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The effect of heat-treatment temperature on the interfacial reaction between
MnO-SiO2-FeO oxide and Fe-Mn-Si alloy was investigated by the diffusion
couple method in the temperature range of 1173–1573 K. The reaction at the
interface between the alloy and oxide was not obvious during treatment at
1173 K, but, with increasing heat-treatment temperature, the interfacial
reaction was strengthened and the proportion of the MnOÆSiO2 phase in the
oxide increased. The width of the particle-precipitation zone in the alloy in-
creased with increasing temperature from 1173 K to 1473 K but decreased at
1573 K owing to coarsening of the precipitated particles. In addition, Mn2+

and Si4+ in the oxide significantly diffused into the alloy at 1573 K, resulting
in an obvious increase of the Mn and Si contents in the alloy near the inter-
face.

INTRODUCTION

With increasingly stringent quality requirements
for steel, clean steel production has become an
important direction of development in this industry.
The key technique of clean steel production is
inclusion control, including the removal and modi-
fication of inclusions.1–6 The development of sec-
ondary refining has enabled the total oxygen
content in steel to be controlled at a very low level,
so further removal of inclusions in molten steel has
become increasingly difficult. Exploring new inclu-
sion control techniques is therefore necessary for
further improvement of product quality.

An attempt to modify the characteristics of inclu-
sions in solid steel by heat treatment was recently
conducted and has so far proved to be practicable for
resulfurized free-cutting steel, Fe-Al-Ti steel, and
austenitic stainless steel.7–13 Compared with the
detrimental inclusions such as large-sized MnS,
Al2O3, and MgOÆAl2O3, the finer and uniformly
distributed MnS, titanium oxide, and MnO-Cr2O3

particles are preferred in these steels. The elon-
gated MnS inclusions in resulfurized steel split into
small particles and became obviously spheroidized

after heat treatment at 1273 K and 1473 K.7 The
composition of inclusions in Fe-Al-Ti steel changed
from Al2O3 and TiOx to finer Al-Ti-Fe-O and Fe-Ti-
O, respectively, during heat treatment at 1473 K.8

The MnO-SiO2 inclusions in an austenitic stainless
steel (Fe-18%Cr-8%Ni) changed to MnO-Cr2O3 after
heat treatment.11–13

The changes in characteristics of inclusions in
solid steel during heat treatment are related to
diffusion of elements at the interface between the
solid steel and the inclusions.14 Kim et al.15,16

investigated the interfacial reaction between Fe-
Mn-Si alloy and MnO-SiO2-FeO oxide under heat
treatment at 1473 K using the diffusion couple
method. They found that FeO in the oxide was
reduced during heat treatment and the excess
oxygen diffused into the alloy, forming a particle-
precipitation zone (PPZ) and an Mn-depleted zone
(MDZ) in the alloy. Liu et al.17,18 also studied the
reaction between MnO-SiO2-FeO oxide and Si-Mn
killed steel during heat treatment at 1473 K using
an improved diffusion couple method. In their
study, a confocal scanning microscope with rapid
heating and cooling functions was used to prepare
diffusion couples at 1673 K. The impact of the pre-
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treatment process on the experimental results at
1473 K was reduced using this technique, enabling
the interfacial reaction between the solid steel and
oxide inclusion to be better clarified.

Changes to inclusions in solid steel during heat
treatment are significantly affected by the heat-
treatment conditions.7,11 The effect of heat-treat-
ment temperature on the reaction between the oxide
inclusions and Si-Mn killed steel is still unclear. In
this study, the interfacial reaction between MnO-
SiO2-FeO oxide and Si-Mn killed steel during heat
treatment at temperatures of 1173 K to 1573 K was
therefore investigated.

EXPERIMENTAL

The compositions of the Fe-Mn-Si alloy and MnO-
SiO2-FeO oxide are listed in Table I. These two
components are in equilibrium at 1823 K.15

Electrolytic iron, Fe-Mn alloy, and Si metal were
melted in a vacuum induction furnace to produce
the Fe-Mn-Si alloy. The oxide was prepared by
heating reagent-grade MnO, SiO2, and FeO pow-
ders under an Ar atmosphere in an electrical
resistance furnace. An electron probe microanalyzer
(EPMA) was used to determine the composition of
the alloy. The alloy was then machined into a
cylindrical shape (5 mm in diameter 9 3 mm
height, about 0.350 g) and a hole (diameter: 2 mm;
height: 1.5 mm) was manufactured within the alloy
in which the oxide was placed.

A confocal scanning laser microscope (CSLM) was
employed to melt the oxide to produce the diffusion
couples. Specific details are provided in Ref. 17. Alloy
containing about 0.005 g oxide powder (� 100 mesh)
in the hole was placed in the CSLM. The CSLM
chamber was evacuated to 5 9 10�3 Pa and high-
purity Ar gas (> 99.999%, flow rate: 50 mm3/min)
introduced to prevent oxidation of the sample. The
pre-treatment temperature was then increased to
1673 K, which is 50 K higher than the melting point
of the oxide, at 100 K/min. When the oxide was
observed to be completely melted, the sample was
immediately quenched by a helium stream. The
cooling rate was approximately 1000 K/min.

The diffusion couple sample, an alloy block with
the same composition, and a Ti foil were sealed into
a quartz tube, into which pure Ar gas was intro-
duced. The quartz tube was placed in a heating
furnace when temperature of the furnace was
increased to target values. Five quartz-tube samples

were then heat treated at a temperature between
1173 K and 1573 K for 30 h, respectively. After heat
treatment, the experimental sample was quenched
by water, and a vertical cross-section of each
diffusion couple was analyzed using EPMA. The
widths of the MDZ and PPZ in the alloy were
measured by the same method as described in
Ref. 15.

RESULTS

Figure 1 shows the interface of the oxide and alloy
before and after heat treatment at temperatures
ranging from 1173 K to 1573 K. Some fine particles
formed in the alloy before heat treatment, which
was mainly caused by the reaction between the
liquid oxide and solid alloy during pretreatment at
1673 K. The oxide was a uniform 2MnOÆSiO2 phase;
some dark striped patterns caused by the phase
separation during cooling in the CSLM were also
observed.

After heat treatment at 1173 K, the number and
size of the precipitated oxide particles in the alloy
did not obviously change. A few iron particles were
observed in the oxide, but the oxide was still
homogeneous 2MnOÆSiO2.

On increasing the heat-treatment temperature
from 1273 K to 1473 K, both the number and size of
the precipitated particles increased; however, at
1573 K, the number of the precipitated particles in
the alloy was considerably reduced, but their size
became larger. The oxide consisted of both 2MnOÆ-
SiO2 and MnOÆSiO2 phases after heat treatment at
temperatures from 1273 K to 1573 K, and many
iron particles were observed in the oxide. With
increasing heat-treatment temperature, the propor-
tion of the MnOÆSiO2 phase in the oxide and the size
of the iron particles gradually increased.

Figure 2 shows the changes in Mn and Si contents
in the alloy near the interface before and after heat
treatment at temperatures from 1273 K to 1573 K.
The Mn and Si contents in the alloy slightly
decreased within 10 lm of the interface before heat
treatment. Compared with the experimental results
before heat treatment, there was no obvious change
in the Mn and Si contents after heat treatment at
1173 K; however, after heat treatment at tempera-
tures of 1273 K to 1573 K, the Mn content near the
interface in the alloy of all diffusion couples was
reduced, but it slightly increased within 30 lm or
less of the interface. With increasing heat-treat-
ment temperature, both the range of the regions in
which the Mn contents were lower than the initial
value and the minimum Mn and Si contents in the
alloy gradually increased. In particular, the Mn and
Si contents in the alloy after heat treatment at
1573 K were higher.

Figure 3 shows the influence of heat-treatment
temperature on the width of the MDZ and PPZ.
There were no obvious changes before and after
heat treatment at 1173 K. With increasing heat-

Table I. Initial compositions of alloy and oxide
used for diffusion couple experiments

Alloy (mass%) Oxide (mass%)

Fe Mn Si MnO SiO2 FeO
Bal. 3.1 0.1 66 31 3
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treatment temperature, the width of the MDZ
increased; however, the influence of temperature
on change in the width of the PPZ was different: the
width of the PPZ increased with increasing heat-
treatment temperature in the range of 1173–
1473 K, but decreased at 1573 K.

DISCUSSION

It has been proposed that the FeO in the oxide
becomes unstable and decomposes during heat
treatment and that the excess oxygen in the oxide
diffuses into the solid alloy and reacts with Mn and
Si, causing the formation of a MDZ and PPZ in the
alloy.15 This phenomenon is similar to that of
internal oxidation.

In this study, the oxygen partial pressure that
equilibrated with the MnO-SiO2-FeO oxide was
defined as the experimental oxygen partial pressure
(PO2

), which could be calculated by Eq. 1.19 The
activity of FeO in the oxide was determined by the
regular solution model, assuming regular solution
parameters for liquid inclusions to describe the
behavior at each heat-treatment temperature:20

FeðsÞ þ 1=2O2 ¼ ðFeOÞðsÞ; ð1Þ

DGh ¼ � 264430 þ 64:73T:

In addition, the minimum oxygen partial pressure
at which the alloy elements in the matrix started to
oxidize was defined as the critical oxygen partial

pressure. The critical partial pressures of Mn (PMn
O2

)

and Si (PSi
O2

) in the Fe-3.1mass%Mn-0.1 mass%Si
alloy at each heat-treatment temperature were
calculated by Eqs. 2 and 3,19,21 respectively, assum-
ing the activity coefficients of Mn and Si were unity:

2½Mn� þ O2 gð Þ ¼ 2MnO sð Þ; ð2Þ

DGh ¼ � 809267 þ 249:34T:

½Si� þ O2 gð Þ ¼ SiO2 sð Þ; ð3Þ

DGh ¼ � 811537 þ 212:55T:

The diffusion coefficient of oxygen in the austenite
iron-based alloy was determined by Eq. 4:22

logDO ¼ � 8820

T
þ 0:76: ð4Þ

Figure 4 shows the change of the oxygen partial
pressure and diffusivity of oxygen (DO) with tem-
perature. The experimental oxygen partial pres-
sures were larger than the critical oxygen partial
pressures of Mn and Si in the temperature range of
1173–1573 K. Mn and Si in the alloy could therefore
be oxidized during heat treatment at all tempera-
tures in this study. With increasing heat-treatment
temperature, the values of PO2

and DO increased,
strengthening the reaction between the oxide and
alloy at higher temperatures. In addition, the PO2

Fig. 1. Interfaces of the oxide and alloy before and after heat treatment at temperatures of 1173 K to 1573 K. (a) Before heat treatment; (b)
1173 K; (c) 1273 K; (d) 1373 K; (e) 1473 K; (f) 1573 K.
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and DO values were very small at 1173 K, which
meant that the interfacial reaction during heat
treatment was not obvious. It was concluded that
any reaction between the oxide inclusions and Si-
Mn killed steel during heat treatment below 1173 K
can be neglected.

With increasing heat-treatment temperature, the
interfacial reaction became more intense, and more
oxygen in the oxide diffused into the alloy. Mean-
while, more cations (Mn2+ and Si4+) would also
diffuse into the alloy to ensure electrical neutrality
of the oxide, causing an increase of Mn and Si
contents in the alloy. As shown in Fig. 2, the Mn
and Si contents in the alloy after heat treatment at
1573 K were obviously higher.

The equation proposed by Wagner,23 shown in
Eq. 5, was used to predict the range of the internal
oxidation zone. The width of the PPZ at different
heat-treatment temperatures was estimated using
this equation:

n ¼
2N

ðsÞ
O DO

mNðOÞ
B

t

" #1=2

ð5Þ

where n is the thickness of the internal oxidation

zone; N
ðsÞ
O is the mole fraction of oxygen at the

interface; DO indicates the diffusivity of oxygen in
the alloy; m indicates the number of oxygen atoms

per A atom in an AOv oxide; N
ðOÞ
B indicates the mole

fraction of the solute elements in the alloy; t is the
heat-treatment time.

The parameters in Eq. 5 were determined at each
heat-treatment temperature using the method
described in Ref. 17. Figure 5 shows a comparison
between the theoretical calculations and experi-
mental results. In the temperature range of 1173–
1473 K, the experimental results were in good
agreement with the theoretical calculations; how-
ever, the experimental results for the width of the
PPZ were obviously lower than the theoretical
calculations at 1573 K. With increasing heating

Fig. 2. Change in Mn and Si contents in the alloy near the interface
before and after heat treatment at temperatures of 1273 K to 1573 K.
(a) Mn content; (b) Si content.

Fig. 3. Influence of heat-treatment temperature on the width of the
(a) Mn-depleted zone (MDZ) and (b) particle-precipitation zone
(PPZ).
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temperature, the diffusivities of solute elements
(Mn, Si, and O) in the alloy increased, making the
coarsening of particles easier.24,25 Due to the sig-
nificant coarsening of precipitated particles at
1573 K, the number of particles was reduced,
causing the decrease in the width of PPZ.

CONCLUSION

In this study, the interfacial reaction between
oxide inclusions and Si-Mn killed steel during heat
treatment at temperatures of 1173 K to 1573 K was
investigated using the diffusion couple method. The
following conclusions were drawn:

1. The interfacial reaction between oxide inclu-
sions and Si-Mn killed steel during heat treat-
ment below 1173 K can be neglected.

2. With increasing heat-treatment temperature,
the interfacial reaction between the oxide and

alloy was strengthened, and the proportion of
the MnOÆSiO2 phase in the oxide increased.

3. Large amounts of Mn2+ and Si4+ in the oxide
diffused into the solid alloy during heat treat-
ment at 1573 K, resulting in an obvious increase
of the Mn and Si contents of the alloy.

4. The width of the PPZ can be well estimated
using the dynamic model established based on
Wagner’s equation in the temperature range of
1173–1473 K; however, the width of the PPZ
was obviously lower than the theoretical calcu-
lations at 1573 K owing to significant coarsen-
ing of the precipitated particles.
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Fig. 4. Change in oxygen partial pressure and diffusivity of oxygen in
c-Fe with temperature.

Fig. 5. Comparison between the experimental results of the width of
the particle-precipitation zone (PPZ) and its theoretical calculation at
different heat-treatment temperatures.
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