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Reduction Kinetics of Wüstite Scale on Pure Iron
and Steel Sheets in Ar and H2 Gas Mixture

WEICHEN MAO and WILLEM G. SLOOF

A dense and closed Wüstite scale is formed on pure iron and Mn alloyed steel after oxidation in
Ar + 33 vol pct CO2 + 17 vol pct CO gas mixture. Reducing the Wüstite scale in Ar + H2 gas
mixture forms a dense and uniform iron layer on top of the remaining Wüstite scale, which
separates the unreduced scale from the gas mixture. The reduction of Wüstite is controlled by
the bulk diffusion of dissolved oxygen in the formed iron layer and follows parabolic growth
rate law. The reduction kinetics of Wüstite formed on pure iron and on Mn alloyed steel are the
same. The parabolic rate constant of Wüstite reduction obeys an Arrhenius relation with an
activation energy of 104 kJ/mol if the formed iron layer is in the ferrite phase. However, at
1223 K (950 �C) the parabolic rate constant of Wüstite reduction drops due to the phase
transformation of the iron layer from ferrite to austenite. The effect of oxygen partial pressure
on the parabolic rate constant of Wüstite reduction is negligible when reducing in a gas mixture
with a dew point below 283 K (10 �C). During oxidation of the Mn alloyed steel, Mn is
dissolved in the Wüstite scale. Subsequently, during reduction of the Wüstite layer, Mn diffuses
into the unreduced Wüstite. Ultimately, an oxide-free iron layer is obtained at the surface of the
Mn alloyed steel, which is beneficial for coating application.

DOI: 10.1007/s11663-017-1037-2
� The Author(s) 2017. This article is an open access publication

I. INTRODUCTION

ADVANCED high strength steels (AHSS) are used
in automotive industries to reduce the weight of car
bodies thereby reducing fuel consumption and CO2

emissions.[1] To protect AHSS against corrosion, a zinc
coating is usually applied to the surface by hot-dip
galvanizing.[2] During the hot-dip galvanizing process,
the steel strip passes through continuous annealing
furnaces before entering the zinc bath. The final
annealing atmosphere is usually a gas mixture of N2

and H2 with some water vapor. However, the alloying
elements in AHSS, such as Mn, Si, Cr, Al etc., can form
stable oxides during this annealing process prior to
galvanizing. These alloying element oxides at the steel
surface lower the zinc wettability[3] and hence degrade
the quality of the galvanized steel product.[4] One
approach to mitigate the formation of external oxides

during annealing is by annealing at high dew points to
promote internal oxidation of alloying elements.[5]

However, alloying element oxides can still be observed
at the steel surface after annealing at high dew points,
even when the annealing conditions favor internal
oxidation.[6] An alternative way to create an oxide-free
steel surface during annealing prior to galvanizing is by
first forming a uniform thin Fe1-dO (Wüstite) layer at the
steel surface that subsequently is reduced into iron.[7]

Then the unreduced alloying element oxides are buried
underneath the steel surface.
Generally, the reduction process of Wüstite goes

through three different stages.[8] First oxygen of the
Wüstite reacts with H2 at the very surface.[9] Depending
on the oxygen partial pressure, Wüstite can accommo-
date cation vacancies with a relatively large concentra-
tion (iron deficiency can reach up to 10 pct.[10])
However, if the concentration of cation vacancies in
the bulk Wüstite before reduction is higher than the
equilibrium cation vacancy concentration, the initial
reduction of Wüstite only decreases the amount of
cation vacancies instead of forming metallic iron.[11]

This decrease of concentration of cation vacancies at the
Wüstite surface leads to an outward flux of these
vacancies.[12] Next, when the surface concentration of
oxygen drops below the value given by the Wüstite/iron
phase boundary, iron nucleates and grow laterally at the
surface.[8,11] Eventually, iron covers the whole surface.
Then, the iron layer separates the Wüstite from the
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reduction atmosphere. Subsequently, the Wüstite reduc-
tion proceeds by oxygen diffusion through the iron layer
formed at the surface.[13] This stage is referred to as the
steady-state reduction of Wüstite.

The kinetics of Wüstite reduction during the three
stages are different. The rate of oxygen removal by
hydrogen at Wüstite surface in the first stage of
reduction as well as the lateral growth rate of iron
nuclei during the second stage have been studied in
detail.[8,9,14,15] However, a detailed description of the
kinetics of Wüstite reduction in the third stage, i.e., by
oxygen diffusion through the occurring dense iron layer,
is lacking.[16] First a model will be presented to predict
the reduction kinetics of Wüstite quantitatively. Next,
the reduction kinetics of a Wüstite scale formed on pure
iron and Mn alloyed steel sheet is studied experimentally
at different annealing temperatures in the Ar + H2

atmosphere with different hydrogen partial pressures
and dew points. Finally, the composition and
microstructure of the surface are analyzed.

II. KINETICS OF STEADY-STATE WÜSTITE
REDUCTION

The kinetics of steady-state reduction of Wüstite has
been described in References 13 and 17 only qualita-
tively. In this paper, however, the kinetics of steady-
state reduction of Wüstite is quantified. It is assumed
that a closed and dense Fe layer is formed at the surface
that separates the Fe1-dO scale from the reducing gas
atmosphere; see Figure 1.

At the interface between the formed iron layer and the
remaining Wüstite layer (Fe/Fe1-dO), the Wüstite
decomposes into iron and oxygen according to:

Fe1�dO ¼ ð1� dÞFeþO;

in which O denotes the oxygen atom dissolved in the
formed iron layer as mobile solid solute without any
charges. Then the dissolved oxygen diffuses through
the reduced iron layer and reacts with the hydrogen at
the gas/iron interface. Ultimately, the diffusion of dis-
solved oxygen across the iron layer governs the rate
of Wüstite reduction, and local thermodynamic

equilibrium is established at both Fe/Fe1-dO and gas/
Fe interfaces. This implies that the reactions at these
interfaces and the transport of species in the gas phase
are fast compared with the diffusion of species in the
iron layer. Also, the oxygen activity is considered to
be constant across the remaining Wüstite scale and
equals the dissociation oxygen partial pressure of
Fe1-dO. Hence, the iron deficiency d (i.e., the concen-
tration of cation vacancies) in the Fe1-dO scale remains
constant during reduction process. The concentration
of dissolved oxygen in Fe at the surface is determined
by the oxygen partial pressure in the gas phase
through Sievert’s law.[18] While the concentration of
dissolved oxygen in Fe at the interface with Fe1-dO is
determined by the dissociation oxygen partial pressure
of Wüstite. Hence, the mole fraction of dissolved oxy-
gen in Fe at the surface (Ns

O) and at the Fe/Fe1-dO

interface (Ne
O) reads:

Ns
O ¼ Ks�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pO
ðambientÞ
2

q

Ne
O ¼ Ks�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pO
ðFe=FeOÞ
2

q

;

½1�

where Ks is the Sievert’s constant and pO
ðFe=FeOÞ
2 is the

dissociation oxygen partial pressure of Wüstite. The

ambient oxygen partial pressure (pO
ðambientÞ
2 ) as a func-

tion of temperature, hydrogen partial pressure, and
dew point can be calculated from the data in Refer-

ence 19. Both Ks and pO
ðFe=FeOÞ
2 are functions of tem-

perature, namely:

Ks ¼ exp
�DG0

O

RT

 !

; ½2�

and

pO
ðFe=FeOÞ
2 ¼ exp

2DG0
FeO

RT

� �

; ½3�

in which DG0
O is the standard free energy for O2 disso-

lution in Fe, and DG0
FeO is the standard free energy of

reaction Feþ 1=2O2 ¼ FeO. Further, DG0
O and DG0

FeO

can be expressed in terms of enthalpy H, entropy S,
and temperature T according to:

DG0
O ¼ DH0

O � TDS0
O; ½4�

and

DG0
FeO ¼ DH0

FeO � TDS0
FeO; ½5�

respectively. Data of DG0
O can be evaluated from Ref-

erence 20, and DG0
FeO is obtained from Reference 18.

Taking the concentration profile of dissolved oxygen
in Fe linear, the flux of oxygen in the iron layer follows
from Fick’s first law:

JO ¼
DO

VmðFeÞ

ðNe
O �Ns

OÞ
X

; ½6�Fig. 1—Schematic presentation of oxygen activity profile across the
iron layer during the steady-state reduction of a Wüstite scale.
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where VmðFeÞis the molar volume of Fe and X is the
thickness of the reduced iron layer. DO is the bulk dif-
fusion coefficient of oxygen in iron, which equals:

DO ¼ D0
O exp

�Q

RT

� �

½7�

Values of D0
O and Q are adopted from Reference 18.

Since the growth rate of the reduced iron layer is
coupled to the oxygen flux, it holds that:

dX

dt
¼ JOð1� dÞVmðFeÞ ½8�

Integrating Eq. [8] gives:

X2 ¼ 2ð1� dÞDOðNe
O �Ns

OÞt ½9�

Usually, such a parabolic growth law is expressed as:

X2 ¼ 2kt; ½10�

where k is termed as the parabolic growth rate con-
stant, which equals:

k ¼ ð1� dÞDOðNe
O �Ns

OÞ ½11�

Alternatively, the kinetics of Wüstite reduction can be
expressed in terms of the weight change per unit area as
a function of square root of time, namely:

ðDm=SÞ ¼ kwt
1=2 ½12�

For this parabolic growth rate constant, kw can be
written:

kw ¼
ffiffiffi

2
p

MO

MFe
qFe½ð1� dÞDOðNe

O �Ns
OÞ�

1=2; ½13�

in which MO and MFe are the molar mass of oxygen
and iron, respectively, and qFe is the density of iron,
whose values are adopted from Reference 21. The
value of d in Wüstite at thermodynamic equilibrium
with iron is typically about 0.05 from 873 K to 1273
K (600 �C to 1000 �C).[10] The value of kw at different
reduction temperatures and gas compositions (i.e., dew
points and hydrogen partial pressure) can then be pre-
dicted from Eq. [13]. When the ambient oxygen partial
pressure is low (e.g., low annealing dew point), Ns

O is

practically zero, and Eq. [13] can be simplified to:

kw ¼
ffiffiffi

2
p

MO

MFe
qFe½ð1� dÞDON

e
O�

1=2 ½14�

Combining Eqs. [1] through [5] and [7], the temper-
ature dependence of kw can be expressed as:

kw ¼
MOqFe½2ð1� dÞD0

O�
1=2

MFe
� exp

�DS0
O � DS0

FeO

2R

 !

� exp
�Q� DH0

O þ DH0
FeO

2RT

 !

½15�

Here, half the sum of �Q, �DH0
O; and DH0

FeO repre-
sents the activation energy of Wüstite reduction.

III. EXPERIMENTS AND METHODS OF
INVESTIGATION

A. Samples

The Wüstite scale to study its reduction kinetics was
created by oxidizing sheets of pure iron and a Mn
alloyed steel in a gas mixture of Ar + 33 vol pct CO2 +
17 vol pct CO. The chemical composition of the pure
iron and the Mn alloyed steel is listed in Table I.
Rectangular samples of 15 9 7 9 2 mm3 for thermo-
gravimetric analysis were cut from ingots by electric
discharge machining (EDM). Also the Mn alloyed steel
samples of 19 9 10 9 1 mm3 were cut, but with a plate
cutter from a cold-rolled sheet. All samples were grinded
with SiC emery paper and then polished with 1 micron
diamond grains. Between each preparation step, the
samples were cleaned ultrasonically in isopropanol and
dried by blowing with pure nitrogen (purity better than
5N). The dimension of each sample after preparation
was measured with a caliper (accuracy ±0.05 mm). The
samples were stored in airtight membrane boxes (Agar
Scientific G3319, UK).

B. Annealing

A first series of oxidation and reduction experiments
were performed with a symmetrical thermogravimetric
analyzer (TGA, Setaram TAG 16/18, France). The
sample was mounted onto a sapphire rod with an
alumina pin having a diameter of 2.2 mm through a hole
of diameter of 2.5 mm in the sample. A dummy sample
of alumina with the same dimensions is mounted onto a
sapphire rod of the counter part of the balance to
eliminate any buoyancy effect.
The whole TGA system was pumped to vacuum (<50

Pa) and refilled with an Ar + 5 vol pct H2 gas mixture
twice to flush the gas lines, balance, and furnaces. Then
the dual furnaces were heated up from room tempera-
ture to the target temperature with 5 K/min, while
purging with 200 sccm Ar + 5 vol pct H2, i.e., 100 sccm
gas in each furnace. When the target temperature for
isothermal oxidation was reached, the gas composition
was switched to Ar + 33 vol pct CO2 + 17 vol pct CO
while maintaining a total gas flow of 200 sccm. After
oxidation, the conditions were switched to reduction
either at the same temperature as for oxidation or at a
specific temperature for isothermal reduction. The gas
composition was switched to Ar + 5 or 10 vol pct H2

while maintaining a total gas flow of 200 sccm. Finally,
the furnace was cooled down to room temperature with
5 K/min, while keeping the gas composition the same as
during reduction. Since no significant decarburization
was observed during oxidation and reduction of Mn
alloyed steels, the TG curves of the Mn steel during the
reduction process represents the kinetics of Wüstite
reduction.
A second series of experiments on the Mn alloyed

steel samples were carried out in a horizontal quartz
tube furnace (Carbolite MTF 12/38/850, UK) with an
inner tube diameter of 30 mm. The sample was placed
onto a quartz boat located at the cold zone of the
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furnace tube. Then the furnace was closed and flushed
with pure Ar at a flow rate of 500 sccm. Next, the
sample was moved to the hot zone of the furnace with a
quartz rod. At the end of the annealing experiment the
sample was moved in the reverse direction to the cold
zone. The heating and cooling of the sample was
relatively fast, about 140 to 180 K/min, respectively.
The gas mixtures passed through the furnace tube at
atmospheric pressure at a total flow rate of 500 sccm.
The Mn alloyed steel samples were first oxidized in the
Ar + 33 vol pct CO2 + 17 vol pct CO gas mixture at
1223 K (950 �C) and then reduced in dry or wet Ar + 10
vol pct H2 gas mixture at the same temperature. During
reduction process the dew point was monitored with a
cooled mirror analyzer (Optidew, Michell Instruments,
UK). The fluctuation of dew points during reduction
process was within ±2 K.

Prior to admitting the gas mixtures to any of the
furnace, each gas, i.e., Ar, H2, CO2, and CO (all with
5N vol pct purity), was filtered to remove any residual
hydrocarbons, moisture, and oxygen, with Accosorb
(<10 ppb hydrocarbons), Hydrosorb (<10 ppb H2O),
and Oxysorb (<5 ppb O2) filters (Messer Griesheim,
Germany), respectively. The flow of each gas was
regulated and monitored using mass flow controllers
(Bronkhorst, The Netherlands). To create a specific
dew point in the furnace, de-aerated and deionized
water (18.2 MX cm at 298 K (25 �C)) was evaporated
with a gas line controlled evaporator mixer (CEM,
Bronkhorst, The Netherlands). The pure water was
de-aerated with nitrogen gas in a closed pressurized
stainless steel vessel and the dissolved oxygen gas in the
pure water is below 100 ppb, as measured with an O2

sensor (InPro 6850i, METTLER TOLEDO). The
partial pressure of evaporated H2O in the Ar + H2

gas mixture is related to dew point according to the
formula given in Reference 19.

C. Characterization

X-ray diffraction (XRD) was used to identify the
oxide phases formed after annealing. The XRD patterns
were recorded with a Bruker D8 Advance diffractometer
in the Bragg–Brentano geometry using Co Ka radiation,
in the 2h region between 10 deg and 110 deg with a step
size of 0.034 deg 2h and a dwell time of 2 s.

The surface and cross section of the annealed samples
were examined with scanning electron microscopy
(SEM) using a JSM6500F (JEOL, Japan) operated with
an accelerating voltage of 5 or 15 kV. X-ray microanal-
ysis (XMA) using Electron Dispersive Spectroscopy
(EDS) was performed with the same SEM instrument
equipped with an UltraDry 30 mm2 detector (Thermo
Fisher Scientific).

The concentration of Mn in the Wüstite formed on
Mn alloyed steel as well as the Mn concentration in the
iron layer formed after Wüstite reduction was deter-
mined with electron probe X-ray microanalysis
(EPMA). The analysis was performed with a JXA
8900R (JEOL, Japan) microprobe employing Wave-
length Dispersive Spectrometry (WDS). A focused
electron beam was used with an energy of 10 keV and
a current of 50 nA. All measurements were performed
on the cross sections of samples. The composition at
each analysis location of the sample was determined
using the X-ray intensities of the constituent elements
after background correction relative to the correspond-
ing intensities of reference materials. In this case the
X-ray intensities of Fe-Ka, Mn-Ka, and O-Ka were
measured and pure Fe, Mn, and SiO2, respectively, were
used as references. The thus obtained intensity ratios
were processed with a matrix correction program
CITZAF.[22]

IV. RESULTS AND DISCUSSION

A. Growth of Wüstite scale

After oxidation of pure iron and Mn alloyed steel in
the Ar + 33 vol pct CO2 + 17 vol pct CO gas mixture, a
dense oxide scale fully covering the surface was formed;
see e.g., Figure 2. According to XRD, the oxide scale on
both pure iron and Mn steel is composed of Wüstite.
However, the oxide scale on Mn steel contains Mn in
solid solution, i.e., (Fe1-xMnx)1-dO, as confirmed with
EPMA. Mn is homogeneously distributed in the Wüstite
scale on Mn steel with a concentration of about 3 at pct
among metallic elements (i.e., x equals to 0.03 in
(Fe1-xMnx)1-dO) after annealing in the Ar + 33 vol pct
CO2 + 17 vol pct CO gas mixture at 1223 K (950 �C) for
8 hours. An internal oxidation zone (IOZ) is formed
beneath the Wüstite scale after oxidation of the Mn
alloyed steel; see Figure 2(b). The oxide precipitates in
the IOZ comprise (Mn,Fe)O with rock-salt crystal
lattice.[23]

For both iron and the Mn alloyed steel, the Wüstite
growth follows linear kinetics; see e.g., Figures 3 and 4.
This indicates that the level of oxygen partial pressure
across the Wüstite scale is uniform and equals to the
dissociation oxygen partial pressure of Wüstite.[24,25]

Hence the composition of the Wüstite (Fe1-dO or
(Fe,Mn)1-dO) scale in terms of its metal deficiency d
equals to about 0.05.[10] The initial non-linear growth of
Wüstite scale is due to stabilization of the flow and
composition of the annealing gas atmosphere after
switching to oxidation conditions, which takes about
20 to 30 minutes. Moreover, during the initial oxidation

Table I. Chemical Composition of Iron and Mn Alloyed Steel as Determined by Optical Emission Spectrometry

C (Wt. Pct) Mn (Wt. Pct) Si (Wt. Pct) Al (Wt. Pct) Ni (Wt. Pct)

Iron 0.002 — 0.003 0.040 0.005
Mn steel 0.103 1.70 0.049 0.002 —
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stage the linear growth rate of Wüstite scale on pure iron
in Ar + CO2 + CO gas mixtures increases with time
due to the evolution of the texture of the Wüstite
scale.[26]

B. Growth of Iron Layer

When reducing the Wüstite scale, either formed on
pure iron or on Mn alloyed steel, in an Ar + H2 gas
mixture, a dense and uniform layer of iron is formed
beneath the surface. This iron layer separates the
unreduced Wüstite scale from the reduction atmosphere;
see e.g., Figure 5. The iron layer is well adherent to the
unreduced Wüstite scale. In contrast with results
reported for the reduction of Wüstite in pure H2 (see
e.g., Reference 27), no significant cracks or pores were
observed in the iron layer nor at the scale–iron interface.
The lattice parameters of a-iron, c-iron, and Fe0.95O at

1183 K (910 �C) are 0.2907, 0.3647, and 0.4363 nm,
respectively.[28] Hence, reducing Fe0.95O to iron results in
volume shrinkage of about 42 pct. However, the lattice
misfit at the scale/iron interface can be much smaller.
The orientation relationships at the iron/Wüstite inter-
face is (100)Fe||(100)FeO and [010]Fe||[011]FeO for c-iron ,
and (100)Fe||(100)FeO and [100]Fe||[100]FeO for
c-iron.[28,29] Then the misfit relative to the Wüstite lattice
at iron/Wüstite interface is about 5.7 and 16.4 pct for
a-iron and c-iron , respectively. In addition, dissolved
oxygen is normally considered to be present at the
interstitial sites of iron lattice due to its similar diffusion
coefficient as nitrogen and carbon in iron.[30] Hence, the
outward flux of dissolved oxygen atoms to the surface
does not lead to counter flux of vacancies to the iron/
Wüstite interface. Therefore, good adhesion between
iron and Wüstite scale is expected.
Reduction of FeO at 1223 K (950 �C) in Ar + 10 vol

pct H2 gas mixture occurs at dew points below 309 K
(36 �C), while reduction of MnO at the same temper-
ature requires dew points below 198 K (�75 �C). Thus,
the MnO in the Wüstite scale formed on the Mn alloyed

Fig. 2—SEM images (back scattered electrons) of cross section of a
pure iron (a) and a Mn alloyed steel (b) after oxidizing at 1223 K
(950 �C) in Ar + 33 vol pct CO2 + 17 vol pct CO gas mixture for 3
and 8 h, respectively.

Fig. 3—Temperature profile and corresponding mass change of iron
during first oxidation in Ar + 33 vol pct CO2 + 17 vol pct CO gas
mixture for 6 h and next reduction of the formed Wüstite in dry
Ar + 5 vol pct H2 gas mixture for 4 h both at 1123 K (850 �C).

Fig. 4—Temperature profile and corresponding mass change curve
of a Mn alloyed steel (cf. Table I) during first oxidation in Ar + 33
vol pct CO2 + 17 vol pct CO gas mixture at 1223 K (950 �C) for 8
h and next at 1123 K (850 �C) for 1 h. Thereafter, the Wüstite layer
on the Mn alloyed steel was reduced in dry Ar + 5 vol pct H2 gas
mixture for 4 h at 1123 K (850 �C).
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steel will not be reduced in an Ar + H2 gas mixture with
a dew point of 10 �C. Nevertheless, an oxide-free surface
of Mn alloyed steel is obtained by first forming and then
reducing the Wüstite scale at 1223 K (950 �C). This is
because the (Fe,Mn)1-dO scale dissociates into iron alone
instead of iron plus embedded MnO particles. The Mn
still remains in the unreduced (Fe,Mn)1-dO scale and the
Mn concentration in the unreduced (Fe,Mn)1-dO scale
increases with reduction time. Apparently, transport of
Mn occurs towards the remaining Wüstite. Figure 6
shows the surface and cross section of the Mn steel after,
first oxidizing at 1223 K (950 �C) for 3 hours in Ar + 33
vol pct CO2 + 17 vol pct CO gas mixture and then
reducing at same temperature for 15 minutes in Ar + 10
vol pct H2 gas mixture at dew point of 283 K (10 �C),
and no external MnO was observed. After reducing for
2.5 hours with the same annealing parameters, the
Wüstite scale formed during the oxidation stage can be

fully reduced; see Figure 7. The iron layer formed after
the reduction of Wüstite scale is well adhered to the
original steel matrix. The Mn concentration in the
formed iron layer is practically zero. However, the Mn
concentration in the remaining Wüstite scale increases
with reduction time (x in (Fe1-xMnx)1-dO increases from
0.03 to 0.07 after 15 minutes of reduction). After full
reduction of the oxide scale, the small amount of Mn
dissolved in the Wüstite turns into internal (Mn,Fe)O
precipitates underneath the surface; see Figure 7(b).

C. Kinetics of Wüstite Reduction

The reduction kinetics of the Wüstite layer by
hydrogen can be predicted using Eq. [15] with the data
summarized in Table II. The temperature dependence of
the parabolic rate constant is dominated by the temper-
ature dependence of the oxygen diffusivity in iron. The

Fig. 5—SEM images (secondary electrons (a), back scattered elec-
trons (b)) of surface (a) and cross section (b) of a Mn alloyed steel
after first oxidizing at 1223 K (950 �C) for 8 h in Ar + 33 vol pct
CO2 + 17 vol pct CO gas mixture and next reducing at 1123 K (850
�C) for 4 h in Ar + 5 vol pct H2 gas mixture.

Fig. 6—SEM images (back scattered electrons) of surface (a) and
cross section (b) of a Mn alloyed steel after first oxidizing in Ar +
33 vol pct CO2 + 17 vol pct CO gas mixture for 3 h and then
reducing in Ar + 10 vol pct H2 gas mixture at dew point of 283 K
(10 �C) for 15 min at constant temperature of 1223 K (950 �C).
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activation energy for Wüstite reduction predicted using
Eq. [15] is 104 kJ/mol if the formed iron layer is in the
ferrite phase, while the activation energy for oxygen
diffusion in ferrite equals 98 kJ/mol.[18] The parabolic
rate constant for Wüstite reduction as a function of
temperature in dry reducing atmosphere is presented in
Figure 8. The parabolic rate constant of Wüstite reduc-
tion is determined experimentally with the approach
illustrated in the Appendix to this paper. Comparison of
these predicted values with experimentally determined
parabolic rate constants for the reduction of Wüstite on
both pure iron and the Mn alloyed steel shows good
agreement; see Figure 8. This suggests that the kinetics
of Wüstite reduction at steady state in Ar + H2 gas
mixture is indeed controlled by the bulk diffusion of
dissolved oxygen in the formed iron layer. Also it
confirms that the rate of oxygen take-up by hydrogen at
iron surface and the decomposition of Wüstite at

scale–alloy interface are fast compared with the oxygen
transport in the iron layer. Moreover, it suggests that
the adopted data of oxygen diffusion in iron[18] as well as
oxygen dissolution in iron[20] are valid.
Since the diffusion coefficient of oxygen for ferrite is

much larger than for austenite,[18] the parabolic rate
constant for Wüstite reduction suddenly drops due to
the phase transformation of iron from ferrite into
austenite. Hence, the reduction of Wüstite is relatively
faster when the formed iron layer is ferrite rather than
austenite. Moreover, the Sievert’s constant for oxygen
dissolution in ferrite is slightly higher than that in
austenite,[20] which also contributes to the decrease of
the parabolic rate constant (see Eqs. [1] and [14]) when
the iron layer transforms from ferrite into austenite.
This is in agreement with the experimental results that
the observed parabolic rate constants for the reduction
of Wüstite on pure iron and Mn alloyed steel at 1223
K (950 �C) (i.e., both in austenite state) are much
lower than those predicted for a ferrite layer; see
Figure 8.
The kinetics of Wüstite reduction also depends on the

oxygen partial pressure in the gas phase, which is related
to dew point and H2 partial pressure.[19] Increasing the
oxygen partial pressure in the reduction atmosphere,
increases the concentration of dissolved oxygen at the
iron surface (Ns

O) and thus reduces the parabolic rate

constant for Wüstite reduction; see Eq. [13]. As can be
seen in Figure 9, at 1123 K (850 �C) the parabolic rate
constant for Wüstite reduction is practically indepen-
dent of oxygen partial pressures up to 3910�20 atm, but
decreases rapidly at higher oxygen partial pressures. At
the dissociation oxygen partial pressure of Wüstite the
reduction process does not take place and hence the
parabolic rate constant for Wüstite reduction drops to
zero. However, in an annealing atmosphere with a dew
point lower than 283 K (10 �C) and a H2 volume
fraction larger than 5 pct, the effect of oxygen partial
pressure on the parabolic rate constant for Wüstite
reduction is small compared with the effect of
temperature.

Fig. 7—SEM images (back scattered electrons) of surface (a) and
cross section (b) of a Mn alloyed steel after first oxidizing in Ar +
33 vol pct CO2 + 17 vol pct CO gas mixture for 3 h and then
reducing in Ar + 10 vol pct H2 gas mixture at dew point of 283 K
(10 �C) for 2.5 h at constant temperature of 1223 K (950 �C).

Table II. Summary of the Data Adopted for Calculation of

Parabolic Rate Constant for Wüstite Reduction

Parameters Values References

D0
OðaÞ (cm

2 s�1) 0.037 18

QðaÞ (J mol�1) 98000 18

D0
OðcÞ (cm

2 s�1) 5.75 18

QðcÞ (J mol�1) 168000 18

DH0
OðaÞ (J mol�1) �154834 20

DS0
OðaÞ (J mol�1 K�1) �70.3 20

DH0
OðcÞ (J mol�1) �173021 20

DS0
OðcÞ (J mol�1 K�1) �86.5 20

DH0
FeO (J mol�1) �264890 18

DS0
FeO (J mol�1 K�1) �65.4 18

qFe (g cm�3) 7.9 21
MFe (g mol�1) 56 21
MO (g mol�1) 16 21
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The dissolution of Mn in the Wüstite scale with a
concentration of 3 at. pct may lower the parabolic rate
constant for Wüstite reduction by about 1.7 pct (cf.
Eqs. [1] and [14]), which is relatively small and neglected
in this study. The dissociation oxygen partial pressure at
the interface between iron layer and Wüstite scale
decreases with Mn concentration in the Wüstite scale,
because the activity of FeO in the (Fe,Mn)O solution is
less than unity.

The dissociation of Wüstite scale occurs not only at
the scale/iron interface, but also at the original steel/
scale interface, because the oxygen activity in the steel is
lower than the dissociation oxygen partial pressure of
Wüstite. The predicted and measured parabolic rate
constants shown in Figures 8 and 9 only reflect the
reduction process at scale/iron interface, since the
reduction at steel/scale interface does not result in any
weight change of sample. Hence, the total reduction rate
of the Wüstite scale is higher than that determined from

the measured mass loss. However, the amount of
Wüstite reduced at the scale/steel interface is small
compared with that at the scale/iron interface. The
Wüstite dissociation at the steel/scale interface provides
the oxygen source that allows inward oxygen diffusion
and thus forms an internal oxidation zone (IOZ)
beneath the Wüstite scale; see e.g., Figures 2 and 5.
The rate of Wüstite dissociation at scale/steel interface
equals to the flux of oxygen into the IOZ, and thus can
be estimated from the kinetics of internal oxidation
underneath the Wüstite scale. The gradient of dissolved
oxygen in the IOZ is almost linear,[18,31] and the flux of
oxygen into the steel at the steel/scale interface can thus
be estimated with Fick’s 1st law. Since the levels of the
oxygen partial pressure at steel/scale and scale/iron
interfaces are almost the same and the oxygen concen-
tration at the IOZ front equals zero, the ratio of the

Fig. 8—Comparison between the predicted (cf. Eq. [13]) and experi-
mentally determined parabolic reduction constants of Wüstite on
pure iron and a Mn alloyed steel alloy at different temperatures;
normal plot (a) and Arrhenius plot (b). The formed iron layer is in
ferritic phase below 1185 K (912 �C) and in austenitic phase above
1185 K (912 �C). Note that the oxygen concentration at the reduced
iron/gas interface was taken zero, i.e., Ns

O ¼ 0.

Fig. 9—Effect of oxygen partial pressure on parabolic rate constant
of Wüstite reduction at temperatures of 923 K, 1023 K, and 1123 K
(650 �C, 750 �C, and 850 �C). Dashed lines indicate the dissociation
oxygen partial pressure of Wüstite. Note that the oxygen partial
pressure in dry Ar + H2 gas mixture is calculated assuming a dew
point of 228 K (�45 �C).

Fig. 10—Fraction of Wüstite reduced at scale/steel interface at 1123
K (850 �C) in Ar + 5 vol pct H2 gas mixture with dew point of
203 K or 278 K (�70 �C or 5 �C). At the beginning of the reduction
process, the depth of IOZ equals d0.
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Wüstite reduction rate at scale/iron interface over that
at scale/steel interface can be estimated with:

J
FeO=Fe
O

J
FeO=steel
O

¼
Ne

O �Ns
O

Ne
O

d

X
½16�

where d is the depth of IOZ underneath the Wüstite

scale, J
FeO=Fe
O and J

FeO=steel
O represent the oxygen flux

from Wüstite to the iron layer and from Wüstite to the
steel substrate, respectively. The increase of the depth of
IOZ (d) during the reduction process can be estimated
from the classical internal oxidation theory.[18] The
thickness of the iron layer (X) as a function of reduction
time can be calculated using Eq. [4]. The ratio of the
amount of Wüstite reduced at scale/iron interface over
the amount of Wüstite reduced at scale/steel interface
equals to the ratio of the integration of the oxygen flux

at the two interfaces, i.e.,
R

J
FeO=Fe
O dt=

R

J
FeO=steel
O dt.

Figure 10 shows the predicted fraction of the amount of

Wüstite scale reduced at the scale/steel interface as a
function of reduction time. The depth of IOZ before the
start of reduction process was taken 10 or 20 lm. The
dew point in the reducing atmosphere was taken 203 K
and 278 K (�70 �C and 5 �C). Although the fraction of
the amount of Wüstite reduced at the scale/steel inter-
face increases with reduction time, the dominant reduc-
tion process of Wüstite scale occurs at the scale/iron
interface. For example, after oxidizing the Mn alloyed
steel at 1223 K (950 �C) for 8 hours and then reducing
in dry Ar + 5 vol pct H2 gas mixture at 1123 K (850
�C) for 4 hours, the contribution of the amount of
Wüstite reduced at the scale/steel interface to the total
amount of Wüstite reduced is about 6 pct. Thus, the cal-
culated reduction kinetics of the scale/iron interface (see
Section II) provides a satisfactory estimate on the total
reduction kinetics of the Wüstite scale.

V. CONCLUSIONS

Oxidizing pure iron and Mn alloyed steel in Ar + 33
vol pct CO2 + 17 vol pct CO gas mixture forms a dense
Wüstite scale. A dense and uniform layer of pure iron is
formed at the surface of the Wüstite scale after reduction
in Ar + H2 gas mixtures. The reduction of the Wüstite
scale follows a parabolic rate law at steady state. The
parabolic rate constant of Wüstite reduction for Wüstite
grown onto pure iron and the Mn steel is the same. The
kinetics of Wüstite reduction in Ar + H2 gas mixtures is
controlled by bulk diffusion of dissolved oxygen in the
formed Fe layer. Mn is dissolved in the Wüstite scale
formed during oxidation of Mn alloyed steel. Mn remains
dissolved in unreduced Wüstite scale during reduction
process. An oxide-free surface of Mn alloyed steel can be
obtained by forming first a Wüstite scale that subse-
quently is reduced in a Ar + H2 gas mixture.
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Fig. A1—Mass change during the reduction in dry Ar + 5 vol pct
H2 gas mixture at 1123 K (850 �C) of Wüstite on pure iron (a) and
on a Mn alloyed steel (b). A parabolic rate law was fitted to the data
(cf. Eq. [A1]).
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reproduction in any medium, provided you give ap-
propriate credit to the original author(s) and the
source, provide a link to the Creative Commons li-
cense, and indicate if changes were made.

APPENDIX: DETERMINATION OF
STEADY-STATE PARABOLIC RATE CONSTANT

The reduction kinetics of Wüstite in terms of the
steady-state parabolic rate constant is determined from
the mass change observed with TGA; see Section III.
First a Wüstite layer was formed by oxidizing in Ar +
33 vol pct CO2 + 17 vol pct CO gas mixture and next
this layer was reduced by switching the gas atmosphere
to Ar + H2. Since purging of the reducing gas mixture
takes time, the initial stages of Wüstite reduction cannot
be captured. Hence, in order to obtain a value for the
steady-state parabolic rate constant, the observed reduc-
tion kinetics was fitted with:

y ¼ Aðx� x0Þ0:5 þ y0 ½A1�

where A, x0, and y0 (representing the imaginary start-
ing point of steady-state reduction kinetics) are
unknown and were obtained after fitting, x and y rep-
resent the reduction time and mass loss, respectively.
The value obtained for the coefficient A is the effective
parabolic constant for Wüstite reduction. As an exam-
ple, Figure A1 shows the TG curve during the reduc-
tion of Wüstite scale for both pure iron and the Mn
alloyed steel samples at 1123 K (850 �C) as well as the
corresponding least-square fitted parabolic curve. The
error in the determination of the effective parabolic
constant was estimated by varying the range of data
selected for the fitting.
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