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Abstract
An improved diffusion couple method was used to simulate the dynamic process of the solid-state reaction at the interface 
between oxide inclusions and a steel matrix deoxidized by Si and Mn during heat treatment at 1473 K. Experimental results 
indicated that good contact between the oxide and steel matrix was attained after pre-treatment at 1673 K. In addition, the 
reaction between the oxide and steel matrix at 1673 K was suppressed, and the effect of this reaction on the diffusion couple 
experiments at 1473 K was minimized. In the diffusion couple experiments, the diffusion of oxygen from the oxide to the 
steel matrix resulted in the precipitation of fine oxide particles and a decrease in the Mn content in the steel matrix near the 
interface after heat treatment at 1473 K. With increasing heat treatment time, the widths of the particle precipitation zone 
(PPZ) and Mn-depleted zone (MDZ) gradually increased. In addition, the solid-state reaction at the interface between the 
oxide and steel matrix was intense, and the widths of the PPZ and MDZ increased rapidly during the 0–20 h stage of heat 
treatment, especially during the 0–5 h stage. The interfacial reaction was retarded, and the rates of width expansion of PPZ 
and MDZ decreased with increasing heat treatment time.
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1  Introduction

Nonmetallic inclusions are inevitable in steel and greatly 
affect the quality of steel. Secondary refining is the most 
common and effective method for controlling the char-
acteristics of nonmetallic inclusions in the process of 
producing high-quality steel [1–8]. However, the inclu-
sions in solid-state steel often react with the steel matrix 
during rolling and heat treatment, resulting in com-
positional changes of the inclusions between the final 

products and those in molten steel [9–13]. Takano et al. 
[14] investigated the effect of oxide inclusions on the 
behavior of grain growth in an austenitic stainless steel 
(Fe–17%Cr–9%Ni–3%Cu-low C, N alloy) deoxidized by 
Si and Mn. Their results revealed the presence of mainly 
MnO–SiO2-type inclusions in the as-cast ingot. After 
heat treatment at 1523 K for 60 min, the decomposition of 
MnO–SiO2 led to the transformation of partial MnO–SiO2 
inclusions with diameter of approximately 1 μm into fine 
MnO–Cr2O3 inclusions with diameter of approximately 
0.2 μm. The smaller size of these MnO–Cr2O3 precipi-
tates effectively suppressed grain growth via the pinning 
effect. Shibata et al. [15, 16] reported the precise condi-
tions resulting in composition changes of oxide inclusions 
of stainless steel with different concentrations of Si, Mn, 
Cr, and Ni during heat treatment, and the mechanism of 
change for MnO–SiO2 inclusions in a Fe–Cr alloy was 
clarified by diffusion couple experiments. The experimen-
tal results indicated that the MnO–SiO2-type inclusions 
transformed into MnO–Cr2O3-type inclusions in stainless 
steel with low Si content after heat treatment. For high 
Si content, the composition of the oxide inclusions was 
still MnO–SiO2 with no change. In addition, the diffusion 
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couple experiments indicated that the diffusion of Mn, Si, 
and Cr at the interface between the oxide inclusions and 
Fe–Cr alloy significantly affected the composition of the 
oxide inclusions during heat treatment at 1473 K. In addi-
tion, Kim et al. [17, 18] investigated the solid-state reac-
tion between Fe–Mn–Si alloy and MnO–SiO2–FeO oxide 
during heat treatment at 1473 K. Fine particles and white 
metal particles with high Fe content formed in the alloy 
near the interface and bulk oxide, respectively, after heat 
treatment at 1673 and 1473 K.

The small size of these nonmetallic inclusions makes 
it difficult to observe and analyze the solid-state reac-
tion between the inclusions and steel matrix during heat 
treatment using typical experimental methods. Therefore, 
simulations have been conducted by taking the oxide and 
iron-based alloys diffusion couples to investigate their 
solid-state reaction during the actual heat treatment. Liu 
et al. [19–21] developed a new confocal scanning laser 
microscope (CSLM) technique for melting oxide to pro-
duce a diffusion couple. Using this method, the holding 
time of the diffusion couple at 1700 and 1673 K was 
decreased as far as possible. The results revealed the clear 
suppression of the reaction between the oxide and iron-
based alloy at 1700 and 1673 K. The solid-state reaction 
between Al2O3–CaO–FeO oxide and Fe–Al–Ca alloy and 
that between MnO–SiO2–FeO oxide and Fe–Mn–Si alloy 
were thus clarified.

However, Kim et al. [17, 18] and Liu et al. [20, 21] 
mainly investigated the solid-state reaction between 
MnO–SiO2–FeO oxide and Fe–Mn–Si alloy at 1473 K for 
10 and 50 h, and the research on the dynamic process of 
the solid-state reaction between the oxide and iron-based 
alloy during heat treatment is not sufficient. Therefore, in 
this study, simulations of the solid-state reaction between 
oxide inclusions and a steel matrix deoxidized by Si and 
Mn at 1473 K for 5, 10, 20, 30, 40, and 50 h were con-
ducted using the improved diffusion couple method.

2 � Experimental method

The compositions of the Fe–Mn–Si alloy and MnO–SiO2–FeO 
oxide used in this study are listed in Table 1. According to the 
experimental results in Ref. [17], the composition of the alloy 
and oxide reached equilibrium at 1823 K.

The experimental method was almost the same as that 
described in Ref. [20]. The Fe–Mn–Si alloy was pre-melted 
using electrolytic iron, ferromanganese, and silicon in a vac-
uum induction furnace. Then, the alloy was machined into a 
cylinder (ϕ 5 mm × 3 mm), and a hole of suitable size was 
manufactured in the alloy to place the oxide. The oxide with 
the target composition was obtained by melting the reagents 
MnO, SiO2, and FeO powders under an Ar atmosphere in an 
electrical resistance furnace. The contents of Mn, Si, and Fe 
were analyzed using an electron probe microanalyzer (EPMA). 
Pre-melting of the oxide at 1673 K to achieve good contact 
between the oxide and alloy is necessary. In addition, to avoid 
intense element diffusion between the oxide and alloy at the 
interface during pre-treatment, the CSLM technique was used 
to produce diffusion couples. The Fe–Mn–Si alloy contain-
ing the prepared oxide was placed in the CSLM, and pure Ar 
was introduced after the evacuation of the CSLM chamber 
to 5 × 10−3 Pa. Then, the temperature was increased from 
room temperature to 1673 K at a rate of 100 K/min. When the 
oxide was completely melted, which can be observed in the 
CSLM during heating, the diffusion couple was immediately 
cooled by cutting off the power of the CSLM. The cooling rate 
reached approximately 1000 K/min. After that, the diffusion 
couple sample, an alloy block with the same composition, and 
Ti foil were sealed into a quartz tube filled with Ar. Finally, 
the quartz tube was heated at 1473 K for different time. The 
specific heat treatment conditions are listed in Table 2. After 
heat treatment, the quartz tube was quenched by ice water, and 
the morphology and composition of the alloy and oxide at the 
interface were examined and analyzed using the EPMA.

3 � Results

Figure 1 shows the morphology of the interface between the 
oxide and alloy of the T0–0 diffusion couple after pre-treat-
ment at 1673 K. Good contact between the oxide and alloy was 
achieved. In addition, some fine particles were also observed in 
the alloy near the interface. Compared with the results in Ref. 
[17], the range of the particle precipitated was smaller, indicat-
ing that the diffusion of elements at the interface between the 
oxide and alloy was suppressed during the pre-treatment at 

Table 1   Initial compositions of alloy and oxide used for diffusion 
couple experiments (mass%)

Alloy Oxide

Fe Mn Si MnO SiO2 FeO

Balance 3.1 0.1 66 31 3

Table 2   Experimental heat treatment conditions at 1473 K

Diffusion couple T0–0 T0–5 T0–10 T0–20 T0–30 T0–40 T0–50

Heat treatment time/h 0 5 10 20 30 40 50
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1673 K. In Fig. 1, the oxide was mostly a uniform 2MnO·SiO2 
phase; some black striped patterns were also observed, which 
were caused by the phase separation during the cooling pro-
cess in the CSLM. The changes in the Mn and Si contents 
in the alloy near the interface in the T0–0 diffusion couple 
are shown in Fig. 2. The Mn and Si contents only decreased 
slightly in the range of 0–10 μm from the interface from 3.1 to 
2.6 mass% and 0.1 to 0.07 mass%, respectively, demonstrating 
the effective control of elemental diffusion at the interface. 

In this study, the method described in Ref. [17] was used 
to measure the widths of the particle precipitation zone 

(PPZ) and Mn-depleted zone (MDZ). The widths of the PPZ 
and MDZ were 6 and 10 μm, respectively.

Figure 3 shows the morphologies of the interface between 
the oxide and alloy of the diffusion couple T0 after heat 
treatment at 1473 K for 5–50 h. In addition, the chemical 
compositions of the oxide near the interface in the diffusion 
couple T0 after heat treatment are listed in Table 3. After 
heat treatment at 1473 K for different time, the oxide sepa-
rated into two phases, a gray phase (2MnO·SiO2) and a dark 
phase (MnO·SiO2), and with increasing heat treatment time, 
the proportion of the dark phase in the oxide increased. In 
addition, white metal particles with high Fe content were 
observed in the oxide after heat treatment, which were 
mainly distributed within MnO·SiO2. The size of the metal 
particles increased with increasing heat treatment time. For 
the alloy, numerous fine oxide particles formed near the 
interface after heat treatment at 1473 K for 5 h, as observed 
in Fig. 3a. With increasing heat treatment time, the width of 
the PPZ increased, and the number density of precipitated 
particles decreased; however, the particle size increased.

The changes in the Mn and Si contents in the alloy near 
the interface are shown in Fig. 4. The minimum value of Mn 
content gradually decreased upon approaching the interface 
during the 0–20 h heat treatment stage from 3.1 mass% to 
approximately 1.4 and 1.1 mass% after heat treatment for 
5 and 20 h, respectively. In contrast, after heat treatment 
for 50 h, the minimum Mn content increased to approxi-
mately 2.1 mass% upon approaching the interface. In addi-
tion, as observed in Fig. 4, the Mn content slightly increased 
in the range of 0–30 μm from the interface and increased 

Fig. 1   Morphology of interface between oxide and alloy in T0–0

Fig. 2   Change in Mn and Si content in alloy near interface of T0–0
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continuously with increasing heat treatment time from 
1.8 mass% after 5 h to approximately 3.0 mass% after 50 h. 
With increasing heat treatment time, the width of the MDZ 
increased. The Si content in the alloy followed similar trends 
as the Mn content.

Figure 5 reveals that the widths of the MDZ and PPZ 
increased with heat treatment time at 1473 K, with the width 
of the MDZ always being larger than that of the PPZ. In 
addition, the width of the PPZ increased rapidly after heat-
ing for 5 h; the growth rate then decreased with increasing 

heating time. For the MDZ, a large growth rate was main-
tained in the 0–20 h stage. In the 20–50 h stage, however, 
the growth rate decreased. A comparison of the widths of the 
MDZ and PPZ is presented in Fig. 6. The difference between 
the widths of the MDZ and PPZ increased gradually with 
increasing heating time from 0 to 20 h. In addition, the dif-
ference between the widths of the MDZ and PPZ remained 
almost constant from 20 to 50 h. A possible explanation 
for this phenomenon is that the FeO content in the oxide 
was high and the FeO decomposed rapidly in the early stage 

Fig. 3   Morphologies of interface between oxide and alloy of T0 after heat treatment for different time at 1473 K. a 5 h; b 10 h; c 20 h; d 30 h; e 
40 h; f 50 h

Table 3   Chemical composition near interface of oxide in diffusion couple T0 after heat treatment for different time

Diffusion couple Position 1/mass% Position 2/mass%

MnO SiO2 FeO MnO SiO2 FeO

T0–5 51.5 46.9 1.6 65.5 32.2 2.3
T0–10 50.4 48.1 1.4 66.1 32.6 1.3
T0–20 51.0 47.2 1.8 66.7 31.7 1.6
T0–30 50.8 48.2 1.0 66.8 32.1 1.1
T0–40 52.5 46.5 1.1 66.4 32.5 1.1
T0–50 54.1 44.6 1.2 65.3 33.6 1.1
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of the heat treatment, resulting in the rate of oxygen diffu-
sion into the alloy greater than that of the precipitation and 
growth of the particles in the alloy. With increasing heat 
treatment time, the FeO content in the oxide decreased, and 
the rate of oxygen diffusion into the alloy was retarded to a 
similar level as that of the particle precipitation and growth.

The size distribution of the oxide particles precipitated 
in the PPZ of the alloy before and after heat treatment at 
1473 K is shown in Fig. 7. The method determining the 
counted area of precipitated oxide particles was the same as 
that described in Ref. [17]. The width of the counted area 
was equal to that of the PPZ, and the length of the counted 
area was 44 μm in the direction parallel to the interface. 
Most of the oxide particles were small, with diameters of 
less than 1 μm before heat treatment at 1473 K. Compared 

Fig. 4   Change in Mn (a) and Si (b) contents in alloy near interface

Fig. 5   Change in widths of MDZ and PPZ with heat treatment time 
at 1473 K

Fig. 6   Comparison of widths of MDZ and PPZ

Fig. 7   Size distribution of particles in PPZ before and after heat treat-
ment
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with T0–0, the number of particles larger than 1  μm 
increased after heat treatment at 1473 K. Figure 8 shows 
the total volume of precipitated particles in the 1000 μm2 
of the PPZ. The precipitated particles were assumed to be 
spherical to calculate the volume. The results indicate that 
the total volume of precipitated particles generally increased 
with increasing heat treatment time, and the total volume of 
particles clearly increased after heat treatment for 5 h.

4 � Discussion

The decomposition of FeO in the oxide and resulting dif-
fusion of excess oxygen from the oxide to the alloy are the 
main reason for the precipitation of fine particles in the alloy 
near the interface during the heat treatment, and this phe-
nomenon is similar to internal oxidation [17]. The experi-
mental oxygen partial pressure ( PO2

 ) equilibrated with the 
oxide at 1473 K was calculated by Eq. (1) [22]. The activity 
of FeO was calculated by the regular solution model, assum-
ing that the regular solution parameters given in Ref. [23] 
for liquid oxide were employed to describe the behavior at 
1473 K in this study [20].

The oxidation reactions that may occur in 
Fe–3.1%Mn–0.1%Si solid solution alloy during heat treat-
ment at 1473 K are shown in Eqs. (2) and (3) [22, 24]. The 
minimum oxygen pressures under which the Mn and Si in 
the alloy began to be oxidized are defined as the critical 
oxygen pressures. The critical oxygen pressures of the Mn 
( PMn

O2
 ) and Si ( PSi

O2
 ) were determined by Eqs. (2) and (3), 

(1)
Fe(s) + 1/2O2 = (FeO)(s)

ΔG� = −264430 + 64.73T

respectively, where the activity coefficients of Mn and Si 
were assumed to be unity.

The calculated results of the PMn
O2

 , PSi
O2

 , and PO2
 were 

2.20 × 10−17, 2.09 × 10−17, and 3.20 × 10−15, respectively. 
It is found that the experimental oxygen partial pressure was 
greater than the critical ones of the Mn and Si at 1473 K 
( P

O2
 > PMn

O2
 > PSi

O2
 ), and the Mn and Si elements in the alloy 

would be oxidized during heat treatment at 1473 K, forming 
fine oxide particles in the alloy near the interface.

In this study, the dynamic process of the solid-state reac-
tion between the oxide and alloy at the interface during heat 
treatment at 1473 K was analyzed using the Wagner equa-
tion [25]:

where � represents the depth of the internal oxidation zone; 
N

(s)

O
 is the mole fraction of oxygen at the interface; DO is the 

diffusivity of oxygen in the alloy; � is the number of oxygen 
atoms per A atom in the AOx oxide; N(O)

B
 is the mole fraction 

of the solute element in the alloy; and t is time.
As described in Ref. [20], N(s)

O
 was determined by the 

equilibrium relation between the oxide and alloy according 
to Eq. (1) [22] and Eq. (5) [26]. In the calculation of Eq. (5), 
the activity coefficient of oxygen was assumed to be unity.

The diffusivities of oxygen in γ-iron at different tempera-
tures were determined using Eq. (6) [26]. ν was calculated 
by assuming the formation of 2MnO·SiO2, and N(O)

B
 was cal-

culated from the composition of the alloy in this experiment.

Figure 9 demonstrates the good agreement of the experi-
mental results of the width of the PPZ with the theoretical 
calculations. As observed in Fig. 4, although some Mn and 
Si in the oxide also diffused into the alloy during the heat 
treatment, the effect of this diffusion on the formation of the 
PPZ and MDZ can be neglected compared with the effect of 
oxygen at 1473 K.

In addition, as observed in Fig. 9, the dynamic process 
of the solid-state reaction between the oxide inclusions 

(2)
2[Mn]Fe + O2(g) = 2MnO(s)

ΔG� = −809267 + 249.34T

(3)
[Si]Fe + O2(g) = SiO2(s)

ΔG� = −811537 + 212.55T

(4)�=

[

2N
(s)

O
DO

�N
(O)

B

t

]1∕2

,

(5)
1∕2O2(g) = [O] (in FCC iron)

ΔG� = −175142 + 60.50T

(6)logDO = −
8820

T
+ 0.76

Fig. 8   Total volume of particles in 1000 μm2 of PPZ
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and steel deoxidized by Si and Mn during heat treatment 
at 1473 K was well reflected by the diffusion couple simu-
lations. In the 0–20 h stage of heat treatment, the rates of 
increase in the widths of the PPZ and MDZ were larger. 
Especially in the 0–5 h stage, the widths of the PPZ and 
MDZ increased rapidly from 6 to 40 μm and 8 to 70 μm, 
respectively. However, in the 20–50 h stage of heat treat-
ment, the rates of increase in the widths of the PPZ and 
MDZ decreased, only increasing from 71 to 107 μm and 
144 to 190 μm after heating for 20 and 50 h, respectively. 
To clarify the reason for this phenomenon, the oxide com-
ponents at 20–30 points within 50 μm from the interface 
were analyzed by the EPMA in this study, and the average 
value was used as the oxide component at the interface. The 
change in the FeO content in the oxide at the interface with 
increasing heating time is depicted in Fig. 10. The FeO con-
tent clearly decreased during heat treatment for 0–20 h. In 
addition, with increasing heating time, the decomposition of 
FeO became slower. The FeO in the oxide was the source of 
free oxygen. When a larger amount of FeO was decomposed 
during heat treatment, the driving force for diffusion of oxy-
gen from the oxide to the alloy was large, and the solid-state 
reaction between the oxide and alloy at the interface was 
intense. In contrast, when the FeO decomposed slowly, the 
solid-state reaction was gentle, which is consistent with the 
changes in the widths of the PPZ and MDZ.

In addition, as demonstrated in Fig. 4, the Mn and Si 
contents in the alloy near the interface showed a trend of 
first decreasing and then increasing, but the contents were 
still lower than the initial contents. The diffusion coefficient 
of oxygen in austenite is on the order of 10−11 m2/s, and that 
of Mn and Si in austenite is on the order of 10−13 m2/s [18]. 
These values indicate that the diffusion of cations is much 
slower than that of anions. Therefore, the Mn and Si contents 

were controlled by the diffusion of oxygen when the heat 
treatment time was short. With increasing heating time, the 
effect of the diffusion of Mn and Si from the oxide to the 
alloy was gradually manifested. In addition, as demonstrated 
in Figs. 5 and 6, the width of the MDZ was always larger 
than that of the PPZ after heat treatment for different time at 
1473 K. Possible reasons for this finding may be that some 
precipitated particles were too small to be observed or that 
the particles underwent coarsening during heat treatment 
[17]. Furthermore, because of the presence of a concentra-
tion gradient of Mn in the alloy near the interface, the dif-
fusion of Mn from the alloy interior to the interface also 
exacerbated this phenomenon.

5 � Conclusions

1.	 The dynamic process of the solid-state reaction between 
oxide inclusions and steel deoxidized by Si and Mn dur-
ing heat treatment at 1473 K was well reflected using the 
simulation research employing diffusion couples.

2.	 After heat treatment at 1473 K, the excess oxygen gen-
erated from the decomposition of FeO in the oxide dif-
fused into the alloy and reacted with the Mn and Si, 
resulting in the reduction in Mn and Si contents and 
precipitation of fine oxide particles in the alloy.

3.	 The widths of the MDZ and PPZ increased with increas-
ing heat treatment time at 1473 K. In addition, in the 
0–20 h stage of heat treatment, especially in the 0–5 h 
range, the widths of the MDZ and PPZ increased rapidly 
because of the large decomposition of FeO in the oxide. 
Upon extending the heat treatment time to 30–50 h, the 
solid-state reaction between the oxide and alloy at the 
interface was retarded, and the rates of increasing width 
of the MDZ and PPZ gradually decreased.

Fig. 9   Comparison of widths of PPZ with theoretical calculations
Fig. 10   Change of FeO content in oxide with heating time
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4.	 A dynamic model for calculating the width of the PPZ 
near the interface between inclusions and steel deoxi-
dized by Si and Mn during heat treatment at 1473 K 
was established based on the Wagner equation, and the 
experimental results for the width of the PPZ agreed 
well with the theoretical calculations.
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