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A new method using a confocal scanning laser microscope for melting oxide at 1673 K
(1400 �C) to produce a diffusion couple, which consists of oxide and an iron-based alloy, has
been developed for the investigation of a solid-state reaction between them. It is important to
obtain good contact between the Fe-Mn-Si alloy and MnO-SiO2-FeO oxide before the diffusion
experiment to observe diffusion of elements between them at 1473 K (1200 �C). In this system,
the melting point of the oxides is higher than the temperature where the reaction would be
observed. The pretreatment involving melting oxide at 1673 K (1400 �C) to obtain good contact
with the alloy was carried out using a new method. The effect of the pretreatment at 1673 K
(1400 �C) on the diffusion experiment at 1473 K (1200 �C) was minimized by this new method.
The effect of diffusion of oxygen on the solid-state reaction between the Fe-Mn-Si alloy and
MnO-SiO2-FeO oxide at 1473 K (1200 �C) was observed clearly and showed good agreement
with Wagner’s model of internal oxidation of metal.
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I. INTRODUCTION

PRECISE control of inclusion composition is impor-
tant for the production of high-quality steel. Generally,
inclusion composition can be adjusted by a secondary
refining process. However, the inclusion composition in
the final steel product is occasionally different from that
in the molten steel.

The process of changing inclusion composition by
reaction with solid steel during heat treatment has
already been clarified. Shibata et al.[1,2] investigated the
solid-state reaction at the interface between Fe-Cr steel
and MnO-SiO2 oxide created by heat treatment at
1473 K (1200 �C) using the diffusion couple method. It
was shown that MnO-SiO2-type inclusions changed to
MnO-Cr2O3-type inclusions in the case of low Si content
in the steel. On the other hand, in the case of high Si
content, MnO-SiO2-type inclusion was stable after heat
treatment. Kim et al.[3–5] have also carried out an
experiment using the diffusion couple method to inves-
tigate the solid-state reaction between Fe-Mn-Si alloy
and MnO-SiO2-FeO oxide under heat treatment at
1473 K (1200 �C). It was found that the Mn-depleted

zone (MDZ) and particle precipitation zone (PPZ) were
formed near the interface in the alloy. Because of the
formation of fine metal particles near the interface in the
oxide, they considered that the diffusion of oxygen from
the oxide to the alloy occurred during heat treatment
and caused the formation of fine oxides and the
consumption of Mn. However, in this study, the sample
was first heated at 1673 K (1400 �C) for 10 minutes in
order to ensure good contact of the oxide with the solid
alloy. Therefore, the results of subsequent heat treat-
ment experiments were influenced by the diffusion
between the alloy and oxide at this temperature.
As a result of this research, the experimental method

to ensure good contact between the oxide and the alloy
was improved and the influence of diffusion at 1673 K
(1400 �C) was suppressed. The solid-state reaction
between Fe-Mn-Si alloy and MnO-SiO2-FeO oxide
under heating at 1473 K (1200 �C) is now better
understood.

II. EXPERIMENTAL METHOD

Compositions of Fe-Mn-Si alloy and MnO-SiO2-FeO
oxide used for making diffusion couples are shown in
Table I. The compositions of alloy and oxide in diffu-
sion couples AM0, AM1, and AM2 were the same as
those with the previous A0, A1, and A2 in References 4
and 5, respectively. According to the previous
experimental results in References 4 and 5, the compo-
sitions of the alloy and oxide in the case of AM1 had an
equilibrium relation at 1823 K (1550 �C) including
sulfur. In the cases of diffusion couples AM0 and
AM2, the sulfur content in the oxide was lower
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(0 mass pct) and higher (0.28 mass pct) than the equi-
librium, respectively.

The experimental method was almost the same as that
described in Reference 5 except for the heating method
at 1673 K. To produce the diffusion couple, pre-melting
of the oxide at 1673 K (1400 �C) is necessary to ensure
good contact. In this study, to avoid the intense
diffusion during pre-melting of oxide, a new technique
using confocal scanning laser microscopy (CSLM) was
developed. The alloy with the appropriate composition
was prepared using reagent-grade electrolytic iron,
ferromanganese, and silicon by an arc furnace and
machined into a hexahedral shape
(4 mm 9 4 mm 9 3 mm, 2 g). The oxide with the target
composition was melted using reagent powders of MnO,
SiO2, FeO, and MnS in an electrical resistance furnace.
Details for making oxide containing sulfur were de-
scribed in Reference 4. The contents of Mn, Si, and Fe
were analyzed by an electron probe microanalyzer
(EPMA), and the initial content of sulfur was analyzed
by combustion-infrared spectrometer. A small piece of
the oxide about 0.005 g was placed in the hole that was
manufactured in the alloy. The oxide placed on the alloy
was inserted into an Al2O3 crucible. A schematic
diagram of the experimental set-up is shown in Figure 1.
After the evacuation of the CSLM chamber up to
5.0 9 10�3 Pa, pure Argon gas was introduced. For
protection against the oxidation of alloy and oxide, Ti
foil was inserted around the Al2O3 crucible. After that,
the temperature was increased from room temperature
to 1673 K (1400 �C) by 100 K/min. During the heating,
the surface of the oxide was observed, and when the
oxide was melted, the sample was quenched immediate-
ly. Cooling rate was about 1000 K/min. By this method,
the holding time at 1673 K (1400 �C) was minimized
and the reaction at this temperature was suppressed.
The diffusion couple produced by the above method was
sealed into a quartz tube filled with pure Ar gas,
together with a piece of Ti foil and a block of alloy with
the same composition. The quartz tube was heated at
1473 K (1200 �C) for 10 and 50 hours. After the heat
treatment, the quartz tube was quenched by water. A
vertical cross section of each quenched sample was
mirror-polished. Then, the morphology and the chemi-
cal composition of the alloy and oxide at the interface
were observed and analyzed using an electron probe
micro analyzer (EPMA). In order to reduce analysis
error, each value was obtained from the average of three
or more analyses.

III. RESULTS

A. Influence of Heating at 1673 K (1400 �C) to Produce
Diffusion Couple

Figure 2 shows the interface between the alloy and the
oxide in AM0, AM1, and AM2 after the production of a
diffusion couple. Good contact between oxide and alloy
was confirmed, and the intense reaction observed by the
previous method shown in Reference 5 was mostly
suppressed, although a narrow particle precipitation
zone (PPZ) was observed. In these figures, several phases
observed in the oxide are also shown, plus the composi-
tions analyzed by EPMA. This result indicated that the
composition of the gray phases was close to 2MnOÆSiO2

and that of the dark gray phases was close to MnOÆSiO2.
White particles were recognized as a metallic phase. In
addition, in the case of AM0 shown in Figure 2(a), the
oxide was almost homogeneous 2MnOÆSiO2 with a small
amount of MnOÆSiO2. The content of FeO in the
MnOÆSiO2 phase near the alloy was about 4 pct. This
value, measured by EPMA, must be affected by the alloy,
since the thickness of the MnOÆSiO2 phase was about
1 lm. In the cases of AM1 and AM2, shown in Fig-
ures 2(b) and (c), respectively, the main phase was also
2MnOÆSiO2, but the amount of MnOÆSiO2 increased.
Moreover, some metallic iron particles were observed.
Mn and Si contents in the alloy near the interfaces of

AM0, AM1, and AM2 are shown in Figure 3. In these
figures, the results obtained by the previous method[4,5]

are also shown for comparison. It is clear that the
decrease in Mn and Si content near the interface was
suppressed by the new method. The width of the Mn-
depleted zone (MDZ) was only 15 lm or less.
In this study, the particle precipitation zone (PPZ)

and Mn-depleted zone (MDZ) in the alloy near the
interface were measured by the same method as de-

Table I. Initial Compositions of the Alloy and Oxides Used for the Diffusion Couple Experiments

Diffusion Couple

Alloy (Mass Pct) Oxide (Mass Pct)

Fe Mn Si S MnO SiO2 FeO S

AM0 96.7 3.2 0.1 0.009 66 31 3 —
AM1 66 31 3 0.09
AM2 66 31 3 0.28

Fig. 1—Experimental set-up to produce diffusion couples using
CSLM.

1876—VOLUME 46B, AUGUST 2015 METALLURGICAL AND MATERIALS TRANSACTIONS B



scribed in Reference 5. PPZ was defined as the zone with
more than two particles counted in a rectangular area
50 lm parallel to the interface and 5 lm perpendicular
to the interface. MDZ was defined as the area with Mn
content lower than that of the bulk. Figure 4 shows the
PPZ and MDZ of diffusion couples AM0, AM1, and
AM2 produced by the new method compared with those

produced by the previous method shown in Reference 5.
In this study, the widths of the PPZ were 17, 12, and
15 lm, and the widths of the MDZ were 10, 10, and
13 lm in the case of AM0, AM1, and AM2, respective-
ly. It can be noted that the formation of PPZ and MDZ
was suppressed in our study, as those widths decreased
considerably.

Phase Position 
MnO SiO2 FeO MnS 

Mass % 

Slag 

1 65.3 31.5 3.2 0 

2 65.4 31.7 2.9 0 

3 65.1 31.8 3.1 0 

4 48.2 46.9 4.9 0 

5 48.4 47.1 4.5 0 

Particles 

6 77.5 22.5 0 0 

7 90.6 9.3 0 0.1 

(a) AM0-0 

Phase Position 
MnO SiO2 FeO MnS 

Mass % 

Slag 

1 66.0 31.3 2.7 0 

2 65.3 32.1 2.6 0 

3 66.0 31.5 2.5 0 

4 49.8 47.8 2.3 0.1 

5 52.6 45.2 2.1 0.1 

Particles 

6 64.7 32.5 0 2.8 

7 63.8 31.3 0 4.9 

8 Fe: 91.1, Mn: 5.3, Si: 1.2, O: 2.4 

(b) AM1-0 

Phase Position 
MnO SiO2 FeO MnS 

Mass % 

Slag 

1 66.0 31.2 2.8 0 

2 65.8 31.5 2.7 0 

3 66.1 30.9 3.0 0 

4 47.9 43.3 2.5 6.3 

5 49.0 45.4 2.4 3.2 

Particles 

6 64.3 27.5 0 8.2 

7 60.7 30.0 0 9.3 

8 Fe: 95.7, Mn: 3.7, Si: 0.3, O: 0.3, S: 0.1 

(c) AM2-0 

Fig. 2—Interface of the alloy and oxide in AM0, AM1, and AM2 of the diffusion couple produced by the new method. (a) AM0-0, (b) AM1-0,
and (c) AM2-0.
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Figure 5 shows the size distributions of particles in
AM0, AM1, and AM2. The particles were manually
measured in the obtained image. Compared with the

experiment results in Reference 5, the size and number
of particles became small, though the number of the
particles smaller than 0.5 lm in diameter per 1000 lm2

increased a little with the decrease of PPZ width. The
numbers of particles of larger size per 1000 lm2 were
close to the previous result.

B. Solid-State Reaction by Heat Treatment at 1473 K
(1200 �C)
Figure 6 shows the interface of the alloy and the oxide

in AM0 after heat treatment at 1473 K (1200 �C) for
10 hours (AM0-10) and 50 hours (AM0-50) in this
study. After the heat treatment, 2MnOÆSiO2 and
MnOÆSiO2 phases were observed and the ratio of the
MnOÆSiO2 phase increased; the number and size of iron
particles formed in the oxide also increased. In the alloy
phase, with the increase of time for heat treatment, the
width of the PPZ and the size of each oxide particle
precipitated in the alloy near the interface increased.
Mn and Si contents in the alloy near the interface of

AM0 before and after the heat treatment at 1473 K
(1200 �C) in this study are shown in Figure 7. After the
heat treatment for 10 hours, Mn and Si contents
gradually decreased toward the interface from 3.1 and
0.1 pct to about 1.3 and 0.01 pct, respectively. However,
they slightly increased within about 15 lm of the
interface. As the heat treatment time increased to
50 hours, the width of the MDZ became larger, the
minimum value of Mn content slightly increased to
1.5 pct, and the distance from the interface to the
position where Mn content showed minimum value
slightly increased to 30 lm. As for Si content in the
alloy, as the heat treatment time increased to 50 hours
from 10 hours, the region where the Si content was
lower than that in the bulk alloy also increased. The
minimum value of Si content and the distance from the
interface to the position where Si content showed
minimum value were 0.01 pct and 70 lm, respectively.
Figure 8 displays the PPZ and MDZ of AM0-10 and

AM0-50 in this study compared with those in Reference
5. In this figure, AM0-0 indicates the result of the
diffusion couple before heat treatment at 1473 K. As
shown here, the MDZ was always larger than the PPZ
after heat treatment. In addition, the widths of the PPZ
and MDZ of AM0-10 in this study were almost the same
as those in Reference 5. However, in the case of AM0-
50, the widths of the PPZ and MDZ, which were 138
and 155 lm, respectively, in this study, were larger than
those in Reference 5.
Figure 9 presents the composition of oxide particles

precipitating in the PPZ of the alloy near the interface
before and after the heat treatment in this study and in
Reference 5. It is clear from Figure 9(a) that in this
study, before and after the heat treatment for 10 hours,
the composition of the particles was located in the range
between pure MnO and 2MnOÆSiO2 without containing
MnS. On the other hand, after heat treatment for
50 hours, most of the oxide particles were close to
2MnOÆSiO2, containing 0~7 mass pct MnS. As shown in
Figure 9(b), the compositions of the particles in A0-0
and A0-50 reported in Reference 5 were similar to those
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Fig. 3—Mn and Si content in the alloy near the interfaces of AM0,
AM1, and AM2 of the diffusion couples produced by the new
method, compared with those produced by the previous method. (a)
AM0-0, (b) AM1-0, and (c) AM2-0.
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in this study. However, the MnS content of some
particles shown in AM0-10 of this study was lower than
that reported in Reference 5, although the particle
composition was close to 2MnOÆSiO2 in both cases.

Figure 10 presents the size distribution of the oxide
particles precipitating in the PPZ of the alloy near the
interface before and after the heat treatment in this
study and the previous work. From the experiment
results in this study shown in Figure 10(a), it can be
concluded that, after heat treatment for 10 hours, the
number of the particles smaller than 0.5 lm per
1000 lm2 decreased and continued decreasing after heat
treatment for 50 hours. The number of the particles of
larger size per 1000 lm2 increased a little after heat
treatment for 50 hours. In agreement with the results in
Reference 5 shown in Figure 10(b), the number of the
particles smaller than 0.5 lm per 1000 lm2 increased
with a decrease in PPZ width. After heat treatment for
10 hours, the number of particles smaller than 0.5 lm
per 1000 lm2 in this study was close to the previous
result. The number of particles of each size per 1000 lm2

in this study was smaller after heat treatment for
50 hours than that in the previous work.

C. Effect of Sulfur Content in the Oxide

Figure 11 shows the effect of S content in the oxide
on the concentration profiles of Mn and Si in the alloy
near the interface after the heat treatment for 10 hours.
When S content increased from trace (AM0) to
0.09 pct (AM1) and 0.28 pct (AM2), the minimum
concentration of Mn and Si near the interface
increased and the width of the MDZ became smaller.
Figure 12 shows the effect of S content in the oxide on
the concentration profiles of Mn and Si in the alloy
near the interface after the heat treatment for 50 hours.
The effects of S on the minimum concentrations of Mn
and Si near the interface and on the width of the MDZ
were similar to those after heat treatment for 10 hours.

With the increase in the heating time, the width of the
MDZ increased and the Mn content close to the
interface increased in every case.
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Fig. 5—Size distribution of the particles in AM0-0, AM1-0, and
AM2-0 after the pre-melting experiment produced by the new
method, compared with those produced by the previous method. (a)
AM0-0, (b) AM1-0, and (c) AM2-0.
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The PPZ and MDZ after the heat treatment at 1473 K
(1200 �C) for 10 and 50 hours are shown in Figure 13. In
this study, as shown in Figure 13(a), the MDZ and PPZ
showed a linear relation, but theMDZwas larger than the
PPZ. In addition, with an increase in the heating time and
a decrease in the oxide’s S content, the widths of the PPZ
andMDZ increased. For example, given a heat treatment
lasting 10 hours, thewidthof theMDZdecreased as Swas
added, from 120 lm (AM0-10) to 62 lm (AM1-10) and
52 lm (AM2-10). The width of the PPZ decreased from
79 lm (AM0-10) to 37 lm (AM1-10) and 33 lm (AM2-
10). Compared with the previous work of Reference 5
shown in Figure 13(b), the widths of the MDZ and PPZ
before heating at 1473 K (1200 �C) were much smaller.
After 10 hours of heating, the widths of the MDZ and
PPZ of A1 and A2 were similar, but the MDZ of A0 was
larger. In addition, after 50-h heating at 1473 K
(1200 �C), the widths of theMDZ and PPZ of A0 became
much larger.

IV. DISCUSSION

In this study, the method to produce diffusion couples
was modified using CSLM, and the chemical reaction at

1673 K (1400 �C) between the alloy and the oxide was
significantly suppressed. It was found that the width of
the PPZ in this experiment is little different from the
previous experiment.[4,5] The diffusion length of oxygen
was estimated by the same procedure carried out by
Kim et al.[5] For this calculation, Wagner’s equation,[6]

which estimates the thickness of the internal oxidation
zone, was used to estimate the width of the PPZ.
Wagner’s equation is shown in Eq. [1]:

n ¼ 2N
ðsÞ
O DO

mNðOÞ
B

t

" #1=2

; ½1�

where n indicates the depth of the internal oxidation
zone, NO

(s) indicates the mole fraction of oxygen at the
interface, DO means the diffusivity of oxygen in the
alloy, m is the number of oxygen atoms per A atom in
AOx oxide, NB

(O) is the mole fraction of the solute
element in the alloy, and t indicates time.
Kim et al.[5] have assumed that NO

(s) was determined by
the solubility of oxygen in the alloy. In this study, to
evaluate the influence of FeO content in the oxide, NO

(s)

was determined by the equilibrium relation with the
alloy and the oxide. The partial pressure of oxygen

Phase Position 
MnO SiO2 FeO MnS 

Mass % 

Slag 

1 66.3 31.7 2.0 0 

2 66.0 31.9 2.1 0 

3 67.0 31.1 1.9 0 

4 50.3 48.0 1.7 0 

5 50.4 47.7 1.9 0 

Particles 

6 76.3 23.7 0 0 

7 93.8 6.2 0 0 

8 Fe: 94.9, Mn: 4.4, Si: 0.4, O: 0.3 

(a) 10h 

Phase Position 
MnO SiO2 FeO MnS 

Mass % 

Slag 

1 67.7 31.4 0.9 0 

2 67.8 31.2 1.0 0 

3 67.7 31.5 0.8 0 

4 52.7 46.8 0.5 0 

5 53.3 46.1 0.6 0 

Particles 

6 52.4 42.9 0 4.7 

7 63.2 34.1 0 2.7 

8 Fe: 96.2, Mn: 3.6, Si: 0.2 

(b) 50h 

Fig. 6—Interface of AM0 after heat treatment for 10 and 50 h at 1473 K. (a) 10 h and (b) 50 h.
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equilibrated with the oxide was calculated by Eqs. [2][8]

and [3][8] at 1673 K and 1473 K (1400 �C and
1200 �C). The regular solution parameters given in
Reference 7 were for liquid oxides and were assumed to
describe behavior at the temperatures in this study. The
activity coefficient of FeO at each temperature was
calculated by regular solution model using each
parameter.

Fe(s)þ 1=2O2 ¼ ðFeOÞðlÞ ½2�

DG� ¼ �238780þ 48:53T

Fe(s)þ 1=2O2 ¼ ðFeOÞðsÞ ½3�

DG� ¼ �264430þ 64:73T

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

M
n 

co
nt

en
t 

in
 t

he
 a

llo
y 

(m
as

s%
)

Distance from the interface (µm)

 AM0-0
 AM0-10
 AM0-50

(a) Mn content 

0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Si
 c

on
te

nt
 in

 t
he

 a
llo

y 
(m

as
s%

)

Distance from the interface (µm)

 AM0-0
 AM0-10
 AM0-50

(b) Si content 

Fig. 7—Mn and Si content in the alloy of AM0 before and after
heat treatment at 1473 K. (a) Mn content and (b) Si content.

0 20 40 60 80 100 120 140 160 180
0

15

30

45

60

75

90

105

120

135

150
 AM0-0 in this study
 AM0-10 in this study
 AM0-50 in this study
 A0-0 in Ref. [5]
 A0-10 in Ref. [5]
 A0-50 in Ref. [5]

W
id

th
 o

f 
P

P
Z

 (µ
m

)

Width of MDZ (µm)

1:1

Fig. 8—PPZ and MDZ of AM0 and A0 before and after heat treat-
ment at 1473 K in this study and the previous work.

MS: MnO·SiO
2

2MS: 2MnO·SiO
2

 AM0-0
 AM0-10
 AM0-50
 Bulk alloy

MS 2MS

In this study

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0 0.0

0.2

0.4

0.6

0.8

1.0

MnS

SiO
2 MnO

(a) Composition of particles in this study 

In Ref. [5]
 A0-0
 A0-10
 A0-50

2MSMS

MS: MnO·SiO
2

2MS: 2MnO·SiO
2

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0 0.0

0.2

0.4

0.6

0.8

1.0

SiO
2

MnS

MnO

(b) Composition of particles in Ref. [5] 
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heat treatment in this study and the previous work. (a) Composition
of particles in this study and (b) composition of particles in Ref. [5].
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Using the calculated partial pressure of oxygen, the
oxygen content at the interface was estimated by Eq.
[4].[9] In this calculation, the activity coefficient of
oxygen was assumed to be unity. Accordingly, NO

(s)

was obtained by changing the unit from mass percent to
mol fraction.

1=2O2ðg) ¼ ½O� ðin FCC ironÞ ½4�

DG� ¼ �175142þ 60:50T

In addition, the diffusivity of oxygen in c-iron at each
temperature was calculated by Eq. [5].[9] m was calculated
by assuming the formation of pure 2MnOÆSiO2, and
NB

(O) was calculated from the composition of the alloy
used in this experiment.

logDO ¼ � 8820

T
þ 0:76 ½5�

Firstly, the calculation was carried out at 1673 K
(1400 �C) using the initial FeO content (3 mass pct) in
the oxide. In the previous work, the heating time was
10 minutes. In this study, after the temperature reached
1673 K (1400 �C), the power to the CSLM was cut off
and the sample was quenched immediately. The heating
time at 1673 K (1400 �C) was then assumed to be
0 minute. By the first step of the calculation, the width
of the PPZ in the diffusion couple before heating at
1473 K (1200 �C) was determined. The calculation
results for the initial condition of this study and the
previous study were 0 and 29 lm, respectively. After this
calculation, the widths of the PPZ after heat treatment
at 1473 K (1200 �C) for varying lengths of time were
calculated for several values of FeO content in the oxide.
Calculation results and experimental results for diffu-
sion couple AM0 of this study and A0 of Reference 5 are
shown in Figure 14. In these figures, the calculation
results of various initial FeO contents in the oxide
before heating at 1473 K (1200 �C) were drawn for
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Fig. 10—Size distribution of the particles in the PPZ before and
after heat treatment in this study and the previous work. (a) This
study and (b) previous work in Ref. [5].
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Fig. 11—Effect of sulfur content in the oxide on Mn and Si content
in the alloy after heat treatment for 10 h. (a) Mn content, heat treat-
ment for 10 h; and (b) Si content, heat treatment for 10 h.
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comparison. The observed width of the PPZ in this
experiment corresponded with the line of 3 pctFeO,
which was the initial content of FeO in the oxide, as
shown in Figure 14. A small quantity of manganese and
silicon also diffused from bulk oxide to the alloy during
heat treatment, as shown in Figure 7. However, the
effect of the diffusion of manganese and silicone on the
formation of PPZ did not predominate in comparison
with the diffusion of oxygen as discussed. In the case of
the previous experiment, experimental results did not
correspond with the 3 mass pct FeO line but with the
1 mass pct FeO line. This result indicates that the FeO
in the oxide gradually decreased with the heat treatment
time at 1673 K (1400 �C). In other words, significant
diffusion of oxygen due to reducing FeO in oxide was
verified to have occurred after heating at 1673 K
(1400 �C) for 10 minutes in the previous experiment.
This indicates that this modified method of making a
diffusion couple is helpful in understanding the diffusion
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Fig. 12—Effect of sulfur content in the oxide on Mn and Si content
in the alloy after heat treatment for 50 h. (a) Mn content, heat treat-
ment for 50 h; and (b) Si content, heat treatment for 50 h.
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Fig. 13—PPZ and MDZ before and after heat treatment in this
study and the previous work. (a) This study and (b) previous work
in Ref. [5].
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of elements between oxide and alloy at 1473 K
(1200 �C) although the observed width of the PPZ
roughly corresponded with a calculated line due to the
reduction of FeO content in the oxide during heat
treatment.

V. CONCLUSIONS

A new method to produce diffusion couples was
developed, and the solid-state reaction between Fe-Mn-
Si alloy and MnO-SiO2-FeO oxide at 1473 K (1200 �C)
was clarified. Oxide was melted in the CSLM before
heat treatment at 1473 K (1200 �C). By this method, the
holding time at 1673 K (1400 �C) was minimized and
the reaction at this temperature was suppressed. The
diffusion couple was heated at 1473 K (1200 �C) for 10
and 50 hours, and the interface of the oxide and alloy
was observed to be the same as in the previous
experiment. Similar to the results found in the previous
method, the particle precipitation zone (PPZ) and the
manganese-depleted zone (MDZ) were observed to be in
the alloy near the interface. The widths of the PPZ and
MDZ increased with heat treatment time and decreased
with the increasing sulfur content of oxide. The distance

of oxygen diffusion was estimated by Wagner’s equa-
tion, with FeO content in the oxide. The results show
that the diffusion of the oxygen governs the reaction
between the oxide and the alloy. It means that our
modified method has an advantage in investigating the
solid-state reaction between the oxide and the alloy.
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