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Abstract
Since the oxidation reactions in the process of steel production occur in harsh con-
ditions (i.e., high temperatures and gas atmospheres), it is practically impossible to 
observe in situ the compositional changes in the steel and the formed oxide scale. 
Hence, a coupled thermodynamic-kinetic numerical model is developed that pre-
dicts the formation of oxide phases and the composition profile of the steel alloy’s 
constituents in a short time due to external oxidation. The model is applied to high-
temperature oxidation of Fe–Mn alloys under different conditions. Oxidizing experi-
ments executed with a thermogravimetric analyzer (TGA) on Fe–Mn alloys with dif-
ferent Mn contents (below 10 wt %) are used to determine kinetic parameters that 
serve as an input for the model. The mass gain data as a function of time show both 
linear and parabolic regimes. The results of the numerical simulations are presented. 
The effect of different parameters, such as temperature, Mn content of the alloy, 
oxygen partial pressure, and oxidizing gas flow rate on the alloy composition and 
oxide phases formed, is determined. It is shown that increasing the temperature and 
decreasing the oxygen partial pressure both lead to a thicker depleted area.
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Introduction

High-temperature oxidation is a prominent phenomenon in several steps of steel-
making, such as hot rolling. Oxidation at high temperatures and high oxygen partial 
pressure can change the composition of the steel near the surface due to the deple-
tion of the alloying elements. Furthermore, the oxide scale’s characteristics such as 
thickness and phase composition vary depending on the oxidation condition. Since 
it is challenging to study such rapid processes under such extreme conditions experi-
mentally, models are needed to predict the composition at the substrate’s surface as 
well as that of the oxide scale.

To model the oxidation behavior, fundamental and comprehensive knowledge of 
thermodynamics and kinetics of the occurring process is required [1, 2]. Although 
numerical and analytical models have been developed to predict the oxidation 
behavior and the compositional change of alloys during thermal oxidation, their gen-
eral application is limited. A number of these studies focused on finding a criterion 
to predict whether internal or external oxidation occurs [3–7]. Furthermore, mathe-
matical models developed for external oxidation of binary and ternary alloys mostly 
consider only parabolic growth kinetics for the oxide layer [8–12], while the growth 
rate in the initial stages of oxidation is usually linear [8, 13, 14]. Moreover, in most 
cases, only selective oxidation of the alloying element forming the most stable oxide 
phase at low oxygen partial pressures is considered [4, 5, 15–20].

As an input for the oxidation simulations, the linear and parabolic kinetic con-
stants of the oxidation reaction under different conditions of steel composition, 
temperature, and oxygen partial pressure are needed [8, 21–24]. For the hot-roll-
ing process, high oxygen partial pressures and temperatures need to be considered. 
However, experimental research on the oxidation of iron alloys with manganese as 
the main alloying element is either focused on the annealing step, i.e., at low oxygen 
partial pressures [25–29] or are done for long exposure times [30–32].

In the present work, a coupled thermodynamic-kinetic numerical model is devel-
oped that also considers hot-rolling conditions, based on earlier works by Nesbitt 
[11], and Nijdam [8, 33]. The model is applicable to high-temperature external oxi-
dation of different alloys in dry oxygen with different partial pressures and flows. 
Here the model is applied to short-time, high-temperature oxidation of iron-man-
ganese binary alloys to predict the amount of formed oxides, the concentration pro-
files of iron and manganese within the substrate alloy, and their oxide/metal (O/M) 
interface concentration. Measuring such parameters is not simply possible experi-
mentally, because during cooling diffusion and homogenization in both the oxide 
scale and the substrate alloy can occur. Furthermore, fast cooling of steels could 
evoke phase transformations (such as martensite formation). Therefore, the devel-
oped model could provide information on oxidation that is practically impossible to 
be measured.

The simulation consists of two main steps. In the first step, thermodynamic calcu-
lations are implemented in order to predict the stable phases. In the second step, the 



203

1 3

High Temperature Corrosion of Materials (2023) 99:201–218 

alloy’s composition change beneath the O/M interface is calculated using a recently 
developed modified flux equation for a lattice fixed frame of reference [34, 35].

There are several advantages of the current model over the previous analyti-
cal and numerical models for oxidation. First, the computations include the initial 
stages of oxidation, whereas previous models only considered long-time exposures. 
Second, there is no limit to the number of elements that can oxidize simultaneously, 
unlike previous models that considered the most stable oxide phase only. Finally, the 
computation time is shorter due to the implementation of the modified flux equation 
for diffusion.

As an input for the calculations, the kinetic constants of both linear and para-
bolic growth modes are needed. Therefore, a series of oxidation experiments using 
a thermogravimetric analyzer (TGA) were conducted. The iron-manganese alloys 
were exposed to a gas mixture with different oxygen partial pressures and different 
velocities. Then the kinetic constants were obtained from the mass gain data.

Coupled Thermodynamic‑Kinetic Model

We have considered a single-phase Fe-Mn binary alloy reacting with oxygen at tem-
perature T and pressure p.

where Me represents Fe or Mn.
The most stable oxide phases can be found by calculating and comparing the dis-

sociation oxygen partial pressures at the O/M interface for different oxide phases, 
through their standard Gibbs free energy of formation ΔG◦

MexOy
 [8]. The equilibrium 

oxygen partial pressure in which the oxide MexOy is in local equilibrium with the 
metal at the interface can be calculated according to:

where aMexOy
 and aMe are the thermodynamic activities of the oxide phase MexOy 

and the alloy constituent (Me) at the O/M interface, respectively.
A phase diagram that shows the iron and manganese oxides phases which can 

form at 1000◦ C is shown in Fig. 1. The mixture of MnO and FeO (wüstite) is the 
most stable oxide phase forming at very low oxygen pressure. Due to the higher 
diffusion coefficient of Fe and Mn in wüstite than in magnetite and hematite, 
wüstite grows much faster than the other oxides. This results for high-temperature 
oxidation of pure iron, in the formation of wüstite, magnetite, and hematite with 
thickness ratios of 95, 4, and 1, respectively [37]. In situ XRD results ([38]) also 
showed the formation of FeO and MnO together as a solid solution at oxidizing 
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temperature. It is also known that during the linear growth of the oxide scale a 
local equilibrium between the oxide scale and the alloy is established, and thus 
the equilibrium oxygen partial pressure is fixed. The parabolic regime starts only 
after the formation of magnetite and hematite. Then the equilibrium oxygen par-
tial pressures at the wüstite/magnetite and magnetite/hematite interfaces are also 
fixed. Although all the iron oxide phases can form in such conditions, it was seen 
that wüstite (FeO+MnO) was the main oxide phase that formed more than 95% of 
the oxide scale. Therefore, only FeO and MnO are the considered oxides in our 
simulations.

The simulation is based on a model which was developed and also validated 
previously [22, 24, 33]. A schematic illustration of the grid used for the model 
calculations at the start of the oxidation process ( t = 0 ) and also after some time 
( t = t ) is shown in Fig.  2. At the beginning of oxidation, a number of slices L 
with an initial equal width of Δzi,0 are defined perpendicular to the surface of 
the alloy with total thickness Z. Z is considered thick enough to simulate a 

Fig. 1  Stability regions of dif-
ferent iron and manganese oxide 
phases as a function of Mn 
weight fraction and oxygen par-
tial pressure at 1000◦ C, obtained 
by using Factsage software 
[36]. The red marks show the 
experimental conditions of this 
work which are oxygen partial 
pressures of 10, 20, and 30kPa 
for three different alloys

Fig. 2  Schematic of the grid used for the calculations (a) at the start of oxidation ( t = 0 ) and (b) after a 
time ( t = t)
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semi-finite diffusion case. The slices have a homogeneous and uniform composi-
tion Ci,0

Me
 , where i and Me refer to the slice number and the constituent (Fe or Mn), 

respectively.
The compositional variations parallel to the metal surface are negligible, thus 

only diffusion perpendicular to the O/M interface within a limited depth of mate-
rial is considered. The positions of the boundaries between slices are indicated 
with zi , and the concentration of each slice is assigned to the middle point of each 
slice which is located at li . Therefore, the number of moles of each constituent 
Me at each slice at the beginning of oxidation is ni,0

Me
 , for which it holds that:

where Ni,0

Me
 and Vm are the initial mole fraction of the constituent Me and the molar 

volume of the alloy, respectively. After establishing the grid, the time is increased by 
a small increment Δt . The explicit method for solving the above equation is limited 
by the stability criterion S [39] and as such the time steps Δt being used must be 
smaller than the stability limit.

where D is the diffusion coefficient of the diffusing element. After a certain amount 
of time t, a layer of oxide with the thickness dox is formed at the alloy’s surface; see 
Fig. 2b. The oxidation leads to an interface displacement ξ with respect to the initial 
metal/gas interface.

At each time step, a number of calculations are performed which provide infor-
mation such as oxide scale thickness, concentrations of the slices 2 to L, displace-
ment of the O/M interface, and the interface concentrations for the next time step. It 
is assumed that local thermodynamic equilibrium at the O/M interface is established 
at each time step. The mass balance at the O/M interface plays an important role in 
the calculations. It is assumed that no material is lost, implying that all material that 
diffuses out of the alloy is present in the oxide scale.

Oxide Scale Thickness

In order to calculate the total oxide scale thickness at time t, the scale growth kinetic 
data such as linear and parabolic constants are needed. The fast initial stage of oxi-
dation is linear which changes into a parabolic regime with a slower growth rate at 
t = ttrans . Having the required kinetic data, the calculations are as follows: 
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where klin and kpar are the kinetic constants for the linear and parabolic regimes, 
respectively.

The total oxide scale thickness dox formed at time t can be related to the total 
amount of oxides MexOy that is formed at the O/M interface, which are FeO and 
MnO based on the assumption of this work. It is expressed in terms of the volume of 
each oxide per unit interface area of the alloy, φMexOy

 . Then, it holds that:

Consumption of the material from the alloy also results in the displacement of the 
O/M interface [20]. Compared to its original location at t = 0 , the displacement of 
the OM interface can be calculated by considering the mass balance, as:

where VMeO is the molar volume of FeO and MnO, and VMe is the partial molar vol-
ume of each component at the OM interface in the alloy.

Concentrations of the Second to Last Slices

Due to the consumption of the constituents from the metal substrate by the oxide 
formation, a concentration difference establishes between neighboring slices, which 
drives diffusion of the constituting elements. For calculating the concentration pro-
file underneath the alloy-surface, a modified flux equation was used [33–35]. The 
flux of manganese at time t from slice i to i + 1 is given by:

where R is the gas constant ( Jmol−1K−1 ), T is the temperature (K), Mi,t

Mn
 and �i,t

Mn
 are 

the mobility and chemical potential of manganese at time t (s) in slice i, respectively. 
The value for the mobility of iron and manganese is obtained from the tracer dif-
fusion coefficient of each constituent Me in the phase � (here austenite), which is 
included in [40]:

where D ∗ is the tracer diffusion coefficient of Me in � . Calculations conducted via 
DICTRA [40] show that the diffusion coefficient of Mn is only weakly dependent 
on concentration; if the Mn concentration in the alloy increases from 0.5 to 8%, 
the diffusion coefficient of Mn in the matrix would increase only around 10%. This 
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ideal behavior of Fe-Mn alloys has also been reported before in previous works [41]. 
Assuming ideal behavior for low concentration of the alloying elements, i.e., neg-
ligible interaction between the elements, the chemical potential of each constituent 
can be simply related to its mole fraction, according to:

A zero-flux slice is considered at depth Z in the bulk, which is far enough from the 
interface to be unaffected by the oxidation:

The value for the flux of both iron and manganese between all the slices at each time 
t allows calculating the number of moles of the constituents in the slices 2 up to the 
last one for the next time step t + Δt by:

Therefore, at each time step, a series of calculations through Eq. (8) to Eq. (12) 
results in the concentration for the second to the last slice for the next time step to be 
calculated as shown in the flowchart; see Fig. 3. However, for calculating the com-
position of the alloy at the O/M interface another method, described in Sect. 2.3, has 
been implemented.

The Interface Composition and Displacement

The interface concentration of manganese is constantly changing during oxidation 
because of the consumption of manganese. To determine whether oxidation occurs 
of only manganese or also iron, a series of calculations was performed [8]. Since Mn 
forms a more stable oxide than Fe (i.e., pO2MnO

< pO2FeO

 ; cf. Equation (2)), oxidation 
of Mn at the O/M interface occurs first, and the interface concentration of manga-
nese would decrease. Due to the limited amount of Mn present at the interface 
(which is related to the concentration and diffusion coefficient of manganese in the 
alloy), all the Mn at the interface is consumed at each time step. Moreover, the mass 
balance at the O/M interface must be fulfilled. This implies that the total amount of 
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Fig. 3  Flowchart of the model’s 
operations



208 High Temperature Corrosion of Materials (2023) 99:201–218

1 3

iron and manganese incorporated into the oxide layer at time t must be equal to the 
same amount consumed from the alloy until time t. So at time t, the mass balance 
can be written as:

where C0
Me

 is the initial concentration of the constituents, and � is the interface reces-
sion. Therefore at each time step, the total amount of Mn consumed from the sub-
strate metal, which is denoted as the so-called accessible amount Γt , can be calcu-
lated by Eq. (14). As explained before, all the Mn at the interface is considered to be 
consumed, so C1,t+Δt

Mn
 is virtually zero. It is shown as the green area in Fig. 4.

Where the difference between �t+Δt and �t is the O/M interface displacement due to 
consumption of Γt

Mn
 during Δt , which can be calculated with Eq. (7).

Now ΔφMnO can be used as a criterion to determine if only the most stable oxide 
is present or that simultaneously the other constituent’s oxide form. So at each time 
step, ΔφMnO is compared with Δdox (the thickness of the oxide scale formed during 
Δt ) to establish the oxides formed. 

1. If ΔφMnO ≥ Δdox , only MnO is formed during the time step Δt . Then the amount 
of MnO formed during this time step, φΔt

MnO
 , is equal to Δdox (see Eq. (6)). There-

fore, the displacement of the O/M interface can be obtained by Eq. (7), with 
ΔφFeO equal with zero.

2. If ΔφMnO < Δdox , simultaneous oxidation of Mn and Fe occurs during Δt . Then 
the amount of FeO formed ( ΔφFeO ) is equal with Δdox − ΔφMnO . Accordingly, 
the interface displacement can be calculated by Eq. (7).

Grid Adjustment

After each series of calculations for a time step, the interface displacement requires 
a rearrangement of the grid system in order to obtain a new set of semi-distance grid 
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Fig. 4  Schematic of accessible 
amount, i.e., the total amount 
of Mn from the substrate metal 
consumed by the oxide within 
the time step Δt
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points (grid points are at the middle point of each slice). To achieve this, the size Δz 
and the number L of the slices are kept constant, as well as the total studied thick-
ness of the alloy at each time step. Therefore at each time step, the starting point of 
the grid is moved inward by the value of Δ�Δt . The position of slices’ walls zi can be 
calculated with:

Eventually, by having the oxide scale growth kinetics of the alloy, the concentration 
profile for both iron and manganese inside the alloy as well as the amount of each 
oxide phase formed can be obtained as a function of time by numerically solving 
Eqs. (2) to (15). To this end, a numerical model, based on finite difference technique 
[42], was developed in MATLAB [43].

Experiments

The kinetic data needed as an input for the simulations were obtained from oxida-
tion experiments conducted using TGA.

The Fe-Mn alloys were provided by ChemPur (Karlsruhe, Germany). The chemi-
cal composition of the alloys with different manganese contents as obtained with 
inductive coupled plasma-optical emission spectrometry (ICP-OES) is presented in 
Table  1. The alloys were cut into 2 × 8 × 15  mm pieces with a hole of 2.2 mm 
diameter by electric discharge machining (EDM). Then, they were ground using SiC 
emery paper and cleaned ultrasonically in isopropanol. Finally, the specimens were 
stored in airtight membrane boxes (Agar Scientific, G3319, Essex, UK) after drying 
with a flow of pure nitrogen gas.

The alloys were oxidized in a symmetrical thermogravimetric analyzer (TGA, 
Setaram TAG 16/18, Caluire, France) in order to calculate the kinetic constants 
from the mass gain data. An alumina pin with a diameter of 2.2mm was inserted 
into the hole in the sample and placed onto a sapphire rod. The initial mass of the 
sample was measured by a Mettler Toledo balance (accuracy ±1μg ). To eliminate 
any buoyancy effect, a dummy sample of alumina of the same size was mounted 
onto a sapphire rod the counterpart of the balance. The furnace chambers were two 
identical tubes with 280mm length and an inner diameter of 15mm. First, the TGA 
system was pumped to vacuum ( < 50Pa ). Then the gas lines, balance, and furnaces 
were flushed with pure nitrogen three times. The purity of nitrogen was 5N vol.%, 
and it was filtered additionally to remove any residual hydrocarbons, moisture, and 

(15)z
i,t+Δt = z

i,t + Δ�Δt i = 1, 2, 3, ..., L

Table 1  Chemical composition 
of the alloys obtained with 
ICP-OES

Sample Elements (wt %)
Mn C Al Si Cr

Fe-1Mn 1.030 0.0157 0.0012 0.0010 0.0026
Fe-3Mn 2.845 0.0002 0.0002 0.0014 0.0002
Fe-8Mn 7.930 0.0031 0.0003 0.0020 0.0110
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oxygen, with Accosorb ( < 10 ppb hydrocarbons), Hydrosorb ( < 10 ppb H2O ) and 
Oxysorb ( < 5 ppb O2 ) filters (Messer Griesheim, Germany), respectively. Next, both 
furnaces were heated up with a rate of 10◦C∕min with a flow of pure nitrogen. Tem-
peratures were chosen between 950◦ C and 1150◦ C. After reaching the target tem-
perature, the chambers’ atmospheres were switched to oxidizing by introducing a 
gas mixture of oxygen, and nitrogen. Different flow rates (26.6, 53.3, 100, 150, 200, 
and 250mLmin−1 , corresponding to an average gas velocities of around 1 to 10cms−1 
at 1000◦ C) and oxygen partial pressures (10 to 30kPa) were applied by changing the 
ratio between O2 and N2 gases, while the total chamber pressure was kept at 101kPa 
(1 atm). After oxidation, the furnace tube was cooled to room temperature with a 
rate of 10◦C∕min while flushing with pure N2.

The mass gain per unit area for an oxidation experiment in the TGA system is 
shown in Fig. 5. The mass gain data correspond with the total weight of oxygen con-
sumed by the metal to form the oxide scale. The internal oxidation zone (IOZ) was 
negligible compared to the scale’s thickness. The mass gain data show the initial 
linear growth of the oxide layer, which is followed by parabolic growth. The linear 
and parabolic rate constants are, respectively, the slope of the lines in mass gain and 
squared mass gain divided by area versus time. To obtain the slope of the line within 
the linear regime, the very first part of it is not considered due to the lack of oxygen 
in the beginning.

The details about the mechanism of high-temperature oxidation and characteriza-
tion of the oxidized samples are described in our previous work [38]. It was con-
cluded that for our experimental conditions, the linear growth of the oxide layer is 
controlled by the diffusion of the oxidizing gas through the boundary layer.

Different parameters which could influence the oxidation kinetics were studied. 
The effect of flow rate on the mass gain data is shown in Fig. 6. It can be seen that 
an increase in the gas flow rate increases the linear constant ( kl ) and total mass gain 
(Fig. 6a), while it has almost no effect on the parabolic growth constant (Fig. 6b). 
The linear constant increases from 1.4 × 10−5 ± 3.1 × 10−7 g cm−2 s−1 for oxidation 

Fig. 5  a The mass gain per unit surface area and b the squared mass gain per unit surface area data for 
20 minutes of oxidation of Fe-8Mn binary alloys at 1000◦ C in 20kPa oxygen partial pressure with a total 
gas flow rate of 100mLmin−1 . The slopes of the lines represent the kinetic constants
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with gas flow rate of 26.6 mLmin−1 to 1.0 × 10−4 ± 4.1 × 10−7g cm−2 s−1 for oxida-
tion with gas flow rate of 250 mLmin−1 . The parabolic constant only varies between 
5.6 × 10−7 ± 1.9 × 10−9 to 5.7 × 10−7 ± 3.0 × 10−9 g2 cm−4 s−1 for oxidation with 
flow rates of 100 to 250 mLmin−1.

The effect of increasing the oxygen partial pressure of the oxidizing gas mix-
ture on the kinetics of the oxidation reaction is shown in Fig.  7, and it was 
almost the same as rising the flow rate. It increased the linear constant from 
4.3 × 10−5 ± 2.5 × 10−7 to 1.5 × 10−4 ± 3.3 × 10−6 g cm−2 s−1 , respectively, for 10 
and 30kPa, while the parabolic constant varied between 6.0 × 10−7 ± 5.6 × 10−9 and 
6.6 × 10−7 ± 6.4 × 10−9 g2 cm−4 s−1 in the same range of oxygen partial pressure.

The effect of temperature on high-temperature oxidation of Fe-8Mn binary alloys 
oxidized in an atmosphere with 20kPa oxygen with a flow rate of 200mLmin−1 is 
shown in Fig. 8. Increasing the temperature from 950 to 1150◦ C does not affect the 
slope of the linear part of the mass gain data, but only leads to a longer linear-to-
parabolic transition time; see Fig.  8a. However, oxidation at higher temperatures 
increases the parabolic kinetic constant; see Fig. 8b. This is expected because of the 
higher diffusion rate through the oxide scale at higher temperatures. This also results 
in a longer linear regime because it takes a longer time before diffusion through the 
oxide layer becomes the rate-determining step. The parabolic constant increases 
from 5.90 × 10−7 ±1.59 × 10−8 to 1.12 × 10−6 ±3.47 × 10−8 g2 cm−4 s−1 , for oxida-
tion at 950 and 1150◦ C, respectively.

Simulation Results and Discussion

It is practically impossible to observe the O/M interface of the alloy, while oxi-
dizing at very high temperatures. Only after the sample has cooled to room tem-
perature the oxide scale can be analyzed. Within the cooling process, which is 
slow with TGA (10◦C∕min ), phase transformations and homogenization within 

Fig. 6  The experimental results for oxidation of Fe-8Mn binary alloy in 20kPa oxygen partial pressure at 
1000◦ C for 20 minutes with a total gas flow rate between 26.6 and 250mLmin−1 : (a) mass gain per area, 
and (b) squared mass gain per area as a function of time
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the oxide scale and the alloy substrate will occur. Simulating the high-tempera-
ture oxidation allows the prediction of the changes in the alloy during oxidation. 
As mentioned earlier, this method for simulation was applied for MCrAlY coat-
ings and alloys before and it has been validated by experiments [8, 23, 33].

The simulations were performed based on the model described in Sect. 2. The 
following data were used as input. The molar volume of the alloys was calcu-
lated with Thermo-Calc using the TCFE 5 database [40]; the molar volumes of 
MnO and FeO are taken to be 13.21 and 12.24 cm3 mol−1 , respectively [44]. The 
diffusion coefficients are taken from [45], and following Ref. [46] the mobilities 
of the alloy constituents in the alloy are calculated using Eq. (9). The oxidation 
experiments with the Fe-Mn alloys (see Table  1) were conducted with TGA at 
950 to 1150◦ C, with 10 to 30kPa oxygen partial pressure, and flow rates of 26.6 
to 250mLmin−1 . The oxide scale’s growth kinetic constants for the linear and 

Fig. 7  The experimental results for oxidation of Fe-8Mn binary alloy in 10, 20, and 30kPa oxygen partial 
pressure at 1000◦ C for 20 minutes with a total gas flow rate of 250mLmin−1 : a mass gain per area, and b 
squared mass gain per area as a function of time

Fig. 8  The experimental results for oxidation of Fe-8Mn binary alloy in 20kPa oxygen partial pressure 
for 20 minutes with a total gas flow rate of 200mLmin−1: a mass gain per area, and b squared mass gain 
per area as a function of time
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parabolic part were obtained from the mass gain data; see Sect. 3. As shown in 
Fig. 9, the oxide’s growth kinetics in both linear and parabolic regimes could be 
described adequately with a combined linear and parabolic law (R-Squared=0.98). 
Therefore, the developed model can predict the behavior of Fe-Mn alloys, which 
are oxidized within the mentioned range of oxidizing conditions.

The simulated concentration profiles of Mn in a Fe-8Mn alloy when it is oxi-
dized in an environment with 20kPa oxygen partial pressure at different tempera-
tures are demonstrated in Fig. 10. It is observed that the depleted zone increased 
with increasing temperature, due to the faster diffusion of Mn within the alloy. 
Hence, the Mn depletion layer of less than 2 microns at 950◦ C increases to more 
than 20 microns at 1150◦C.

The effect of the oxygen content in the oxidizing gas on the composition depth 
profile is calculated as well. In Fig. 11 the simulated concentration profiles of Mn 
for Fe-8Mn when oxidized at 1000◦ C for 20 minutes are demonstrated. It shows 
that reducing the oxygen partial pressure in the gas mixture from 30 to 10kPa 

Fig. 9  Experimental data and 
linear-parabolic calculation for 
oxidation of Fe-8Mn alloy at 
1000◦ C in 20kPa oxygen partial 
pressure with a gas flow rate of 
250mLmin−1 , with linear and 
parabolic kinetic constants of 
1.0 × 10−4 ±2.3 × 10−6 g cm−2 s−1 
and 
5.7 × 10−7 ±1.9 × 10−8 g2 cm−4 s−1 , 
respectively

Fig. 10  The calculated Mn 
concentration profiles within the 
alloy, when Fe-8Mn oxidized 
in the temperature range of 950 
to 1150◦ C in 20kPa oxygen 
partial pressure for 20 minutes 
with a total gas flow rate of 
53.3mLmin−1
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expands the manganese depleted zone in the substrate alloy from 2 to more than 
4 microns.

The effect of the composition of the alloy on concentration profiles is illustrated in 
Fig. 12. The Mn depleted zone is calculated to be less than 2 microns for all three alloy 
compositions. The Mn content has no clear effect on Mn depleted zone width. Also, a 
negligible effect of Mn content on the mass gain data (i.e., the kinetics of oxidation) 
was seen; see [38].

Generally, the oxide scale growth kinetics, and consequently the resulting compo-
sitional changes in the alloy, are significantly influenced by the oxidizing condition 
(e.g., T and pO2

 ), microstructure, composition, and surface condition of the alloy [47]. 
The oxidation model is applied to study the effect of the scale’s growth kinetics on the 
composition near the surface of the alloy as well as the oxide phase constitution of the 
developing oxide layer, for the oxidation of Fe-Mn alloys at high temperatures. The 
effect of initial linear growth rate on the relative amount of Mn oxide ( φMnO∕dox ) is 
shown in Fig. 13.

Fig. 11  The calculated Mn 
concentration profiles within the 
Fe-8Mn substrate alloy when 
oxidized at the 1000◦ C with 
oxygen partial pressure of 10 to 
30kPa for 20 minutes and a total 
gas flow rate of 53.3mLmin−1

Fig. 12  The calculated Mn 
concentration profiles within 
the substrate alloy for samples 
with different Mn contents when 
oxidized at the 1000◦ C in 20kPa 
oxygen partial pressure for 20 
minutes with a total gas flow 
rate of 53.3mLmin−1
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Since the dissociation oxygen partial pressure of MnO is less than that of FeO, the 
onset of oxidation starts with the preferential oxidation of Mn from the alloy. How-
ever, due to low Mn content and the rapid scale growth, the Mn interfacial mole frac-
tion instantly (within the first time steps) drops. The early stage of oxidation then 
begins with the formation and development of FeO and MnO at the same time. The 
total amounts of MnO and FeO forming within the 20 minutes of oxidation are shown 
in Fig.  14. Within the linear regime, only the most stable oxide phases of iron and 
manganese can form (i.e., FeO and MnO). It is known that when the growth regime 
is changed to parabolic, the other oxide phases (magnetite and hematite) are stable to 
form as well [41]. However, even during the parabolic growth most of the oxide scale 
consists of wüstite.

Conclusions

The in  situ methods for investigating the high-temperature oxidation behavior 
of alloys are limited, and it is practically impossible to experimentally access the 
alloy’s microstructure and composition in that condition. Measurements at room 

Fig. 13  Calculated values 
for the ratio of MnO thick-
ness to oxide scale thickness 
( φMnO∕dox ) as a function of 
linear oxidation growth rate 
for Fe-8Mn alloy oxidized at 
1000◦ C for 20 minutes

Fig. 14  Calculated amount of 
each oxide as a function of time, 
when Fe-8Mn alloy is oxidized 
at 1000◦ C in 20kPa oxygen 
atmosphere with a gas flow rate 
of 250mLmin−1 ; the transition 
time is indicated by the vertical 
line
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temperature require fast cooling to avoid homogenization; however, fast cooling can 
lead to phase transformations which also change the material. Therefore, to study 
such a process, a numerical model was developed. The methodology of such a 
model is developed and verified by experiments before in several works [8, 22, 33]. 
The kinetic data necessary as input for the simulations were obtained from a series 
of TGA experiments. Iron with 1, 3, and 8 wt% Mn were oxidized at 950-1150◦ C in 
gas mixtures with 10-30kPa oxygen partial pressure and linear gas flow rates of 26.6 
to 250mLmin−1 in a furnace tube of 15mm inner diameter. The following conclu-
sions can be drawn: 

1. Considering the composition profile of Mn within the alloys and the depleted zone 
after the oxidation, temperature change plays an important role. Increasing the 
temperature increases the depleted zone due to the faster diffusion of Mn within 
the alloy.

2. Increasing the oxygen partial pressure of the oxidizing gas mixture leads to faster 
linear growth of the oxide scale when only FeO and MnO form. Faster oxidation 
results in higher O/M recession and a thinner Mn depleted zone.

3. The ratio between Mn and Fe within the oxide layer can be predicted via the 
introduced simulations. Therefore, the amount of Mn that the alloy has lost during 
the high-temperature oxidation can be calculated.

The ability to predict the initial high-temperature oxidation of alloys in various oxi-
dizing conditions can help to control the surface behavior of steels at high-temper-
ature processing. Further developments on other iron binary or ternary alloys will 
be necessary, in order to give more insights regarding the role of different alloying 
elements on the oxidizing behavior of the alloys.
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