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An internal oxidation zonewith (Mn1 − x,Fex)Omixed oxide precipitates occurs after annealing a Fe – 1.7 at.%Mn
steel at 950 °C in N2 plus 5 vol% H2 gas mixture with dew point of 10 °C. Local thermodynamic equilibrium in the
internal oxidation zone is established during annealing of the Mn alloyed steel. As a result, the composition of
(Mn1 − x,Fex)O precipitates depends on the local oxygen activity. The oxygen activity decreases as a function of
depth below steel surface, and consequently the concentration of Fe decreases in the (Mn1 − x,Fex)O precipitates.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Mn is one of the major alloying elements in advanced high strength
steels, which are used for automotive applications to reduce the weight
of car bodies and thereby reducing fuel consumption and CO2 emissions.
Toprotect these steels against corrosion a zinc coating is applied, usually
by hot-dip galvanizing. However, during annealing of these steels prior
to galvanizing theMn can be oxidized easily, whichmay impair the zinc
coating adhesion [1]. Then, it is beneficial if the oxides are formed be-
neath rather than at the steel surface.

The kinetics of internal oxidation of Fe-Mn binary steel alloys has
been studied experimentally [2] and a numerical model has been devel-
oped to simulate the internal oxidation behaviour of Fe-Mn binary al-
loys [2,3]. Extension of this model to simulate internal oxidation of
multi-element alloyed steels has also been reported [3,4]. A vital as-
sumption in all internal oxidation models [2,3,5], as in the model
adopted here [2], is that local thermodynamic equilibrium is reached
between dissolved oxygen, alloying elements, iron matrix and oxide
precipitates. However, experimental proof for the establishment of
local thermodynamic equilibrium inside alloy matrix during internal
oxidation of Mn alloyed steels is lacking. In this work, it will be shown
from the observed composition depth profile of the internal oxide pre-
cipitates formed during internal oxidation of Mn alloyed steel that
local thermodynamic equilibrium indeed occurs.

FeO and MnO, which are known as Wüstite and manganosite re-
spectively, have the same rock salt crystal structure. Hence, FeO and
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MnO can form a continuous solid solution also known as
manganowüstite, henceforth denoted as (Mn1 − x,Fex)O; see e.g. [6].
When annealing steels alloyed with Mn, (Mn1 − x,Fex)O mixed oxide
can be formed at the steel surface even below the dissociation oxygen
partial pressure of FeO [7]. The concentration of Fe-ions dissolved in
the external (Mn1− x,Fex)O increaseswith dewpoint (i.e. oxygen partial
pressure) in the annealing atmosphere [7]. When these Mn steel alloys
are oxidized internally, (Mn1 − x,Fex)O precipitates are formed in the in-
ternal oxidation zone (IOZ). However, the composition of these precip-
itates depends on the local activity (i.e. chemical potential) of dissolved
oxygen. Upon internal oxidation a gradient of oxygen activity in the IOZ
exists which results in the inward diffusion of dissolved oxygen. Hence,
if local thermodynamic equilibrium between dissolved oxygen and
oxide precipitates is established, it is expected that the concentration
of Fe in the (Mn1 − x,Fex)O decreases with depth.

In this work, the concentration and activity depth profiles of dis-
solved oxygen are predicted quantitatively for steels alloyed with Mn
using a numerical internal-oxidation simulation tool [2]. Since the ther-
modynamic data of the Fe-Mn-O ternary system have been well
assessed in the currently available thermodynamic databases [8], the
corresponding composition of the internal (Mn1 − x,Fex)O as a function
of depth is calculated using a thermodynamic computation tool [9]. The
actual composition depth profile of the internal oxide precipitates is de-
termined experimentally from their lattice parameter as obtained from
X-ray diffractometry (XRD).

The steel alloyedwith 1.7 at.% Mnwere annealed for 1 h at 950 °C in
N2 + 5 vol% H2 gas mixture at a dew point of 10 °C, correspondingwith
an oxygen partial pressure of 2.3 × 10−17. This dew point was realized

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2017.03.009&domain=pdf
http://dx.doi.org/10.1016/j.scriptamat.2017.03.009
mailto:w.mao@tudelft.nl
http://dx.doi.org/10.1016/j.scriptamat.2017.03.009
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scriptamat


Fig. 1. (a) Computed Fe concentration in (Mn1 − x,Fex)O mixed oxide as a function of
oxygen partial pressure (logarithm scale) at 850, 950 and 1050 °C in the Fe-Mn alloys
with fcc crystal lattice at thermodynamic equilibrium with oxidizing gas atmosphere;
(b) computed phase diagram of Fe – 1.7 at.% Mn alloy with fcc crystal lattice in oxidizing
gas atmosphere, black and red lines represent the dissociation oxygen partial pressure
of MnO and FeO, respectively.
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by adding de-aerated and deionized water vapour to the gas flow of
1500 sccm passing through a 30 mm inner diameter quartz tube in a
horizontal furnace (Carbolite MTF 12/38/850, UK). Based on the fluctu-
ation of the dew point during annealing observed with a cooled mirror
analyzer (Optidew, Michell Instruments, UK), the uncertainty of the
dewpoint in the annealing atmosphere is about 2 °C. The annealing pro-
cess is terminated by moving the steel sample to the cold zone of the
quartz tube, allowing the steel sample to be cooled down to room tem-
perature. The cooling rate from the annealing temperature to about 400
°C is about 180 °C/min. Further details of the experimental setup are de-
scribed elsewhere [2]. Under these annealing conditions internal oxida-
tion of Mn alloyed steel will prevail [10]. The composition of the steel
used is: 0.48 at.% C, 1.72 at.% Mn, 0.097 at.% Si, 0.004 at.% Al and balance
Fe.

To obtain the composition depth profile of internal (Mn1 − x,Fex)O
with X-ray diffractometry (XRD), the surface of sample after annealing
was mechanically polished to remove a layer with certain thickness.
The polishing was done with 1 μm diamond grains using a soft cloth
(Lam Plan MM431, UK). After each polishing step the sample was thor-
oughly cleaned ultrasonically with isopropanol. The thickness of the
surface layer removed was determined from the measured weight loss
of the sample after polishing and considering the polished surface
area. For the density of the steel 7.87 g/cm3 is taken. The sample was
weighted with an analytical balance (Mettler M5SA, Switzerland) hav-
ing an accuracy of ±10 μg.

After each polishing step, the lattice constant of the (Mn1 − x,Fex)O
precipitates in the alloy matrix was determined from XRD measure-
ments. XRD patterns were recorded with a Bruker D8 Discover diffrac-
tometer in the grazing incidence geometry using Co Kα radiation, in
the 2θ region between 37° and 57° with a step size of 0.01° 2θ and a
dwell time of 30 s. The incidence angle of the X-ray beam was fixed at
3° with respect to the sample surface. As the analysis depth, the depth
below the surface corresponding with 70% of the diffracted intensity
of pure iron was taken, which is 1.27 to 1.34 μm [11] for 2θ from 30°
to 60°. The data evaluation was done with the Bruker software
Diffrac.EVA version 4.0. The position of the (111) and (200) diffraction
lines of (Mn1 − x,Fex)O was determined by fitting a parabola to the top
of the diffracted intensity peak after smoothing and stripping Kα2 con-
tribution [12]. The peak positions were corrected for instrumental er-
rors by measuring reference SRM LaB6 660 [13] on a (510)-Si wafer
using the same acquisition parameters as used for the sample, except
that the dwell time per step was 1 s.

The (111) and (200) peak positions determined of the (Mn1 −

x,Fex)O precipitates were also corrected for any residual stress, as deter-
mined by the so-called sin2ψ-method [11].

The composition of (Mn1 − x,Fex)O formed in a Fe-Mn binary alloy in
thermodynamic equilibriumwith a gaseous oxidizing environment as a
function of oxygen partial pressure at 850, 950 and 1050 °C is presented
in Fig. 1(a). This diagramwas calculated using Factsage [9] by consider-
ing thermodynamic equilibrium between a Fe-Mn alloy, (Mn1 − x,Fex)O
and a gasmixture of Ar+O2 at atmospheric pressure. First, the thermo-
dynamic data for the solid solution oxide (Mn1 − x,Fex)Owas taken from
the FToxid database [8]. Then, a gas mixture of Ar and O2 with a total
pressure of 1 atm at different oxygen partial pressures was created
with thermodynamic data from the FactPS database [8]. Finally, a solid
solution of Fe-Mn binary alloy with fcc crystal lattice was created with
the thermodynamic data in the FSstel database [8].

Since MnO is more stable than FeO, the dissociation oxygen partial
pressure of MnO is lower than that of FeO. Below the dissociation oxy-
gen partial pressure of MnO, Fe and Mn form a solid solution. Above
the dissociation oxygen partial pressure of MnO, (Mn1 − x,Fex)O mixed
oxide is formed and the concentration of Fe dissolved in the (Mn1 −

x,Fex)O increases with the ambient oxygen partial pressure. Above the
dissociation oxygen partial pressure of FeO the entire alloy phase will
oxidize and hence the concentration of Fe in (Mn1 − x,Fex)O is constant.
The dissociation oxygen partial pressure of bothMnO and FeO increases
with temperature; see Fig. 1(b). Between thedissociation oxygenpartial
pressures ofMnO and FeO, the concentration of Fe in the (Mn1 − x,Fex)O
decreases with temperature. Increasing Mn concentration in the Fe-Mn
alloy from 1.0 to 2.5 at.% has a negligible effect on the Fe concentration
in (Mn1 − x,Fex)O. Also, the Fe concentration in (Mn1 − x,Fex)O is practi-
cally independent of the crystal lattice of the Fe-Mn alloy phase (i.e. fer-
rite or austenite).

The concentration depth profiles of dissolved oxygen in the IOZ of
steels alloyed with 1.0, 1.7 and 2.5 at.% Mn after annealing at 950 °C in
a gasmixture of N2 plus 5 vol% H2 with a dew point of 10 °C were calcu-
lated using a finite difference method considering the precipitation of
oxides [2]. At 950 °C the mole fraction of dissolved oxygen at steel sur-
face in equilibriumwith the gasmixture of N2 plus 5 vol% H2with a dew
point of 10 °C is about 3.6 × 10−6 [7]. For the diffusion coefficient of ox-
ygen a value of 3.5 × 10−7 cm2/s [14]was adopted. As can be seen in Fig.
2(a), the concentration of dissolved oxygen decreases almost linearly
with depth. The concentration of dissolved oxygen at internal oxidation
front is practically zero. Since the depth of IOZ decreases with the bulk
Mn concentration in the alloy, the concentration gradient of dissolved
oxygen across the IOZ increases with the Mn concentration in the base
alloy under the same ambient oxygen partial pressure.

Yet, the composition depth profile of (Mn1 − x,Fex)O internal precip-
itates can be calculated using the thermodynamic tool [9] considering
local thermodynamic equilibrium with the dissolved oxygen. To this



Fig. 2. (a) Simulated concentration depth profiles of dissolved oxygen in steel alloyed with 1.0, 1.7 and 2.5 at.% Mn, respectively, after annealing at 950 °C for 1 h in N2 + 5 vol% H2 gas
mixture with dew point of 10 °C, dashed lines indicate the internal oxidation front where the concentration of oxide precipitate is almost zero. (b) The corresponding oxygen activity
depth profile expressed as oxygen partial pressure (logarithm scale) for the 1.7 at.% Mn alloyed steel.
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end, the activity of dissolved oxygen is expressed in terms of the oxygen
partial pressure (pO2 in atm) using Sievert's law [15]:

pO2 ¼ NO

Ks

� �2

; ð1Þ

where Ks is the Sievert's constant, NO is the mole fraction of dissolved
oxygen. The value of Ks for oxygen dissolution in iron is 739 at 950 °C
[14]. Thus, the activity depth profile of dissolved oxygen in IOZ of the
annealed Mn alloyed steels is obtained; see Fig. 2(b). Next, the concen-
tration of Fe dissolved in the (Mn1 − x,Fex)O precipitates as a function of
depth is determined from the composition diagram for (Mn1 − x,Fex)O;
see Fig. 1(a). It is predicted that the concentration of Fe in the internal
(Mn1 − x,Fex)O precipitates decreases continuously with depth until
the Fe concentration in (Mn1 − x,Fex)O becomes zero near internal oxi-
dation front; see Fig. 3. The Fe concentration in the (Mn1 − x,Fex)O at
steel surface is independent of bulk Mn concentration in steel; see
Fig. 3. However, the concentration gradient of Fe in the (Mn1 − x,Fex)O
precipitates increases with the bulk Mn concentration in the alloy, be-
cause the concentration gradient of dissolved oxygen increases with
the bulk Mn concentration.

The observed extent of the IOZ of the steel alloyed with 1.7 at.% Mn
after annealing at 950 °C for 1 h in N2 plus 5 vol% H2with a dew point of
10 °C is about 8.7 μm; see Fig. 4(a). The lattice constant derived from
XRD measurements of the internal (Mn1 − x,Fex)O precipitates in the
Fig. 3. Predicted depth profiles of Fe concentration in internal (Mn1 − x,Fex)O precipitates
formed after annealing the 1.0, 1.7 and 2.5 at.% Mn alloyed steels at 950 °C for 1 h in N2

+ 5 vol% H2 gas mixture with dew point of 10 °C; dashed lines indicate the internal
oxidation front where the concentration of oxide precipitate is almost zero.
annealed steel alloyedwith 1.7 at.%Mn increaseswith depth. The lattice
constants of the α-Fe matrix at different depths (about 2.867 Å) are
close to the reported values of the α-Fe lattice constant, i.e. 2.866 [16],
2.865 [17] and 2.868 Å [18]. Thus the effect of any hydrostatic stress, if
present, on (Mn1 − x,Fex)O precipitates is negligible. An in-plane resid-
ual stress in the (Mn1 − x,Fex)O precipitates and the α-Fe matrix of
the annealed 1.7 at.% Mn alloyed steel was not observed. The deviation
from stoichiometry, Δ in Mn1 − ΔO, is small and thus can be neglected.
The equilibrium value of Δ in Mn1 − ΔO at 950 °C is below 0.001
below an oxygen partial pressure of 3 × 10−17 [19] (which corresponds
to a dew point of 12 °C in a gasmixture of N2 with 5 vol% H2). This value
of Δ in (Mn1 − x,Fex)1 − ΔO increases with Fe concentration and oxygen
partial pressure [6]. However, below an oxygen partial pressure of 3
× 10−17 the equilibrium value of Δ in (Mn1 − x,Fex)1 − ΔO computed
with thermodynamic tool [8,9] is below 0.0025 at 950 °C. Hence, the in-
fluence of cation deficiency on the lattice constant of (Mn1 − x,Fex)O
precipitates is negligible. Therefore, the change in the lattice constant
of (Mn1 − x,Fex)O precipitates in the annealed 1.7 at.% Mn alloyed
steel is solely attributed to the change in their composition as function
of depth below the surface. The adopted lattice constant of pure MnO
is 4.444 Å [7]. The lattice constant of Fe1 − ΔO increases from about
4.28 to 4.31 Å with 1 − Δ increasing from about 0.89 to 0.95 [20]. The
extrapolated lattice constant for stoichiometric FeO equals about 4.334
Å [20]. The concentration of Fe in the (Mn1 − x,Fex)O was then deter-
mined by linear interpolation of the measured lattice constant, i.e.
adopting Vegard's law [21]. Since the lattice constant of (Mn1 −

x,Fex)O determined with XRD reflects an average value over a certain
range of depth below the surface, its value is assigned to the analysis
depth of 1.3 μm below the surface; cf. Section Experimental. The thus
obtained composition depth profile of the (Mn1 − x,Fex)O internal pre-
cipitates in the annealed 1.7 at.% Mn alloyed steel is shown in Fig. 4(b).

As can be seen in Fig. 1(a), the level of the oxygen partial pressure in
the annealing atmosphere may strongly affect the composition depth
profile of internal (Mn1 − x,Fex)O. For example, a slight increase in oxy-
gen partial pressure from 2.3 × 10−17 (corresponding to the oxygen
partial pressure level at 950 °C in N2 + 5 vol% H2 gas mixture with
dew point of 10 °C) to 3.0 × 10−17 (corresponding to the oxygen partial
pressure level at 950 °C in N2+5 vol%H2 gasmixturewith dew point of
12 °C) increases the Fe concentration in the (Mn1 − x,Fex)O from x of
0.28 to 0.34. Hence, a slight increase of the annealing dew point can sig-
nificantly increase the Fe concentration in the internal (Mn1 − x,Fex)O
precipitates; see Fig. 4(b). Considering that the cooling form the anneal-
ing temperature is fast (about 180 °C/min), the composition of the oxide
precipitates is likely preserved. The experimentally determined profile
of Fe concentration in the internal (Mn1 − x,Fex)O of the annealed
1.7 at.% Mn alloyed steel fits perfectly to the profile predicted for a
dew point of 12 °C rather than 10 °C; see Fig. 4(b). Since this difference
in dew point is within the experimental error of about 2 °C (cf. Section
Experimental), it can be concluded that local thermodynamic



Fig. 4. (a) SEM image of internal oxidation zone (IOZ) of steel alloyedwith 1.7 at.%Mn after annealing at 950 °C for 1 h in N2+ 5 vol% H2 gas mixture with dew point of 10 °C showing the
oxide precipitates (dark spots in IOZ). (b) Predicted depth profiles of Fe concentration in the (Mn1 − x,Fex)O precipitates formed after annealing 1.7 at.%Mn alloyed steel at 950 °C for 1 h in
N2 + 5 vol% H2 gas mixture with dew points (DP) of 10, 12 and 14 °C. The dots represent the experimentally determined Fe concentration in the (Mn1 − x,Fex)O precipitates formed after
annealing 1.7 at.% Mn alloyed steel at 950 °C for 1 h in N2 + 5 vol% H2 gas mixture with dew point of about 10 °C.
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equilibrium is established between the dissolved oxygen and the oxide
precipitates in the IOZ of the annealed Mn alloyed steel.

Hence, the composition of the (Mn1 − x,Fex)O precipitates in IOZ is
determined by the activity of dissolved oxygen. Since the activity of dis-
solved oxygen decreases from the alloy surface towards the internal ox-
idation front, the composition of the (Mn1 − x,Fex)O precipitates
changes accordingly; i.e. the concentration of Fe in the (Mn1 − x,Fex)O
precipitates decreases as a function of depth below the surface. There-
fore, it is anticipated that when oxidizing multi-element alloyed steels
internally, the composition as well as the type of multiple oxide precip-
itates formed in the IOZwill change as a function of depth, dependingon
the local oxygen activities. For example, it has been observed that dur-
ing internal oxidation of Ni-Al-Si alloy different types of oxides (i.e. spi-
nels, SiO2, and Al2O3) are formed in the IOZ at different depths, and the
sequence of those oxides formed with increasing depth is consistent
with the increasing thermodynamic stability of those oxides [22].

In conclusion, local thermodynamic equilibrium is established in the
internal oxidation zone of Mn alloyed steels during annealing in an ox-
idizing environment. After internal oxidation ofMnalloyed steelsmixed
oxide precipitates (Mn1 − x,Fex)O are formed even at oxygen partial
pressures (dew points) in the gas ambient well below the dissociation
oxygen partial pressure of Wüstite (FeO). The composition of these
(Mn1 − x,Fex)O precipitates depends on the local activity of oxygen in
the IOZ. Consequently, the concentration of Fe in the (Mn1− x,Fex)Opre-
cipitates decreases similar to the oxygen activity within the IOZ as a
function of depth below the steel surface.
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