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The selective oxidation of a CMnSi transformation-induced plasticity (TRIP) steel during
intercritical annealing (IA) in a N2 + 10 pct H2 gas atmosphere with a dew point (DP) in the
range from 213 K to 278 K (�60 �C to +5 �C) was investigated by transmission electron
microscopy. The decarburization during IA resulted in a fully ferritic matrix at the TRIP steel
surface. Annealing in high DP gas atmospheres resulted in a reduction of the oxide layer
thickness at the surface and an increase of the depth of the subsurface internal oxidation. The
experimental results were compared to the calculations of the DP for the transition from
internal to external oxidation based on the Wagner model. The evolution of the surface oxide
composition during annealing was analyzed thermodynamically by means of the chemical po-
tential diagram for the surface oxides. In the high DP atmosphere conditions, mainly, Mn-rich
xMnOÆSiO2 (1<x< 2) oxides were formed at the surface, while Si-rich xMnOÆSiO2 (x< 1)
oxides were formed by internal oxidation. The use of a high DP gas atmosphere is therefore
advantageous to induce internal selective oxidation and reduce the amount of surface oxides. It
also leads to the formation of Mn-rich xMnOÆSiO2 (1< x< 2) oxides.
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I. INTRODUCTION

THE interaction of the surface of steel with the gas
atmosphere in the annealing furnace of a hot-dip galva-
nizing (HDG) line results in the reduction of iron oxide.
The alloying elements, Mn, Si, Al, Ti and V, are subject to
oxidation. This is due to the fact that the N2+5 to
10 pct H2 gas mixture contains water vapor. The H2O
dissociation reaction H2O M H2+1/2 O2 determines the
oxygen partial pressure (PO2

), which is, albeit extremely
low, still oxidizing toward Mn, Si, and Al. The amount of
water vapor in the annealing furnace is represented by the
dew point (DP) temperature. The furnace gas atmosphere
typically has a low DP, resulting in the external selective
oxidation ofMn and Si. Selective oxidation occurs when a
solute atom is oxidized rather than thematrix element. The
selective oxidation phenomenon occurring at the surface
(external oxidation) and in the subsurface (internal oxida-
tion) ofmost industrial steel gradeshasbeen investigated in
detail for interstitial free steel, dual phase steel, and
transformation-induced plasticity (TRIP) steel.[1–7] The
presence of film-forming surface oxides, in particular
amorphous a-xMnOÆSiO2 (x< 0.9) and a-SiO2

oxides, leads to a deterioration of the wettability of the

intercritically annealed strip by the molten Zn during the
galvanizing process.[8–10] These oxides also act as barriers
to the interdiffusion of Fe and Zn during galvannealing
process.[11–14] Annealing in a high DP gas atmosphere has
been shown to result in internal oxidation rather than
external oxidation, and the control of the DP has been
proposed as a method to improve the quality of Zn and
Zn-alloy coatings on Si alloyed steels.[4–6]

Several theories for internal oxidation have been
proposed. Wagner[15] proposed a theory for the internal
oxidation of binary alloys. The original theory was based
on the assumption of a single oxidizing element forming a
single oxide with a zero solubility product. Numerous
improvements of the original model were proposed.
Böhm and Kahlweit[16] and Rapp[17] extended the model
to account for a none-zero oxide solubility product. A
model for multi-component alloys was proposed by Niu
and Gesmundo.[18] Huin et al.[19] developed an internal
oxidation model for multi-component ferrous alloys
assuming a finite solubility product. Brunac et al.[20] then
extended the model proposed byHuin et al.[19] to account
for the possibilities that a large fraction of precipitates
may act as diffusion barriers and that some precipitates
may form and re-dissolve at a later stage due to the
formation of other precipitates.
Despite the obvious usefulness of these models for the

description of selective internal oxidation, they are still
unable to capture the complex non-equilibrium external
and internal oxidation processes in steel, in particular
the morphology, the composition and the spatial distri-
bution of the oxides.
The present study focuses on the thermodynamic

aspects of the influence of the DP on the selective
oxidation of CMnSi TRIP steel during intercritical
annealing (IA) in gas atmosphere conditions used in
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industrial HDG line annealing furnaces. A comprehen-
sive analysis of the oxides was done by field emission-
transmission electron microscopy (FE-TEM) of cross-
sectional samples prepared by the focused ion beam
(FIB) technique. A comparison between the experimen-
tal results and calculated results based on the Wagner
theory and a computational thermodynamic model was
also made. Finally, the influence of the selective oxida-
tion and decarburization on the subsurface microstruc-
ture was investigated by TEM.

II. INTERNAL–EXTERNAL SELECTIVE
OXIDATION TRANSITION

Wagner[15] proposed a theory for the internal oxida-
tion of binary A-B alloys which allows for the isother-
mal internal oxidation of the alloying element B,
forming a single oxide BOm. The molar concentration
of B, N

ðOÞ
B;crit, at which transition from internal to external

oxidation occurs is given by Eq. [1]:

N
ðoÞ
B >N

ðOÞ
B;crit ¼

pg �NðSÞO DOVm

2mDBVBOm

" #1
2

: ½1�

Here, g* refers to the critical BOm oxide volume fraction
when the transition from internal to external oxidation
occurs, N

ðOÞ
B is the bulk molar concentration of B, N

ðSÞ
B is

the oxygen molar concentration at the surface, DO is the
diffusion coefficient of oxygen, DB is the diffusion coeffi-
cient of B,Vm is themolar volume of the alloy, andVBOv

is
the molar volume of the oxides. The theory predicts that
oxidation of B is always external when N

ðoÞ
B >N

ðOÞ
B;crit.

When the flux of oxygen is significantly less than that of
B, external oxides will grow laterally on the surface, and
form a continuous layer. This layer blocks the inward
diffusion of oxygen. Wagner stated that when the volume
fraction of the oxide, g, reached a critical value g*, the
transition from internal to external oxidation should
occur. Rapp[21] tested Wagner’s theory for Ag-In alloys
and found that the transition occurred when g* = 0.3.
Equation [1] also provides a useful means to understand
internal oxidation, as it predicts that when the alloy is
exposed to conditions where N

ðSÞ
B is large, e.g., high DP

atmosphere, the value of N
ðOÞ
B;crit increases, and the tran-

sition from internal to external oxidation should take
place at higher concentrations of B. An increase of the
effective DB due, for example, to a reduction of the grain
size, results in a decrease ofN

ðOÞ
B;crit. A temperature increase

for a given gas atmosphere also influences the transition
from external to internal oxidation as both the oxygen
permeability, i.e., the product N

ðSÞ
B �DO, and the corre-

sponding product for the alloying element B, N
ðSÞ
B �DB,

increase at higher temperature.

III. EXPERIMENTAL

Industrially cold-rolled full-hard CMnSi TRIP steel
containing 2.2 mass pct Mn and 1.4 mass pct Si was

used for the present work. The Mn/Si mass pct ratio of
the CMnSi TRIP steel was 1.57 and bare spots were not
present in the Zn coating surface after the galvanizing
simulation.[22] The dimensions of the sheet panels used
for the annealing experiments were 220 mm in length,
120 mm in width, and 1.0 mm in thickness. The samples
were intercritically annealed in an IWATANI SURTEC
HDG simulator manufactured by IWATANI Inc. This
HDG simulator consists of a main unit, a gas mixing
station, a hybrid humidification system, and a control
system. The infra-red furnace in the main unit was used
for the IA simulation. The process gasses, N2, H2 and
He, were mixed in the gas mixing station and the gas
mixture was humidified in the hybrid humidification
system. The control system allowed for the precise
control of DP level and the composition of the gas
atmosphere.
The IA was carried out in a N2 + 10 pct H2 gas

atmosphere with DPs of 213 K, 243 K, 263 K, 273 K,
and 278 K (�60 �C, �30 �C, �10 �C, 0 �C, and
+5 �C). The DPs of 213 K and 243 K (�60 �C and
�30 �C) were chosen as typical low DP atmospheres.
These low DP conditions are close to those used in the
annealing furnace in industrial continuous annealing
lines (CAL) and HDG lines. The DPs of 273 K and
278 K (0 �C and +5 �C), for which internal selective
oxidation of Mn and Si occurs, were chosen as high DP
atmospheres. Huin et al.[19] provided a formula to
calculate PO2

and mass concentration of dissolved
oxygen at the steel surface (C

ðSÞ
O ) in an annealing

atmosphere containing water vapor. The saturation
vapor pressure of H2O (PsatH2O), in atm, is obtained
from the DP temperature, in �C, by means of the
following equation:

log10PsatH2O

¼
9:80DP/ 273:8þDPð Þ�2:22 DP�0oCð Þ
7:58DP/ 240þDPð Þ�2:22 DP>0oCð Þ

:

�
½2�

The corresponding oxygen partial pressure, PO2
, in

atm, is given by the following equation:

1

2
log10PO2

¼ 3:00� 13088

T
þ log10

PsatH2O

PH2

� �
: ½3�

Here, T is the temperature in K and PH2
is partial

pressure of hydrogen in atm. In the present study, a
10 pct H2 gas atmosphere was used with balance N2.
The total pressure was 1 atm. The value of PH2

was
therefore taken to have the constant value of 0.1 atm.
C
ðSÞ
O , in ppm, was then calculated using the following

equation:

1

2
log10C

ðsÞ
O ¼ 1:00� 9398

T
þ 1

2
log10PO2

: ½4�

The calculated oxygen partial pressure at each of the
DP conditions used in this work is listed in Table I.
Prior to the continuous annealing simulations, small

coupons of 15 9 15 mm2 were taken from larger panel
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samples and their surface was mirror-polished with a
1 lm diamond suspension in order to allow for precise
cross-sectional TEM observations of the surface without
interferences of the roughness of the strip surface. The
annealing cycle consisted of a heating stage to the IA
temperature of 1093 K (820 �C) at a heating rate of
+3 K/s, a holding stage at the IA temperature for 47 s
and a rapid cooling stage. The samples were also rapidly
cooled to room temperature by N2 gas after: (a) heating
to 923 K (650 �C), (b) heating to the IA temperature,
and (c) holding at the IA (Figure 1). The cooling rates
achieved with the N2 gas were in the range of �20 K/s to
�30 K/s.

The microstructures of the annealed samples were
investigated by means of FE-TEM. The cross-sectional
TEM samples were prepared by the FIB technique in a
FEI Quanta 3D FEG. The TEM samples were analyzed
in a JEOL JEM-2100F FE-TEM operated at 200 keV.
The oxide composition was determined by means of
energy dispersive spectroscopy (EDS) using a 1 nm size
electron beam. The Oxford INCA software was used for
the quantitative analysis of the composition. The
reported oxide compositions are based on ten separate
EDS measurements carried out on the oxides in the
TEM samples.

The comprehensive experimental observations of the
selective oxidation of Mn and Si were compared to the
calculated critical transition temperatures for internal to
external oxidation in the CMnSi TRIP steel using Eq.
[1]. For the calculation of Eq. [1], the values of N

ðSÞ
O in

the gas atmosphere for the DP in the range from 213 K

to 278 K (�60 �C to +5 �C) were adjusted from the
values of C

ðSÞ
O obtained using Eqs. [2], [3], and [4]. The

parameters and equations used for the calculation are
listed in Table II.[21,23–25] The critical value for g*, for
the transition from internal to external oxidation occurs,
was set equal to 0.3, as suggested by Rapp.[21] DO, DMn,
and DSi are the ferrite diffusion coefficients in cm2/s of
oxygen, Mn, and Si, respectively. VMnO, VSiO2

, and VFe

are the molar volumes of SiO2, MnO and ferrite, in cm3/
mol, respectively. It was assumed that the matrix was
fully ferritic at the surface and in the subsurface during
IA. This assumption is reasonable as the surface of
TRIP steel is fully decarburized when exposed to high
temperature in the annealing gas atmosphere.[6,22,26]

N
ðOÞ
Mn and N

ðOÞ
Si , the Mn and Si molar concentrations in

the steel were given by the nominal steel composition.
Because all values needed for the calculation of Eq. [1]
are known except for T, the critical temperatures (T*)
for the transition from internal to external oxidation can
be calculated.
A model proposed by Huin et al.[19] was also used to

predict the internal oxidation of a steel containing
2.2 mass pct Mn and 1.4 mass pct Si during an isother-
mal IA for 47 seconds in a gas atmosphere with a low
DP of 243 K (�30 �C) and with a high DP of 278 K
(+5 �C). The calculation was carried out assuming that
only two oxides, MnO and SiO2 could precipitate. The
equations for the diffusion coefficients and the solubility
products listed in Table II were used for the calculation.
KMnO and KSiO2

are the solubility products in (ppm)2

and (ppm)3 of MnO and SiO2, respectively. The theo-
retical model and the method to calculate the thermo-
dynamic equilibrium are summarized in Appendix. The
DP of 243 K (�30 �C) was selected as a low DP because
the value of the lowest DP of 213 K (�60 �C) was too
low to lead to the oxidation of the dissolved Mn at the
surface to MnO in the initial step of the numerical
calculation. This is due to the fact that the product of
C
ðSÞ
O and Mn mass concentration is less than the value of

the solubility product of MnO. This initial condition
prevents all Mn oxidation in the numerical calculation.
Additional equilibrium thermochemical calculations

to obtain chemical potential diagrams were carried out
using the Fact-Sage (version 6.4) thermochemical soft-
ware and database.
Decarburization of the steel surface during IA was

also studied by means of dilatometry and TEM obser-
vation of the samples prepared by the FIB technique.
Dilatometry was used to measure the austenite volume
fraction in the bulk alloy. Dilatometry specimens with
dimensions of 10 mm in length, 3.5 mm in width, and
3 mm in thickness were machined with their length
parallel to the transverse direction of sheets. Dilatom-
etry experiments were carried out in a Bahr 805 pushrod
dilatometer in a vacuum better than 3 9 10�4 mbar.
The heat treatment cycle consisted of heating to 1093 K
(820 �C) with a heating rate of +3 K/s, holding at the
IA temperature of 1093 K (820 �C) for 47 seconds,
further heating to full austenitization temperature of
1373 K (1100 �C) at a heating rate of +3 K/s, and a
final slow cooling to room temperature.

Table I. Oxygen Partial Pressure at an IA Temperature of

1093 K (820 �C) as a Function of the Gas Atmosphere DP

DP [K (�C)]

Ratio of H2 to N2

of the Gas Mixture
(Vol. Pct)

Oxygen Partial
Pressure at IA

Temperature 1093 K
(820 �C) (atm)

213 (�60) 10 1.29 9 10�26

243 (�30) 10 1.58 9 10�23

263 (�10) 10 7.38 9 10�22

273 (0) 10 4.09 9 10�21

278 (+5) 10 8.33 9 10�21

47s @ 1093 K 

(a)

Intercritical  
Annealing

923 K 

(b) (c)

Fig. 1—Schematic of the thermal cycle used for the experiments.
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IV. RESULTS AND DISCUSSION

A. TRIP Steel Surface Decarburization

The selective oxidation behavior of TRIP steel has
been assumed to take place for a microstructure
containing austenite and ferrite by some authors,[4,5,27]

while others[19,20] developed a model assuming a fully
ferritic surface. The presence of austenite at the steel
surface during IA of a TRIP steel is critical to the
oxidation mechanism. Gong et al.[5] predicted that
kinetics of oxidation should be significantly influenced
by the presence of austenite at the IA temperature, as
the diffusivity of Mn is very much lower than that of Si
in austenite. In addition, the solubility of Mn in the
austenite matrix is higher than that of Si. Both factors
should result in a limited Mn oxidation. The austenite
fraction at the surface of a TRIP steel during IA is not
known as the surface gradually decarburizes in the
annealing atmosphere. The presence of austenite at the
surface during IA was therefore studied in order to
precisely predict the oxidation kinetics.

In the bulk system, the austenite volume fraction can
easily be measured by dilatometry. Figure 2 shows the
change of the austenite volume fraction in the TRIP
steel during heating to 1093 K (820 �C) with a heating
rate of +3 K/s, holding at 1093 K (820 �C) for
47 seconds, and heating to 1373 K (1100 �C). The
austenite volume fraction was calculated using the lever
rule, as illustrated in Figure 2(a). The microstructure of
the bulk sample of the TRIP steel contained 25 vol. pct
austenite directly after heating to the IA temperature
and 45 vol. pct austenite after 47 seconds at the IA
temperature.

Although the austenite fraction in the subsurface is
difficult to measure precisely, the presence of austenite
can be tested by the direct observation of the subsurface
microstructures. Figure 3 shows the transition of the
subsurface microstructure during annealing in low DP
[213 K (�60 �C)] conditions. After heating to 923 K
(650 �C), carbides were embedded in the recrystallizing
ferrite grains located close to the surface, as shown in
the EDS elemental maps of Figure 3(b). Carbides
containing some Mn were clearly detected by EDS.
After heating to 1093 K (820 �C), ferrite grain growth
occurred. A small grain of martensite, surrounded by
ferrite grains containing dislocation, was observed at a

depth of approximately 1 lm below the surface
(Figures 3(c) and (d)). After the IA at 1093 K (820 �C)
for 47 seconds, there was no martensite or retained
austenite island in the subsurface within 1 lm below the
surface (Figure 3(e)).
Figure 4 shows the transition of the subsurface

microstructure during annealing in high DP [278 K
(+5 �C)] conditions. After heating to 923 K (650 �C),
the carbide particles containing Mn were also observed
close to the surface, as shown in the EDS data of
Figure 4(b). After heating to 1093 K (820 �C), grain
growth occurred and only ferrite grains were present in
the subsurface. Martensite grains were observed at a
depth of 2 lm below the surface. Mn enrichment of one
of the martensite grains, clearly shown by the EDS
analysis in Figure 4(d), points to Mn partitioning to
intercritical austenite. After an IA at 1093 K (820 �C)
for 47 seconds, no martensite island was observed in the
subsurface. A single martensite island was observed
3 lm below the surface. The depth of the decarburiza-
tion after IA in low and high DP conditions is therefore
at least 3 lm. These observations indicate that no
austenite was present in the subsurface during IA as a
result of the decarburization and the formation of Mn
containing oxides. Slightly more martensite islands were
observed in the subsurface after annealing in 278 K
(+5 �C) DP conditions but the subsurface was free of
martensite within 2 lm below the surface.
The decarburization was not severe for temperatures

below 923 K (650 �C) because carbides were still
observed near the surface after heating to 923 K
(650 �C). After heating to 1093 K (820 �C), no evidence
for the formation of intercritical austenite, i.e., obser-
vation of martensite or retained austenite at room
temperature, was found close to the surface. Instead,
martensite was present at a depth greater than 2 lm
below the surface. After an IA for 47 seconds, martens-
ite islands were only observed at much greater depths
below the surface. Previous studies[6,22,26] have shown
that retained austenite or martensite was not observed at
the surface or in the subsurface of TRIP steel after
continuous annealing simulations. The absence of
retained austenite at the surface after the annealing
clearly revealed that the surface and a 1 to 2 lm thick
subsurface layer are fully decarburized and that the
formation of oxides of the alloying elements occurs in a

Table II. Values and Equations Used for the Calculation

Parameter Value and Equation Units Reference

g* 0.3 Rapp[21]

DO 0:00291 exp � 10764
T

� �
cm2/s Takada et al.[23]

DMn 0:756 exp � 26983
T

� �
cm2/s Oikawa et al.[24]

DSi DSi ¼ 0:735 exp � 29566
T

� �
cm2/s Oikawa et al.[24]

VMnO 13.210 cm3/mol Lide[25]

VSiO2
23.721 cm3/mol Lide[25]

VFerrite 7.092 cm3/mol Lide[25]

KMnO 10ð10:95�
10830
T Þ (ppm)2 Huin et al.[19]

KSiO2
10ð16:00�

22010
T Þ (ppm)3 Huin et al.[19]

T is the temperature in K.
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ferrite matrix near the surface. SEM observation of the
microstructure of the subsurface after annealing of a
TRIP steel was also done by Liu et al.[28] They reported
that the surface of a TRIP steel was decarburized during
annealing in a N2 + 5 pct H2 gas atmosphere with a
DP of 283 K (+10 �C) and that a 20-lm thick ferrite
layer was formed near the strip surface. According to
the numerical simulation of internal oxidation of a
Mn- and Si-added steel by Huin et al.,[19] the oxidation
depth and the reaction layer during annealing cycle should
be less than 1.5 lm. It can therefore be concluded that
there is no austenite at the surface and in the subsurface
layer approximately 2 lm below the surface during IA of
TRIP steel. The selective oxidation of Mn and Si will
therefore occur in a fully ferritic microstructure.

B. Selective Oxidation in High and Low DP Gas
Atmospheres

The oxides species formed after IA of CMnSi TRIP
steel are expected to be MnO, SiO2, MnOÆSiO2, and
2MnOÆSiO2.

[29] However, the Mn/Si atomic ratio of the
oxides does often not conform to the composition of
these well-known simple or compound oxides.[5,22] In the
present study, the compound oxides were described by
means of the notation xMnOÆSiO2, where x is the Mn/Si
atomic ratio. When x = 0, the oxide is SiO2. The values
x = 1 and x = 2 correspond to the compounds
MnSiO3 and Mn2SiO4, respectively. The xMnOÆSiO2

oxides are also classified into two groups depending on
the value of x: Mn-rich oxides have x> 1, and Si-rich
oxides have x< 1.

Figure 5 shows cross-sectional TEM observations of
the evolution of the surface oxidation during annealing
in low DP [213 K (�60 �C)] conditions. After heating to
923 K (650 �C) (Figure 5(a)), a continuous 5 nm thin
layer of xMnOÆSiO2 oxides formed at the surface. There
where the grain boundaries intersect the surface, the
oxide layers were found to be slightly thicker. In the
subsurface, recrystallization resulted in a small ferrite
grain size because the steel had been heavily deformed
during cold rolling. As the temperature was increased to

1093 K (820 �C) (Figure 5(b)), ferrite grain growth and
decarburization occurred in the subsurface. Si-rich oxide
regions and thicker Mn-rich oxides regions developed
separately at the surface. Further IA for 47 seconds led
to the thickening of these layers (Figure 5(c)). While the
thin oxide films consisted mainly of Si oxide, the Mn
content was higher in the thicker oxide layer.
Figure 6 shows cross-sectional TEM observations of

the evolution of the surface oxidation during annealing
in high DP [278 K (+5 �C)] conditions. After heating to
923 K (650 �C) (Figure 6(a)), a thin layer of external
oxides formed at the surface and recrystallization took
place in the subsurface. A 5 nm thin layer of xMnOÆSiO2

oxides and MnO were present in the grain boundaries.
During heating to 1093 K (820 �C) (Figure 6(b)), exter-
nal and internal oxidation of Mn and Si occurred
simultaneously. In the subsurface region, fine ferrite
grains developed within a network of Mn and Si oxides.
Si and Mn were internally oxidized at the boundaries
between recrystallizing grains, thereby preventing their
growth. This type microstructure with fine subsurface
grain boundaries pinned by internal oxides was also
observed by Gong et al.[5] During IA (Figure 6(c)), the
depth of the internal oxidation extended to 1 lm,
whereas the thickness of the external oxide layers did
not increase appreciably. External xMnOÆSiO2 oxide
clusters were present on all the locations where the grain
boundaries intersected the surface.

C. External to Internal Oxidation Transition Due to DP
Control

Figure 7 shows cross-sectional TEMmicrographs used
to detect the transition from internal to external oxidation
by variation of the DP and the direct observation of the
location of the oxidation front. The samples were
annealed at the IA temperature in a gas atmosphere with
aDPof 213 K, 243 K, 263 K, 273 K, and278 K (�60 �C,
�30 �C,�10 �C, 0 �C, and+5 �C)prior to quenching. In
the low DP [213 K and 243 K (�60 �C and �30 �C)]
conditions, external selective oxidation occurred exclu-
sively. There was a clear transition from external to
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Fig. 2—Dilatometry results of a CMnSi TRIP steel during heating to 1093 K (820 �C), holding 47 s at 1093 K (820 �C) for and heating to
1373 K (1100 �C). (a) Dilatation of the TRIP steel during the heat treatment. The austenite volume fraction, fc, was calculated using the lever
rule, as illustrated in the inset. (b) Temperature dependence of the austenite volume fraction.
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internal oxidation at a DP of 263 K (�10 �C). The value
of PO2

at the IA temperature in this DP condition was
7.38 9 10�22 atm. Separate regions of external and
internal oxidation developed. A thinner oxide layer
formed at the surface when the internal oxidation was
favored. The depth of internal oxidation was 400 to
600 nm. In high DP [278 K (+5 �C)] conditions, the
oxidation front extended 1 to 1.2 lm below the surface.
Annealing in the 278 K (+5 �C) DP gas atmosphere
resulted in a thinner layer of external oxidation and a
larger depth of internal oxidation for Mn and Si.

Figure 8 presents the oxidation behavior for
2.2 pct Mn and 1.4 pct Si added steel as a function of
gas atmosphere DP and temperature. Figure 8(a) shows
the critical temperature, T*, where the transition from
internal to external oxidation of MnO and SiO2 is
predicted to take place. The values of T* were calculated
using Eq. [1]. The Wagner theory only considers binary
alloys. T* was therefore calculated for MnO (T�MnO) in a
2.2 mass pct Mn Fe-Mn steel and for SiO2 (T�SiO2

) in a
1.4 mass pct Si Fe-Si steel. The calculations indicate
that for a given atmosphere, external oxidation should

3µm

3µm

3µm

(a)

(c)

(e)

A

Mn

C O

(b)

(d)

B

Fig. 3—Cross-sectional TEM micrographs showing the transition of the subsurface microstructure during annealing in low DP [213 K (�60 �C)]
conditions. a and a¢ are ferrite and martensite, respectively. (a) STEM bright-field image of the subsurface microstructure after heating to 923 K
(650 �C). (b) EDS elemental maps for Mn, C, and O of the area corresponding to A in (a). (c) STEM bright-field image of the subsurface micro-
structure after heating to 1093 K (820 �C). (d) Enlarged area corresponding to B in (c). (e) STEM bright-field image of the subsurface micro-
structure after IA at 1093 K (820 �C) for 47 s.
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take place above T* while internal oxidation should
occur below T*. For the case of multiple alloying
systems such as the CMnSi TRIP steel used in the
present work, application of the model is more compli-
cated. If internal oxidation of Mn and Si occurs
concurrently, the transition from internal to external
oxidation will occur at temperatures lower than T�MnO
and T�SiO2

which were calculated for binary alloys. This is
due to the fact that the accumulated external oxides will
block the inward diffusion of oxygen, i.e., when two
types of oxides form, the blocking effect will be
enhanced. The surface oxygen will also be consumed
for the oxidation of two elements, Mn and Si. Hence,
the value of N

ðSÞ
O will decrease due to the competing

oxidation of Mn and Si. The fact that a less reactive

alloying element also acts as oxygen getter is known as
‘‘secondary gettering.’’[30] Mataigne et al.[31] have pro-
posed an alternative model for the selective oxidation of
multi-component alloys. They proposed an equation
which includes the additive effect of the alloying
elements:

X
B

N
ðOÞ
B mDBVBOm½ �> pg �NðSÞO DOVm

2

" #1
2

: ½5�

The values of T*, calculated using Eq. [5], i.e.,
assuming the additive effect of MnO and SiO2, are
indicated in Figure 8(b). The new T* values for the
CMnSi TRIP steel decreased when the additive effect
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Fig. 4—Cross-sectional TEM micrographs showing the transition of the subsurface microstructure during annealing in high DP [278 K (+5 �C)]
conditions. a and a¢ are ferrite and martensite, respectively. (a) STEM bright-field image of the subsurface microstructure after heating to 923 K
(650 �C). (b) EDS elemental maps for Mn, C, and O of the area corresponding to A in (a). (c) STEM bright-field image of the subsurface micro-
structure after heating to 1093 K (820 �C). (d) Enlarged area corresponding to B in (c). (e) STEM bright-field image of the subsurface micro-
structure after IA at 1093 K (820 �C) for 47 s. (f) TEM image of the martensite in the area C of (e).
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was considered. The T* in an actual microstructure will
also decrease due to the grain boundary contribution to
the effective DB. The influence of grain boundaries on
the transition of internal/external oxidation was studied
by Wang[32] and Liu et al.[33]This grain boundary effect
may be large in the present case since the material
undergoes recrystallization during annealing. Other
factors affecting Wagner’s criterion for the external to
internal oxidation transition are the solubility of the
oxides and the compound oxides, MnOÆSiO2 and
2MnOÆSiO2. Driving a new criterion from this better
basis would however require much additional theoret-
ical work. Several attempts have been made to include
these factors and extend the transition criterion of the
Wagner theory,[18–20,34] but these models require data
which can only be obtained from specific experiments.

The general trend that internal oxidation is favorable
in a high DP gas atmosphere is in agreement with the
Wagner model. However, the calculated T*s did not
correspond to that of the actual T*, 1093 K in 263 K
(820 �C in �10 �C) DP conditions. Both the Wagner
and Mataigne criteria predict that, in all DP conditions,
only external oxidation should occur because the IA
temperature is always above the transition boundary,
which is indicated by the dashed lines in Figures 8(a)
and (b). Experimentally, external oxidation occurred for
IA in 213 K and 243 K (�60 �C and �30 �C) DP
conditions. Both external and internal oxidation

occurred during IA in 263 K, 273 K, and 278 K
(�10 �C, 0 �C, and +5 �C) DP conditions (Figure 7).
The transition occurred in the 263 K (�10 �C) DP
conditions. In the present study, the value of g* was set
to 0.3. To exactly match the calculated transition DP
with the experimentally observed transition DP of
263 K (�10 �C), the value of g* should be 2.4, which
exceeds the maximum possible volume fraction of 1. The
discrepancy was very likely due to some of the assump-
tions that have been used in the calculation, in particular
the fact that the solubility products for the oxides were
assumed to be zero and the fact that the formation of
compound oxides was neglected.
Another discrepancy was that, in the 278 K (+5 �C)

DP conditions, external oxidation occurred mostly dur-
ing heating to 923 K (650 �C) and internal oxidation was
dominant during annealing at 1093 K (820 �C), although
external oxidation should be preferred at higher temper-
ature. This phenomenon canbe explained if the kinetics of
the oxidation is considered. If the steel had been annealed
at 923 K (650 �C) for a longer time, internal oxidation
may have occurred after external oxidation. More explic-
itly, in 278 K (+5 �C) DP conditions, the oxidation
occurred in the following sequence: temporary external
oxidation during heating to 923 K (650 �C), combined
external and internal oxidation during heating to 1093 K
(820 �C) and exclusive internal oxidation during IA. It
should be pointed out that although steel is annealed in
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Fig. 5—Cross-sectional TEM micrographs for CMnSi TRIP steel after annealing in low DP [213 K (�60 �C)] conditions. STEM bright-field
images of the surface after (a) heating to 923 K (650 �C), (b) heating to 1093 K (820 �C), and (c) after IA at 1093 K (820 �C) for 47 s.
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conditions where internal oxidation is the preferred
oxidation mode, the formation of some amount of
external oxides is inevitable since the oxidation always
starts from the surface.

Figure 9 shows calculated concentration profiles of a
steel containing 2.2 mass pct Mn and 1.4 mass pct Si.
Huin’s model was used for the calculations.[19] The
calculation was carried out assuming that only two
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Fig. 6—Cross-sectional TEM micrographs for CMnSi TRIP steel after annealing in high DP [278 K (+5 �C)] conditions. STEM bright-field im-
age of the surface after (a) heating to 923 K (650 �C), (b) heating to 1093 K (820 �C), and (c) after IA at 1093 K (820 �C) for 47 s.
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Fig. 7—Cross-sectional TEM micrographs of CMnSi TRIP steel after IA in a N2+10 pct H2 gas atmosphere with increasing DP: (a) 213 K
(�60 �C), (b) 243 K (�30 �C), (c) 263 K (�10 �C), (d) 273 K (0 �C), and (e) 278 K (+5 �C). The transition from external oxidation to internal
oxidation can be seen to occur at a DP of 263 K (�10 �C).
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oxides, MnO and SiO2, could precipitate and their
solubility products are finite values. After isothermal IA
for 47 seconds in 243 K (�30 �C) DP conditions,
enrichment in Mn occurs only at the surface, whereas
enrichment in Si occurs over a non-negligible distance
below the surface, (Figures 9(a) and (c)). The total
fraction of Si was found to reach a minimum value at a
depth of 0.04 lm. The Si oxidation front depth was
0.2 lm. This indicates that most of the Mn and Si were
externally oxidized and only small fraction of Si was
internally oxidized. After isothermal IA in 278 K
(+5 �C) DP conditions, the total fraction of Mn and
Si was found to reach a minimum at a depth of 0.06 and
0.08 lm, respectively (Figure 9(b)). The Mn and Si
oxidation front depth extended to 0.04 and 0.25 lm,
respectively, (Figure 9(d)). In both DP conditions, the Si
oxidation front depth was larger than that of Mn. This
is due to the lower solubility product of SiO2. Both Mn
and Si can be externally oxidized due to a relatively large
oxygen content at the outermost surface. However, the
concentration of oxygen in the subsurface is much
smaller than on the outer surface. In this condition, Si
will always be oxidized first because Mn, whose oxide
has larger solubility product, cannot form an oxide with
small amounts of oxygen. Some important results shown
by the calculations were in agreement with the experi-
mental results. The calculations show that annealing in
higher DP conditions results in smaller amounts of
surface oxides and larger depths of internal oxidation.
However, the calculated oxidation front depth was still
too small, compared to the depth measured experimen-
tally; for example, in 278 K (+5 �C) DP conditions,
the calculated oxidation front depth is 0.25 lm
(Figure 9(d)), whereas the depth measured experimen-
tally was approximately 1.2 lm (Figure 7).

D. Surface Oxide Composition

Oxide species formed on the TRIP steel surface were
found to have a composition which changed depending
on the DP conditions. Figure 10 shows the distribution

of the Mn/Si atomic ratio of the oxides formed during
an IA in different DP conditions. For each DP condi-
tion, ten EDS measurements randomly taken on the
oxides are indicated in Figure 10. Both Si-rich and Mn-
rich oxides were present on the surface after an IA in
213 K and 243 K (�60 �C and �30 �C) DP conditions.
Smaller amounts of the Si-rich oxides were present after
an IA in 263 K (�10 �C) DP conditions. After anneal-
ing in higher DP [273 K and 278 K (0 �C and +5 �C)]
conditions, no Si-rich oxide was formed and only
xMnOÆSiO2 (1< x< 2) oxides were present on the
surface. The Si-rich oxides were only present as internal
oxides in the subsurface.
One of the limitations of the original Wagner theory is

that it does not consider the often complex structure and
composition of the oxides. Suzuki et al.[29] suggested an
alternative model to predict the stability of the oxide
species using the thermodynamic calculation of the
chemical potential of the Fe-Mn-Si-O system. They used
a chemical potential diagram to determine the stability
of the oxide species in specific conditions. A similar
approach of the interpretation was used in the present
study. Figure 11 shows the calculated equilibrium mole
fraction of the oxide species at 1093 K (820 �C) for each
DP condition. The calculation indicates that, at the
given IA temperature [1093 K (820 �C)], SiO2 and
MnOÆSiO2 are thermodynamically stable in 213 K
(�60 �C) DP conditions, while the Mn-richer 2MnOÆ
SiO2 becomes more stable at higher oxygen partial
pressures, i.e., at a DP of 278 K (+5 �C). This calcu-
lation accounts for the absence of the Si-rich surface
oxide at the steel surface after annealed in high DP
conditions. The tendency that the fraction of Mn rich
oxide increases at higher DP conditions is in very good
agreement with the experimental results. Two types of
the surface oxides, Mn-rich and Si-rich oxides, were
formed separately during an IA in 213 K and 243 K
(�60 �C and �30 �C) DP conditions, whereas only one
type of oxide, xMnOÆSiO2 (1<x< 2), was formed on
the surface during an IA in 273 K and 278 K (0 �C and
+5 �C) DP conditions (Figure 10). It is also reasonable
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that Si-rich oxides were not formed at the surface but in
the subsurface because the local oxygen partial pressure
is much lower in the subsurface than at the outermost
surface. Si-rich oxide is more stable than Mn-rich oxide
at lower oxygen partial pressure.

Non-stoichiometry was found for the O/(Mn+Si)
atomic ratio of the oxides at the surface. Figure 12
clearly shows that the surface oxides were non-stoichi-
ometric, while the internal oxides were stoichiometric. If
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the surface oxides were stoichiometric compounds, the
O/(Mn+Si) atomic ratio should be 1, 4/3, 3/2, and 2
for MnO, 2MnOÆSiO2, MnOÆSiO2, and SiO2, respec-
tively. However, the O/(Mn+Si) atomic ratio for the
surface oxides was always less than one, whereas the
ratio for the internal oxide was mostly in the range from
1 to 2. This suggests that the reaction at the surface may
be different from in the subsurface and that the surface
oxides had either a metal ion excess or an oxygen
deficiency. Töpfer and Dieckmann[35] reported that the
deviation from stoichiometry, d of Mn2SiO4+d was
dependent on the oxygen activity. They found that a
more highly oxidizing atmosphere increased the value of
d, indicating an increased metal ion deficit in the
compound. In contrast, a reducing atmosphere results
in the creation of oxygen vacancies. Burn and
Neirman[36] pointed out that oxygen vacancies could
be easily created by the loss of oxygen from the crystal
lattice in low oxygen partial pressure conditions at high
temperature, according to the following reaction:

OO $ V��O2e0 þ
1

2
O2:

Here, the evaporation of an oxygen ion at the surface
yields one oxygen vacancy in the oxide, V��O. The local
evaporation of oxygen in a gas atmosphere of low
oxygen partial pressure is a possible reason for the
oxygen deficiency of the surface oxide. It is at present
unclear how the presence of oxygen vacancies may affect
the selective oxidation.

The Wagner theory[15] and its extensions[16,17,19,20]

view the selective oxidation process as the internal
precipitation of an oxide which takes place when the
product of the concentrations of oxygen and the solute
atom in the matrix exceeds the solubility limit of the
oxide. Also, it is assumed that the kinetics of the internal
oxidation is mainly controlled by diffusion of the oxygen
and the solutes in the matrix. These basic assumptions

are quite reasonable when calculating the kinetics of
oxidation. However, non-stoichiometry of the surface
oxide compounds implies that the actual phenomena
occurring during surface oxidation may be quite differ-
ent from the oxide precipitation during internal oxida-
tion. It is known that the surface oxides are grown by
the transport of ions, electrons, and/or holes through
the oxide layer. Migration of ions and electrons through
non-stoichiometric compounds is one special character-
istic of the surface oxidation which does not apply to
internal oxidation.
Figure 13 shows the chemical potential diagrams for a

0.1 pct C-Mn-Si steel at 1093 K (820 �C) in 213 K and
278 K (�60 �C and +5 �C) DP conditions. These
diagrams provide useful information to predict the
reaction paths for the oxide precipitation during an
isothermal heat treatment. The reaction paths, indicated
by the dashed lines in Figure 13, represent the local steel
composition at the surface due to the reduction of the
solute content by oxide formation. The Mn/Si ratio of
the solutes is determined by the stoichiometry of the
oxide species which are formed, e.g., two Mn and one Si
atoms are consumed simultaneously during the precip-
itation of 2MnOÆSiO2. The reaction path in the diagram
for low DP conditions (Figure 13(a)) suggests that
MnOÆSiO2, a primary oxide, and SiO2, a secondary
oxide, will be formed simultaneously during an isother-
mal heat treatment. This is consistent with the experi-
mental observation that when the IA temperature was
reached, two types of surface oxides were formed: Mn-
rich and Si-rich oxides (Figure 5). These oxides grew
separately during the IA holding stage. The reaction
path in the diagram for the high DP conditions
(Figure 13(b)) suggests that as oxidation progresses,
the following sequence of oxide species is formed: (1)
2MnOÆSiO2 fi (2) 2MnOÆSiO2+MnOÆSiO2 fi (3)
MnOÆSiO2 fi (4) MnOÆSiO2+SiO2. In practice, the
formation of SiO2 as a surface oxide is almost fully
prevented because internal oxidation starts to take place
before the final stage of the oxidation sequence is
reached. In addition, because the solubility product of
SiO2 is much smaller than that of MnO, Si tends to be
oxidized internally, as predicted by the calculation in
Figure 9(b). These interpretations are also in agreement
with the experimental observation that the Mn/Si
atomic ratios for the surface oxides formed during an
IA were between 2 and 1, i.e., 2MnOÆSiO2 and
MnOÆSiO2, and that no Si-rich oxide was observed at
the surface (Figure 10).
It is now well established that the use of a high DP is

advantageous for inducing internal oxidation and form-
ing fewer surface oxides during IA of Si-containing
TRIP steel. Another advantage, according to the present
study, is that, in high DP conditions, Mn-rich oxides are
thermodynamically more stable than Si-rich oxides and
thus Mn-rich oxides are more likely to form. As these
Mn-rich oxides do not form oxide films, they are less
harmful to galvanizability than the film-forming Si-rich
oxides. There are two reasons for this. First, the MnO
reduction by Al in the Zn bath is thermodynamically
possible, and the thermodynamic driving force for the
alumino-thermic reaction is higher than that for SiO2.
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Second, Mn oxides form a particle morphology rather
than a film morphology. Therefore, although the for-
mation of oxide particles is inevitable during the
continuous annealing, they can easily be detached and
still allow for the wetting of the steel surface by the
liquid Zn. The chemical potential diagram for the
surface oxides can be used to determine the oxidation
potential and alloy content for which the formation of
Si-rich oxides can be avoided.

V. CONCLUSIONS

The selective oxidation of a CMnSi TRIP steel during
IA in a N2 + 10 pct H2 gas atmosphere with a DP in
the range from 213 K (60 �C) to 278 K (+5 �C) was
investigated by FE-TEM. The decarburization and
selective oxidation during IA resulted in a fully ferritic
matrix at the TRIP steel surface and in the subsurface
region ~2 lm below the surface. No evidence for the
formation of intercritical austenite, i.e., room tempera-
ture martensite or retained austenite, was observed at
the surface. Instead, martensite islands were present at
least 2 to 3 lm below the surface after IA. The influence
of the presence of austenite on the oxidation kinetics is
therefore very limited.

External oxidation occurred exclusively during IA in
low DP gas atmospheres. Annealing in higher DP
conditions resulted in a thinner layer of external
oxidation and a greater depth of internal oxidation.
The transition of external to internal oxidation was
observed in a gas atmosphere with a DP of 263 K
(�10 �C). Even though the surface oxides were still
present at the surface, the thickness of the surface oxides
was effectively reduced by increasing the DP to activate
internal selective oxidation. The experimental observa-
tion was generally in agreement with the prediction of
the transition from internal to external oxidation by

Wagner model, but the experimentally observed transi-
tion conditions [DP of 263 K (�10 �C)] were not equal
to the calculated transition conditions..
The oxide species formed on the surface during IA

were consistent with the primary oxide predicted by the
chemical potential diagram. In low DP annealing
conditions MnOÆSiO2 formed as a primary oxide, while
SiO2 formed as a secondary oxide during an isothermal
heat treatment. In the high DP conditions, Mn-rich
xMnOÆSiO2 (1< x< 2) oxides were mainly formed
before internal Si-rich xMnOÆSiO2 (x< 1) oxides could
form. The formation of the Si-rich xMnOÆSiO2 (x< 1)
oxides was therefore suppressed at the surface in high
DP annealing conditions. The use of high DP is clearly
advantageous not only to induce internal selective
oxidation and form less surface oxides but also in order
to form Mn-rich oxides rather than Si-rich oxides.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of
Dr. Myung Soo Kim and Dr. Young Ha Kim of the
POSCO technical Research Laboratories, Gwangyang,
South Korea.

APPENDIX: APPLICATION OF HUIN’S MODEL
FOR NUMERICAL SIMULATION

Huin’s model[19] was used to calculate the internal
oxidation of a ternary Mn-Si-Fe alloy where Fe is
regarded as a matrix. During an isothermal annealing,
Fe remains inert, whereas Mn and Si form MnO and
SiO2, respectively. Numerical simulation was carried out
by solving the following diffusion equations for Mn, Si,
and oxygen.
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@FMn

@t ¼ DMn
CMn

@x2
;

@FSi

@t ¼ DSi
CSi

@x2
;

@FO

@t ¼ DO
CO

@x2
:

8><
>: ½6�

Here, FMn, FSi, and FO are the total mass fractions of
Mn, Si, and oxygen (in all its possible forms, that is
dissolved in the matrix or bound to precipitates), in ppm,
respectively. CMn, CSi, and CO are the dissolved mass
fractions of Mn, Si, and oxygen, in ppm, respectively.

Several conditions should be considered for the
calculation. First, counting atoms of element in all their
possible forms (dissolved in the matrix or bound to
precipitates) yields the following mass balance equa-
tions.

FMn ¼ CMn þ MMn

MMnO
PMnO;

FSi ¼ CSi þ MSi

MSiO2

PSiO2
;

FO ¼ CO þ MMn

MMnO
PMnO þ 2 � MSi

MSiO2

PSiO2
:

8>><
>>: ½7�

PMnO and PSiO2
are the mass fractions of the

precipitates of MnO and SiO2, in ppm, respectively.
MMn, MSi, and MO are the atomic mass of Mn, Si and
oxygen, respectively. MMnO and MSiO2

are the molecular
mass of MnO and SiO2, respectively.

The expression for the local thermodynamic equilib-
rium governed by the laws of mass action yields the
following equations:

PMnO>0 and CMn � CO ¼ KMnO

or
PMnO ¼ 0 and CMn � CO � KMnO

:

8<
: ½8�

PSiO2
>0 and CSi � COð Þ2¼ KSiO2

or
PSiO2

¼ 0 and CSi � COð Þ2� KSiO2

8<
: ½9�

Here, KMnO is the solubility product of MnO, in
(ppm)2. KSiO2

is the solubility product of SiO2, in
(ppm)3. Equation [8] indicates that there will be no
precipitation when the product of CMn and CO is less
than the value of KMnO. When the product of CMn

and CO exceeds the value of KMnO, CMn and CO will
react until the product of CMn and CO equals to the
value of KMnO. A similar relation holds in the case of
SiO2.
The one-dimension problem is considered, with the

spatial coordinate, the depth below the free surface,
being denoted x. All quantities at time t (denoted with
an upper index(0)) being assumed to be known, the
problem is to determine all quantities at time t+Dt
(denoted without any index). The spatial discretization
involving N nodes x1 = 0, x2, …, xN is introduced
(Figure 14). In practice, node 1 will represent the outer
surface of the sheet in contact with the annealing
atmosphere, and node N will be located far below the
surface.
Discretization of the ordinary differential equa-

tions (Eq. [6]) was done by finite difference method
using an explicit Euler scheme order 1, as given in
Eq. [10].

Here, the time-step,Dt, is taken as 1/10 of the quantities
(Dxk)

2/DO for the sake of numerical accuracy. These
equations do not apply at the boundary nodes x1 and xN.
At node x1, Eq. [11] is adopted instead of (10) and the
theoretical basis on the treatment of the boundary
condition is described in the Huin’s original work[19,20]:

FMn xkð Þ�Fð0ÞMn
xkð Þ

Dt ¼ 2DMn

Dxkð Þ2 C
ð0Þ
Mnðx2Þ � C

ð0Þ
Mnðx1Þ

n o
FMn xkð Þ�Fð0ÞMn

xkð Þ
Dt ¼ 2DMn

Dxkð Þ2 C
ð0Þ
Mnðx2Þ � C

ð0Þ
Mnðx1Þ

n o :
2
64 ½11�

At node x1, if it is assumed that chemical equilibrium
is rapidly achieved, the dissolved oxygen at the surface,
C
ðSÞ
O , is obtained by combining Eqs. [2], [3], and [4]:

FMn xkð Þ�Fð0ÞMn
xkð Þ

Dt ¼ 2DMn

Dxk�1þDxkð Þ
C
ð0Þ
Mn
ðxkþ1Þ�Cð0ÞMn

ðxkÞ
Dxk

� C
ð0Þ
Mn
ðxkþ1Þ�Cð0ÞMn

ðxk�1Þ
Dxk�1

� �
FSi xkð Þ � F

ð0Þ
Si xkð Þ

Dt
¼ 2DSi

Dxk�1 þ Dxkð Þ
C
ð0Þ
Si ðxkþ1Þ � C

ð0Þ
Si ðxkÞ

Dxk
� C

ð0Þ
Si ðxkþ1Þ � C

ð0Þ
Si ðxk�1Þ

Dxk�1

( )

FO xkð Þ � F
ð0Þ
O xkð Þ

Dt
¼ 2DO

Dxk�1 þ Dxkð Þ
C
ð0Þ
O ðxkþ1Þ � C

ð0Þ
O ðxkÞ

Dxk
� C

ð0Þ
O ðxkþ1Þ � C

ð0Þ
Si ðxk�1Þ

Dxk�1

( )

2
6666666664

: ½10�

x1=0

1

x2 xk-1 xk xk+1 xN

k-1 xk
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Fig. 14—Spatial discretization.[19]
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COðx1Þ ¼ C
ðSÞ
O : ½12�

At node xN, deep in the steel sheet, it is assumed that
the Mn and Si concentrations remain constant at their
nominal value given by the steel composition, and that
no MnO and SiO2 are present:

CMnðxNÞ ¼ FMnðxNÞ ¼ C
ðOÞ
Mn and PMnO ¼ 0

CSiðxNÞ ¼ FSiðxNÞ ¼ C
ðOÞ
Si and PSiO2

¼ 0

COðxNÞ ¼ 0

8>><
>>: : ½13�

Here, C
ðOÞ
Mn and C

ðOÞ
Si are the Mn and Si mass

concentrations in the steel.
Finally, if all the values of FMn(xk), FSi(xk), FO(xk),

CMn(xk),CSi(xk),CO(xk),PMnO(xk), andPSiO2
(xk) at every

node are known at the time t, the calculation of the values
at t+Dt can be carried out by following sequences:

1. At node x1, FMn(x1) and FSi(x1) are obtained by
Eq. [11]. CMn(x1) and CSi(x1) then follow by solving
the mass balance equations (Eq. [7]). PMnO(x1) and
PSiO2

(x1) are calculated by thermodynamic equilib-
rium (Eqs. [8] and [9]) as the term CO(x1) in Eqs.
[8] and [9] is already known by Eq. [12]. FO(x1) is
finally obtained by Eq. [7].

2. At nodes x2, x3, …, xN, the precipitation of SiO2,
which has a low solubility product, is considered
prior to that of MnO. FSi(xk) is obtained from the
finite difference method (Eq. [10]). If SiO2 precipi-
tate, none-zero PSiO2

can be obtained by the calcu-
lation of thermodynamic equilibrium. Because the
CSi(xk) and CO(xk) terms in Eq. [9] are unknown,
PMnO should be obtained by expressing CMn(xk)
and CO(xk) in terms of FMn(xk) and FO(xk) using
Eq. [7]. This yields Eq. [14].

FSi�
MSi

MSiO2

PSiO2

� �

� FO�
MO

MMnO
PMnO�2� MO

MSiO2

PSiO2

� �2

¼KSiO2
: ½14�

Equation [14] can be solved numerically using Newton–
Raphson method. CSi(xk) and CO(xk). This is followed
by solving Eq. [7]. In the same manner, FMn(xk) is
obtained from Eq. [10]. Non-zero values of PMnO can be
obtained by Eqs. [7] and [8], which yields Eq. [15].

FMn�
MMn

MMnO
PMnO

� �

� FO�
MO

MMnO
PMnO�2�

MO

MSiO2

PSiO2

� �
¼KMnO: ½15�

Equation [15] is solved numerically using Newton–
Raphson method. CMn(xk) and CO(xk) are then updated
by the mass balance equations.
3. At node xN, all the parameter values are kept con-

stant, as expressed in Eq. [13].
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