded, the
Al2O3 particles grew, fine Al2O3 particles were trans-
formed into coarse Al2O3 particles, and then the coarse
Al2O3 particles extended into the steel matrix.
Figure 13 shows the morphologies of the PPZ at the

MgO/steel interface. After heat treatment at 1373 K
(1100 �C) for 10 hours, three oxide layers were observed
in the interface. A thin MA spinel layer was formed on
the bulk MgO side, and MA spinel particles were
generated on the steel side. The line scanning of the
oxide shows that the dendritic oxide was composed of
MA spinel and coarse Al2O3. The large-sized dendritic
Al2O3 tended to extend into the steel matrix. The
average width of the MA spinel particles was 8.0 lm.
The PPZ (approximately 30 lm) included MA spinel
particles and Al2O3.
MgO is a highly ionic crystalline solid with a rock-salt

crystal structure. Solid MgO has fcc Mg+ and O�

sublattices. [40,41] It can be inferred that Mg2+ and O2�

are present in bulk MgO during heat treatment, and the
equilibrium equation is shown in Eq. [6).[37–39] For the

Fig. 11—Interface between Al2O3 and low-density steel after heat treatment. (a) 5009 magnification; (b) 20009 magnification; (c) EDS line
scanning.

Fig. 12—Formation mechanism of the PPZ in the Al2O3/steel
interface.
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MgO/steel interface, the formation of PPZ and the solid
reaction can be concluded, as shown in Figure 14. As the
heat treatment proceeds, Mg2+ and O2- diffuse through
the interface from the bulk MgO, while [Al] and [Mn]
diffuse to the interface from the steel matrix. With the

increase in Al concentration on the bulk MgO side, a
thin MA spinel with a strip shape was formed due to the
solid reaction, as shown in Eqs. [7] and [8].[39]

MgOðsÞ ¼ Mg½ � þ O½ � logK2 ¼ �38059=Tþ 12:45 ½6�

2 Al½ � þ Mg½ � þ 4 O½ � ¼ MgO �Al2O3ðsÞ

logK3 ¼ 51080=T� 6:736
½7�

2 Al½ � þ 4MgOðsÞ ¼ MgO �Al2O3ðsÞ þ 3 Mg½ �
logK4 ¼ 32280=T� 23:856

½8�

3 Mg½ � þ 4Al2O3ðsÞ ¼ 3MgO �Al2O3 sð Þ þ 2 Al½ �
logK5 ¼ �27950=Tþ 26:274

½9�

With the diffusion of [O] from the bulk MgO to the
steel matrix, [O] reacted with [Al] to form Al2O3

particles on the steel side. Subsequently, those Al2O3

particles were transferred to MA spinel particles accord-
ing to Eq. [9].[42,43] Since the diffusion of [O] was faster
than that of [Mg] in the steel matrix, the Al2O3 particle
area was larger than that of MA spinel.[14,16] It can be

Fig. 13—Interface between MgO and low-density steel after heat treatment. (a) 5009 magnification; (b) 20009 magnification; (c) EDS line
scanning.

Fig. 14—Formation mechanism of the PPZ in the MgO/steel
interface.
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inferred that the PPZ continuously expanded to the
interior of the steel matrix as the heat treatment
proceeded.

V. CONCLUSIONS

In the current study, a novel LMS method was
performed to prepare diffusion couple specimens, and
the Al2O3/steel and MgO/steel interfaces after heat
treatment at 1373 K (1100 �C) were observed. The
typical NMIs and Mn diffusion behavior were also
revealed, and the following conclusions were obtained:

(1) Before heat treatment, the main NMIs in the
low-density steel matrix were AlN, MnS, AlN–MnS,
and a small number of Al2O3–MnS. After heat
treatment, there were no obvious differences in the
types of NMIs, whereas MnS and AlN–MnS be-
came spherical or nearly spherical, and the number
of fine AlN inclusions increased.

(2) After heat treatment, the oxide particles in the PPZ
were fine Al2O3 and coarse Al2O3 at the Al2O3/steel
interface. At the MgO/steel interface, three oxide
layers were observed near the interface. A thin MA
spinel layer was formed on the bulk MgO side, and
the MA spinel particles and dendritic Al2O3 consti-
tuted the PPZ on the steel side. The formation of
oxide particles in the PPZ was mainly due to oxygen
diffusion from the bulk oxides to the steel.

(3) The formation of Al2O3 particles in the PPZ led to
an Al-depleted zone in the steel matrix. The varia-
tion in Mn content vertical to the interface in
low-density steel was obvious due to Mn diffusion.
Based on Fick’s second law, Mn diffusion was sig-
nificantly influenced by heating time and tempera-
ture. The detected Mn contents from EPMA
analysis after heat treatment were consistent with
the calculation.
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