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In order to clarify the changes in the composition of oxide inclusions in steel, the effect of the
metal and oxide composition on the reaction between solid Fe-based alloys and liquid
multi-component oxides was investigated using the diffusion couple method at 1473 K. The
measured concentration gradients of Mn and Si in the metal indicated that Mn diffused into the
metal from the oxide, while the diffusion of Si occurred in the opposite direction. In addition,
the MnO content in the oxide decreased with heat treatment time, while the SiO2 content
increased. The compositional changes in both phases indicated that the Mn content in the metal
near the interface increased with heat treatment with decreasing MnO content in the oxide.
Assuming local equilibrium at the interface, the calculated [Mn]2/[Si] ratio at the interface in
equilibrium with the oxide increased with increases in the MnO/SiO2 ratio in the oxide. The
difference in the [Mn]2/[Si] ratios between the interface and the metal matrix increased, which
caused the diffusion of Mn and Si between the multi-component oxide and metal. By measuring
the diffusion lengths of Mn and Si in the metal, the chemical diffusion coefficients of Mn and Si
were obtained to calculate the composition changes in Mn and Si in the metal. The calculated
changes in Mn and Si in the metal agreed with the experimental results.
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I. INTRODUCTION

STEEL-WIRE-ROD products are typically used as
steel cords for tire reinforcement and valve springs for
intake/exhaust valve controllers. The breakage of steel
wire rods during wire drawing to submillimeter sizes is
caused by oxide inclusions exceeding 10 lm in diame-
ter.[1,2] The major oxide inclusions causing the breakage
of wire have been reported to be alumina (Al2O3) and
spinel (MgOÆAl2O3), which form during Al

deoxidation.[1,3,4] The Si-Mn deoxidizing method is
useful in the manufacture of steel wire rod because
small and low-melting-point oxide inclusions are pro-
duced as MnO-SiO2.

[5-7] Furthermore, the oxide inclu-
sions can also be softened by reaction with
CaO-SiO2-Al2O3 bearing fluxes in the secondary refining
process. However, it was recently determined that the
composition of softened inclusions varied upon reacting
with alloying elements at hot rolling temperatures, and
the composition of the oxide inclusions changed as
precipitation of the solid phase increased.[8,9] In previous
studies,[5-7] a given oxide, which becomes the seed for the
inclusions, was added into the molten steel, and a metal
sample including the small inclusions was reacted at hot
rolling temperatures under the coagulation of the metal.
Then, the morphology, composition, and size of the
oxide inclusions were analyzed. However, their reaction
mechanism has not been well studied because the size of
the oxide inclusions in steel is very small. Recently, in
the 304 stainless steel, the transformation rate of
inclusion to change MnO-SiO2 to MnO-Cr2O3 was
investigated by heat treatment at 1273 K to 1473 K
(1000 �C to 1200 �C).[10] The Cr in the solid steel was
diffused to the oxide inclusion, and the Si and Mn in the
inclusion were exchanged by Cr. By simulation results
using kinetic model, the transformation rate of

SUN-JOONG KIM is with the Department of Materials Science
and Engineering, College of Engineering, Chosun University, 309
Pilmun-daero, Dong-gu, Gwangju 61452, Korea and also with the
Institute of Multidisciplinary Research for Advanced Materials,
Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577,
Japan. HANAE TAGO is with the Tohoku University, Sendai 980-
8577, Japan and also with JFE Steel Corporation, 1-1,Ohgishima,
Kawasaki-ku, Kawasaki 210-0868, Japan. KYUNG-HO KIM is with
the Institute of Multidisciplinary Research for Advanced Materials,
Tohoku University and also with Hitachi Metals, Ltd., Yasugi Works,
Yasugi-cho, Yasugi, Shimane 692-8601 Japan. SHIN-YA
KITAMURA and HIROYUKI SHIBATA are with the Institute of
Multidisciplinary Research for Advanced Materials, Tohoku
University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan.

Manuscript submitted July 11, 2017.
Article published online March 19, 2018.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 49B, JUNE 2018—977

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1233-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-018-1233-8&amp;domain=pdf


MnCr2O3/MnSiO2 in the inclusion was increased as the
increase in temperature and the decrease in the diameter
of inclusions.

Even if the diffusion of elements and change in
composition between the oxide inclusions and steel
occurred, the varying amounts could not be detected
and were insufficient to clarify the mechanism. There-
fore, it is difficult to clarify the reaction using real
non-metallic inclusions because they are too small to be
accurately analyzed. In this study, the effect of the oxide
composition on the diffusion behaviors of components
between multi-component oxide particles and solid at
hot rolling temperature was investigated by the diffusion
couple method. Based on the authors’ knowledge, the
present study is the first to investigate the reaction
between liquid multi-component oxides and solid metal
the past several decades. The diffusion couple has
sufficient oxide present to determine the reaction and
mass transfer at the interface.

II. EXPERIMENTS

The details of the experimental procedure of the
diffusion couple method were described elsewhere.[11,12]

Here, the experimental procedure is explained briefly. As
illustrated in Figure 1(a), a hole was made at the center
of the alloy (1 mm 9 1 mm 9 1 mm), and the crushed
oxides (2 to 3 mg) were inserted into the hole. To
prevent external oxidation of the alloy during heat
treatment, the alloy and oxide sample were enclosed in a
quartz tube with Ar gas at 20 kPa, as illustrated in
Figure 1(b). In the quartz tube, Ti foil was used to
capture the oxygen in the Ar gas. The entire enclosed

sample was heated at 1473 K (1200 �C) for 10 hours
before being quenched in water. After quenching, the
sample was removed from the quartz tube. The interface
between the alloy and oxide was examined using
electron probe microanalysis (EPMA).
Table I lists the initial compositions of the oxide and

metal. In runs A1, B1, and C1, the Si content in the
metal was from 1.44 to 3.34 pct by mass with a constant
Mn content. In runs C1, C2, and C3, the CaO/SiO2 ratio
in the oxide was maintained between 0.63 and 0.68,
while the MnO content was varied from 4.9 to 15.7 pct
by mass. The melting points of the oxides were analyzed
using thermo-gravimetric analysis and differential ther-
mal analysis (TG–DTA 8120, Rigaku), and the melting
temperatures of oxides 1, 2, and 3 were 1340 K, 1358 K,
and 1440 K (1067 �C, 1085 �C, and 1167 �C),
respectively.

III. RESULTS

Figure 2 presents a typical image of the interface
between the oxide and the metal after the heat treatment
at 1473 K (1200 �C) for 10 hours. The oxide phase was
homogeneous, and the precipitation of oxide particles in
the metal phase near the interface was not observed. The
composition change in each phase was analyzed at a
distance of 300 lm from the interface at 5 to 50 lm
intervals. Especially, since the composition of elements
in metal side were assumed to be significantly changed,

Fig. 1—Schematic image of diffusion couple samples. Figure (a) and
(b) represents the images of sample of metal and oxide and
preparation of sealed sample, respectively.

Table I. Initial Compositions of the Oxide and Metal

Run Nos.

Metal (Mass Pct) Oxide (Mass Pct)

Si Mn CaO SiO2 Al2O3 MgO MnO C/S

A1 A 3.34 0.59 1 29.9 46.4 14 4.8 4.9 0.6

B1 B 2.17 0.57

C1 C 1.44 0.53

C2 2 27.1 43.0 13.7 5.8 10.4 0.6
C3 3 26.7 39.3 12.9 5.4 15.7 0.7

Fig. 2—Composite image of A1 after heat treatment at 1473 K for
10 h.
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the 20 lm from interface was analyzed at 5-lm
intervals.

Figures 3 and 4 represent the composition changes in
metal and oxide for runs A1, B1, and C1, investigating
the influence of Si content in the metal. Figures 5 and 6

represent the composition changes in the metal and
oxide for C1 through C3, investigating the influence of
MnO content in the oxide. In Figures 3, 4, 5 and 6,
even though the measured points of Mn, Si, MnO, and
SiO2 were connected for the tendency of the

Fig. 3—Chemical composition change Mn (a), Si (b), Ca (c), Fe (d), Mg (e), and Al (f) in the metal of runs A1, B1, and C1 as a function of the
distance from the interface after heat treatment at 1473 K for 10 h.
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composition changes, those lines were not the fitting
lines and had no physical meaning. The accuracy of the
measurement results of Al, Ca, Mg, Mn, Si, and Fe
were more than 95 pct, and below 0.2 pct, 0.3,

0.3, 2, 2, and 2 pct of averaged error measurements,
respectively.
Figure 3 shows the composition changes in Mn (a), Si

(b), Ca (c), Fe (d), Mg (e), and Al (f) in the metal of runs

Fig. 4—Chemical composition changes in MnO (a), SiO2 (b), CaO (c), FeO (d), MgO (e), and Al2O3 (f) in the oxide of runs A1, B1, and C1 as a
function of the distance from the interface after heat treatment at 1473 K for 10 h.
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A1, B1, and C1 as a function of the distance from the
interface. In Figure 3(c), the Ca contents were almost
constant more than 10 lm from the interface. The Ca
content near the interface of A1 and B1 was close to
1 pct by mass. In the Fe-Ca binary phase diagram,[13]

the Ca solubility in c-Fe was below 0.02 pct by mass at
1723 K (1450 �C). The measured high Ca content by
EPMA analysis may be caused by the significantly small
inclusions formed during heat treatment. The Ca con-
tent in the metal was not considered because CaO in the
oxide cannot be thermodynamically reduced by either
element in the metal. The changes in Fe, Mg, and Al
were not remarkable as shown in Figures 3(d) through
(f). Although the concentrations of Fe in steel were
scattered in Figure 3(d), the averaged concentrations of
A1, B1, and C1 were, respectively, 96.4, 97.3, and
97.8 mass pct with less than 2.0 pct of measured errors.
By the sum of the averaged contents of Fe, and the

contents Mn and Si in Table I, the total compositions
are 100 mass pct. On the other hand, the FeO
concentrations at a distance of 5 lm from the interface
were below 1 pct by mass and then decreased drastically
near the interface as shown in Figure 4(d). Furthermore,
the concentrations of Mg and Al in solid steel were
scattered and below 0.05 mass pct. In the present work,
the MnO in the slag can be thermodynamically reduced
by the Si in the steel. This indicates that the diffusion of
CaO, MgO, and Al2O3 from slag to steel were unre-
markable as shown in Figures 4(c), (f), and (e). Each
composition in the slag was slightly changed as the MnO
decreased and as the SiO2 increased. Based on the
diffusion behaviors of Mn and Si, the diffusion length
was determined by 300 lm, and the diffusion behavior
of Ca, Fe, Mg, and Al were not considered in this study.
In contrast, despite the similar initial concentration of

Mn, the Mn content in the metal increased in the

Fig. 5—Chemical composition change Mn (a) and Si (b) in the metals of runs C1, C2, and C3 as a function of the distance from the interface of
the metal after heat treatment at 1473 K for 10 h.

Fig. 6—Chemical composition changes in MnO (a) and SiO2 (b) in the oxides of runs C1, C2, and C3 as a function of the distance from the
interface of the oxide after heat treatment at 1473 K for 10 h.
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following order: A1, B1, and C1. As shown in
Figure 3(b), the concentrations of Si in the metal
decreased after heat treatment compared to each initial
composition. In particular, the changes in Mn and Si in
the metal of C1 showed the concentration gradients near
the interface of metal. When the Si content in metal was
high, such as in A1 and B1, the concentration gradients
of Mn and Si near the interface were not observed, but
their concentrations were changed compared to the
initial values.

Figure 4 shows the composition changes in MnO (a),
SiO2 (b), CaO (c), FeO (d), MgO (e), and Al2O3 (f) in the
oxides of runs A1, B1, and C1 as a function of the
distance from the interface. The concentration gradients
of all the elements, except for FeO in the oxide, were
barely detectable. This finding indicated that the mass
transfer rates of all the elements in the liquid oxide were
very rapid. The FeO concentration near the interface
was not considered because its value was greatly
influenced by the Fe signal from the metal phase
because of the limited beam diameter of the EPMA.
As mentioned above, the composition changes of CaO,
MgO, and Al2O3 were not remarkable compared with
the initial concentrations of these oxides. However, the
MnO content after heat treatment decreased compared
with the initial content of oxide 1. The decrease of the
MnO concentration after heat treatment was substantial
and exhibited a dependence on the increase of the Si
content in the metal of runs A1, B1, and C1. This
decrease in MnO in the oxide caused the increase in Mn
in the metal as mentioned in Figure 3(a). Furthermore,
the content of SiO2 in the oxide increased slightly in the
order of A1, B1, and C1, because the Si in the metal was
diffused as shown in Figure 3(b).

Figure 5 shows the composition changes in Mn (a)
and Si (b) in the metal of runs C1 through C3 as a
function of the distance from the interface. Since the Fe
contents of C2 and C3 were almost constant, and the
changes in Ca, Mg, and Al of C2 and C3 were below
0.1 pct by mass as mentioned above, the diffusion
behaviors of Fe, Ca, Mg, and Al were not considered in
this study. However, the concentration gradients of Mn
and Si were observed to depend on the concentration of
MnO in the oxides. The concentration gradient and
concentrations of Mn near the interface of the metal
increased with increases in the MnO content in the
contacting oxide. In contrast, the concentrations of Si
near the interface of the metal decreased compared with
the initial Si content. Therefore, it was determined that
the Mn diffused into the metal from the oxide, while the
diffusion of Si occurred in the opposite direction. These
diffusion tendencies of Mn and Si were observed also in
the composition changes in the oxides.

Figure 6 shows the composition changes in MnO (a)
and SiO2 (b) in the oxide of runs C1 through C3 as a
function of the distance from the interface. Since the
mass transfer rate in the liquid oxide is larger than that
in the solid alloy, the concentration gradients in the
oxide were not observed except for FeO. In addition, the
composition changes of FeO, CaO, MgO, and Al2O3

showed similar tendency to those represented in
Figure 4, and the changes in CaO, MgO, and Al2O3

were not remarkable compared to the initial concentra-
tions. Although similar tendencies for MnO and SiO2 in
oxide were also observed, the decrease in the MnO
concentration in the oxide depended on the initial
concentration of the MnO before heat treatment.
Furthermore, the content of SiO2 in the oxide increased
under the conditions in runs C2 and C3, as observed in
Figure 6(b). For run C1, although the increase of SiO2

was not detectable, a small amount of Si diffused from
the metal, as observed in Figure 5(b). Therefore, it was
presumed that the MnO in the oxide was exchanged
with Si in the metal.

IV. DISCUSSION

Based on the results, the diffusion of Mn and Si
between the oxide and metal was more remarkable than
that of the other elements. Figure 7 represents the
schematic image of Mn and Si diffusion between the
solid alloy and the liquid oxide.
TheMn diffused from the oxide into the metal as much

as the decrement of MnO in oxide. In contrast, the
diffusion direction of Si was the opposite from that ofMn,
and the SiO2 content in oxide increased with decreasing Si
in the metal. This finding indicated that the MnO in the
oxide was reduced by the Si in the metal at the interface.
The relationship between the diffusion ofMnandSi could
be derived using the following equations:

Siþ 2MnOðsÞ ¼ 2Mnþ SiO2ðsÞ; ½1�

DGO
ð1Þ ¼ �2272� 36:79T J=mol: ½2�

In Eq. [2], the standard free energy change at 1473 K
was calculated by extrapolating the thermodynamic

Fig. 7—Schematic image of diffusion between solid alloy and liquid
oxide.
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data.[14,15] Based on this reaction, the local equilibrium
retaliation at the interface can be derived by the fol-
lowing equation:

a2Mn

aSi
¼ Kð1Þ

a2MnO

aSiO2

¼ Kð1Þ �
c2MnO

cSiO2

� x2MnO

xSiO2

� �
¼ KMnSi;

½3�

where ai, ci, and xi are the activity, activity coefficient,
and mole fraction of component i in Eq. [1], respec-
tively. The measured values by EPMA presented in
Figures 4 and 6 were used as the mole fractions of
each oxide component in the oxide phase at the inter-
face. The cMnO and cSiO2

were derived using the regular
solution model.[16] The equilibrium constant, K(1), can
be determined using Eq. [2]. In this study, the equilib-
rium parameter of KMnSi was used to express the activ-
ity ratio of Mn and Si at the interface.

Figure 8 presents the equilibrium ratio (KMnSi)
obtained from the equilibrium relationship for runs
A1, B1, C1 through C3 as a function of the mass ratio of
(pct MnO)/(pct SiO2) in the oxide. In addition, the
ratios of [pct Mn]2/[pct Si] in the matrix of the metal
before heat treatment and the measured value at a
distance of 5 lm from the metal after heat treatment are
shown in Figure 8. As the mass ratio of (pct MnO)/
(pct SiO2) increased, KMnSi increased exponentially; this
tendency was similar to that of the [pct Mn]2/[pct Si]
ratio using the analyzed values at a distance of 5 lm
from the metal side. Furthermore, the difference in
[pct Mn]2/[pct Si] at the interface and in the matrix of
the metal increased upon increasing the (pct MnO)/
(pct SiO2) ratio in the oxide. The Mn content at the
interface was considered sufficiently high to move into
the metal after heat treatment for 10 hours. Therefore,
this difference in concentrations would be related to the
driving force for the diffusion of Mn and Si between the
oxide and metal. In the cases of runs A1 and B1, when
the mass ratio of (pct MnO)/(pct SiO2) was below 0.1,
the difference in [pct Mn]2/[pct Si] before and after the
heat treatment was small, and the driving force of
diffusion was also small. Although the concentration

gradients of Mn and Si in the vicinity of the interface on
the metal side were not observed for runs A1 and B1 (see
Figures 3(a) and (b)), the concentration changes of Mn
and Si in both phases occurred after heating for
10 hours.
Figure 9 shows the diffusion lengths of Mn and Si in

the metal for runs C1 through C3 as a function of the
differences between KMnSi and the [pct Mn]2/[pct Si] in
the matrix before heat treatment. As illustrated in
Figure 9, the diffusion lengths of both elements were
logarithmically proportional to the differences of KMnSi

and the [pct Mn]2/[pct Si] in the matrix. In general,[17]

the diffusion length (LM) can be expressed by diffusion
coefficient (DM) of Mn or Si, and the heating time (t)
using the following equation:

LM

2

� �2

¼ DMt: ½4�

In this equation, when the heating time is constant,
the changes in diffusion length depend on the diffusion
coefficient. This means that the diffusion coefficients
for Mn and Si in the present work were dependent on
the driving force as well as the difference in [pct Mn]2/
[pct Si] between the interface and matrix. Furthermore,
the diffusion length of Si was larger than that of Mn
despite the same heating time. This result was caused
by the larger diffusion coefficient of Si in solid Fe com-
pared with that of Mn. Therefore, the diffusion of Mn
in the metal was assumed to be the rate-limiting step
in this system because the mass transfer in the liquid
oxide was more rapid than that in the solid metal.
In order to clarify the relationship between the driving

force by the thermodynamic parameter and the diffusion
of Mn and Si, the diffusion coefficients of Mn and Si are
necessary to be considered by the concentration differ-
ence between the interface and matrix. In Figure 7, the
diffusive fluxes of Mn and Si are represented by
classifying the liquid oxide and the solid metal based
on different diffusion rates. The chemical diffusion
coefficients of Mn and Si in the metal were obtained in
the present study. As shown in Figure 7, the diffusive
fluxes of Mn and Si, JMn and JSi, should be in balance

Fig. 8—Effect of MnO/SiO2 ratio on the change in the equilibrium
ratio (KMnSi), [pct Mn]2/[pct Si] at the interface between the metal
and oxide.

Fig. 9—Comparison of diffusion lengths of Mn and Si for C1, C2,
and C3 as a function of the difference in [pct Mn]2/[pct Si] between
the interface and matrix.
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between the oxide and the alloy, and the flux of element
M in the solid alloy is represented by Fick’s second law:

@CM

@t
¼ @JM

@y
¼ DMnSi

@2CM

@y2
; ½5�

where M is Mn and Si, and C, J, t, and y are the con-
centration, the diffusive flux, the time, and the diffusive
distance, respectively. DMnSi is the inter-diffusion coef-
ficient between the diffusive fluxes of Si and Mn. On

the basis of Darken’s equation,[18] this coefficient can
be represented by thermodynamic parameter as

DMnSi ¼ DMnxSi þDSixMnð Þ

¼ kT BMnxSi þ BSixMnð Þ 1þ d ln cMn

d ln xMn

� �
;

½6�

where k, T, and BM are the Boltzmann’s constant,
temperature, and the atom mobility of M element,
respectively. From Eq. [6], the relationship between the
chemical diffusion coefficient and the ideal diffusion
coefficient can be obtained as

DM ¼ kTBM 1þ d ln cM
d ln xM

� �
¼ kTBM

d ln aM
d ln xM

� �
: ½7�

When the self-diffusivity of a given element was inves-
tigated by the movement of trace elements or isotopes,
the diffusion coefficient was mainly dependent on the
temperature because the activity coefficients of the ele-
ments are constants in Eq. [7]. Since the heating tem-
perature and the heating time were constant in the
present study, the diffusion behaviors of Mn and Si
could not be explained by the self-diffusion coefficients.
Therefore, it is necessary to obtain the diffusion coeffi-
cients of Mn and Si that vary with the driving force at
the interface between the liquid oxide and solid metal.
This diffusion coefficient was also called the ‘‘chemical
diffusion coefficient.’’[18,19]

Fig. 10—Comparison of chemical diffusion coefficients of Mn and Si
with the self-diffusion coefficient as a function of the difference in
[pct Mn]2/[pct Si] between the interface and matrix.

Table II. Calculation Conditions for Concentration Changes of Mn and Si in c-Fe

DMnSi (mm2/s) [Pct Mn]Matrix D[Pct Mn] D[Pct Si]Matrix D[Pct Si]

A1 5.20 9 10�9 0.75* 0.10 3.34 � 0.10
B1 5.28 9 10�9 0.66* 0.03 2.17 � 0.14
C1 5.37 9 10�9 0.53 0.30 1.40 � 0.30
C2 1.08 9 10�8 0.80 � 0.79
C3 1.78 9 10�8 1.20 � 0.84

**: DSelf Mn is 8.52 9 10�9 mm2/s.

Fig. 11—Composition changes of Mn by calculation with chemical diffusion coefficients (a) and self-diffusion coefficient (b).
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From Eq. [4], the chemical diffusion coefficient of Mn
and Si (DC

Mn and DC
Si) could be obtained at 36,000 sec-

onds. Furthermore, the Mn and Si in solid c-Fe were
very low, and both mole fractions in Eq. [8] were
assumed to be (1 � xFe). Therefore, from Eq. [8], the
DMnSi was obtained as

DMnSi ¼ DC
MnxSi þDC

SixMn

� �
¼ DC

Mn þDC
Si

� �
1� xFeð Þ:

½8�

Figure 10 shows the comparison of the chemical diffu-
sion coefficients of Mn and Si with a self-diffusion
coefficient as a function of the difference in [pct Mn]2/
[pct Si] between the interface and matrix. In this figure,
the self-diffusion coefficients of DMn in liquid oxide
and DSi in c-Fe were not represented as they were lar-
ger than ~ 10�5 mm2/s.[20,21] The values of DC

Mn; D
C
Si;

and DMnSi were increased with an increase in the dif-
ference in concentration, when the DC

Si was larger than

the DC
Mn: The DMnSi covered a range similar to the

self-diffusion coefficient of Mn in c-Fe (DSelf
Mn). It was

determined that the rate-limiting step between the liq-
uid oxide and the solid alloy was governed by the dif-
fusion of Mn in the metal.
In order to compare the validity of DMnSi with the

self-diffusion coefficient of Mn in c-Fe (DSelf
Mn), the

concentration changes in Mn and Si in c-Fe were
calculated by following equations:

½PctM�t¼½pctM�MatrixþD½pctM�� 1�erf
L

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DMnSit

p
� �� �

;

½9�

D½pctM�¼ ½pctM���½pctM�Matrix
� �

; ½10�

where L is diffusion length, and t is set at 36,000 sec-
onds. The D[pct Mn] is determined by Eq. [10].
Although the [pct M]* is the concentration of M ele-
ment, it was regarded as the concentration at a dis-
tance of 5 lm from the metal. Table II represents the
values of [pct M]Matrix and D[pct M] for the calculation

Fig. 12—Composition changes of Si by calculation with chemical diffusion coefficients (a) and self-diffusion coefficient (b).

Fig. 13—Composition changes of Mn (a) and Si (b) by calculation using the DMnSi of runs A1, B1, and C1 in Table II.
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of concentration changes in Mn and Si in c-Fe. In this
table, the DMnSi for each condition and the DSelf

Mn at
1473 K were also represented.

Figures 11 and 12 show the concentration changes of
Mn and Si in c-Fe calculated by the chemical diffusion
coefficients (a) and self-diffusion coefficient (b), respec-
tively. As shown in Figure 11(a), the calculated compo-
sition changes of Mn in c-Fe showed good agreement
with the experimental results compared to the calculated
results of Figure 11(b). In particular, the calculation for
the conditions in run C3 using the self-diffusion coeffi-
cient showed lower values compared to the experimental
results of run C3, and the calculated composition
gradients of C3 were close to that of C2 beyond
20 lm. In Figure 12(a), the calculated composition
changes in Si in c-Fe by DMnSi were in relatively good
agreement with the experimental results. However, the
calculated composition changes in Si in c-Fe using the
self-diffusion coefficient of Mn showed similar values for
the conditions in runs C2 and C3.

Figure 13 shows the composition changes of Mn (a)
and Si (b) by calculation using DMnSi of A1, B1, and C1
in Table II. The values of DMnSi for runs A1 and B1
were obtained by the relationship between the DMnSi

and KMnSi in Figure 10. In Table II, the [pct M]Matrix for
the conditions in runs A1 and B1 were determined from
the experimental results, because the Mn content in the
metal was remarkably increased by diffusion of MnO
from the liquid oxide reduced by the high Si content in
the metal. As shown in Figure 13, the calculated results
of Mn and Si content by DMnSi agreed with the
experimental results. Therefore, the chemical diffusion
coefficient with thermodynamic consideration at the
interface was necessary to calculate the diffusions of Mn
and Si between the oxide and the solid iron-based alloy.

V. CONCLUSIONS

Based on heat treatment at 1473 K of a solid
iron-based alloy and multi-component liquid oxides,
the effect of the alloy and oxide compositions on the
diffusion of the elements was investigated. The following
conclusions were drawn:

(A) After heat treatment, the diffusion of Mn and Si in
both phases was more remarkable compared with
that of the other elements (Al, Mg, Ca, and Fe). Mn
diffused from the oxide into the metal, and Si dif-
fused in the opposite direction. Although the con-
centration gradients of MnO and SiO2 in the oxide
were not detected, those of Mn and Si on the metal
side with low Si content were detected. In the case
of the high Si-metal, the concentration changes of
Mn and Si after heat treatment were varied in the
entire matrix without concentration gradients near
the interface.

(B) With increases in the initial content of MnO in the
oxide and Si in the metal, the MnO content in the
oxide decreased and the Mn concentration of the
metal near the interface increased after heat treat-
ment. In contrast, the Si content of the metal de-

creased, and the SiO2 content in the oxide increased
slightly.

(C) The thermodynamic assessment presuming local
equilibrium at the interface revealed that the [Mn]2/
[Si] ratio at the interface increased upon increasing
the MnO/SiO2 ratio in the oxide. Therefore, the
driving force for the diffusion of Mn and Si was
dependent on the activities of MnO and SiO2 in the
oxide. The diffusion lengths of Mn and Si on the
metal side were proportional to the difference of
[Mn]2/[Si] between the interface and matrix. Fur-
thermore, the chemical diffusion coefficients of Mn
and Si in this study were obtained by the diffusion
lengths of Mn and Si on the metal side. Using DMnSi

based on the obtained coefficients, the calculated
changes of Mn and Si content in the metal showed
good agreement with the experimental results.

These conclusions suggest the feasibility to simulate
the composition change in the small oxide inclusions by
using chemical diffusion coefficients between liquid
oxide and solid metal. In order to simulate the mass
transfer in the liquid oxide, we are currently studying the
time dependency of the diffusion of Mn and Si between
the liquid oxide and a Si-deoxidized alloy in greater
detail.
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