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Chapter 1 
 

Introduction 

 
 
1.1 Introduction  
In order to reduce the weight of car bodies and thereby reducing fuel consumption and CO2 
emissions, Advanced High Strength Steels (AHSS) are the most competitive structural 
materials for automotive applications [1, 2]. The superior combination of high strength and 
formability as well as the low greenhouse gas emission during production make AHSS 
more promising than other low-density materials such as aluminium alloys and carbon fibre 
reinforced polymers. Usage of AHSS for automotive applications will continue growing for 
the next decade [2]. The mechanical properties of AHSS is obtained by increasing the 
concentration of alloying elements and carefully controlled microstructures. Typical 
alloying elements in AHSS include C (below 0.3 wt%), Mn (1 to 15 wt%), Si (up to 5 
wt%), Cr (up to 1 wt%) and Al (up to 2 wt%). Since the corrosion resistance of AHSS is of 
equal importance as the mechanical properties required by the automotive industry, the 
final product of AHSS is usually galvanized for cathodic protection against corrosion. 
Therefore, producing galvanized AHSS with high quality at low cost has been the area of 
interest for automotive steel making companies. The main challenge is not only to design 
novel AHSS grades with controlled bulk microstructures and mechanical properties, but 
also to improve the zinc coating quality required by automotive companies.  
 
A zinc or zinc alloy protective coating is applied onto the surface of AHSS usually by the 
continuous hot-dip galvanizing process [3]. Figure 1.1 shows the schematic of a section of 
an industrial continuous galvanizing line. Before entering the liquid zinc bath where the 
zinc coating is applied, the steel strip is annealed primarily in radiant tube furnaces. In 
many European galvanizing lines, before entering the radiant tube furnace the steel strip 
passes through the direct fired furnace where the steel strip is heated up rapidly. Figure 1.2 
shows an example of the temperature profile of steel strip in a continuous galvanizing line. 
The peak temperature of steel strip during annealing can reach up to about 820 °C. The 
time of annealing at temperatures above 600 °C is about three minutes. One objective for 
the continuous annealing treatment of the steel strip in the galvanizing line is to achieve 
desired final microstructures and mechanical properties. Another objective for the 
continuous annealing process is to create a clean and metallic steel surface suitable for 
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galvanizing [4]. Therefore, the annealing atmosphere used in the radiant tube furnace is 
usually a gas mixture of nitrogen with 3 to 15 vol.% hydrogen [5], so that the surface iron 
oxide film which originates from the pickling and cold rolling process can be reduced. The 
annealing atmosphere in the radiant tube furnace also contains small amount of water 
vapour whose concentration is usually expressed in terms of dew point. The dew point of 
the annealing atmosphere in the radiant tube furnace usually ranges from -50 to 10 °C [5]. 
 

 
Figure 1.1: Schematic presentation of the annealing section of an industrial continuous galvanizing 
line.  
 
Although oxidation of iron does not take place during annealing in a gas mixture of 
nitrogen with hydrogen and dew point below about 20 °C, the alloying elements in AHSS 
(e.g. Mn, Si, Cr and Al etc.) have high affinity to oxygen and oxidation of those alloying 
elements is thermodynamically favourable under industrial annealing conditions; see Figure 
1.3. The final galvanizing quality of AHSS is to a large extent influenced by its high 
temperature oxidation behaviour during the annealing process. Because oxides of alloying 
elements formed at steel surface can significantly reduce the wettability of liquid zinc [6], 
and thus impair the adhesion between zinc coating and steel substrate. Therefore, one of the 
biggest challenge for automotive steel makers is to prevent the formation of alloying 
element oxides at steel surface prior to galvanizing. To date, one common approach for 
mitigating oxide formation at surface is by increasing dew point in the annealing 
atmosphere so that internal oxidation of AHSS is promoted during annealing [7]. Another 
approach to create an oxide-free steel surface is by first forming and subsequently reducing 
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a Wüstite (FeO) layer which buries the oxides of alloying elements underneath; see Figure 
1.4. The formation of FeO layer on AHSS occurs in the direct fire furnace where the 
oxygen partial pressure of the atmosphere (rich in CO2 and H2O gases) is above the 
dissociation oxygen partial pressure of FeO. The FeO layer was then reduced in the radiant 
tube furnace with a reduction atmosphere, producing a pure iron surface. Thus, knowledge 
on the behaviour of high temperature oxidation and reduction of AHSS is pivotal for 
improving the quality of the final galvanized steel product. 
  

 
Figure 1.2: Typical temperature profile of a steel strip in an industrial continuous galvanizing line.  
 
A modern steel making company requires the capability of modelling the process-structure-
property relationships of steel alloys during the entire production process. For example, 
simulation tools for microstructure evolution of dual phase steels during continuous 
annealing are under development [8]. However, the oxidation phenomena of steels during 
the production process as well as its influence on the surface quality and the subsurface 
alloy composition have not been taken into account. The industrial aim of this research 
project is to develop a physical model that quantitatively predicts the oxidation behaviour 
of AHSS during the continuous annealing process prior to galvanizing. The predictions 
include the type of oxide phases formed and the concentration depth profiles of oxides and 
solute alloying elements at the (sub) surface of a steel strip after annealing. The oxidation 
model can be typically used for developing new AHSS product (e.g. finding the optimum 
alloy composition and defining alloy composition limits for existing galvanizing lines) and 
optimizing the process parameters (e.g. defining the desired annealing parameters in 
galvanizing lines for a particular steel grade). The predicting power of the model can 
significantly benefit the automotive steel makers by minimizing the number of laboratory 
and industrial trials and thereby reducing the time and cost for product and process 
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development. Moreover, the oxidation model can be easily generalized to describe also the 
internal nitridation and carburization behaviour of steel alloys, and hence can be potentially 
applied for nitriding and carburizing process. 
 

 
Figure 1.3: Temperature dependence of dissociation oxygen partial pressure of FeO, Cr2O3, MnO, 
SiO2 and Al2O3 for pure iron and Fe – 1 at.% M (M = Cr, Mn, Si and Al) binary alloys, respectively. 
  

 
Figure 1.4: Schematic representation of ideal surface conditions during annealing prior to galvanizing. 
(a) Oxidation of steel sheet to form a layer of iron oxide in the early stage (heating) of the annealing 
process. (b) Reduction of the layer of iron oxide during annealing in the final stage of the annealing 
process. 
 
Development of the model requires fundamental understanding of the internal oxidation 
behaviour of multi-element alloyed steels. The classical Wagner internal oxidation theory 
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[9, 10] is a generic approach for quantitative description of the internal oxidation behaviour 
of alloys. Recently it has been reported that the classical Wagner internal oxidation theory 
can be successfully applied to predict the kinetics of internal oxidation of Fe-Mn binary 
steel alloys [11, 12]. However, the classical Wagner internal oxidation theory is limited to 
binary ideal alloys where only one type of oxide precipitates, while a typical AHSS always 
contains multiple alloying elements. A comprehensive model that considers the formation 
of multiple types of oxides as well as the non-ideal behaviour of solution induced by adding 
more alloying elements is not yet available. Experimental studies on internal oxidation 
kinetics for ternary or higher Fe-Mn based steel alloys have not been reported. Therefore, 
the challenge and the primary academic focus of this thesis is to extend the classical 
Wagner internal oxidation theory for oxidation of multi-element alloyed steels with 
multiple types of oxides formed. The research activities for this thesis comprise the 
following aspects. The thermodynamics of oxide formation in multi-element (Mn, Cr and 
Si) alloyed AHSS is first investigated in order to know the type of oxide phases formed 
during annealing as a function of alloy compositions and oxygen partial pressures. Then, 
the effect of non-ideal behaviour of solution, i.e. the solute interaction, on the solubility 
product of internal oxides and the diffusivity of solute atoms in multi-component iron 
alloys is studied. Next, a generic numerical model for internal oxidation of multi-
component alloys is devised, considering the non-ideal behaviour of solution and the 
precipitation of multiple oxide phases. The internal oxidation behaviour of Fe-Mn-Cr 
ternary steel alloys is studied as an example to testify the model. Finally, the kinetics of 
Wüstite formation on Mn alloyed steels in CO2 + CO and H2O + H2 gas mixtures as well as 
the reduction kinetics of Wüstite in Ar + H2 gas mixtures are investigated, since the kinetic 
data for Wüstite formation and reduction in the gas environment are lacking, yet important 
for galvanizing industries. 
 
 

1.2 Outline of the thesis 
Chapter 2 focuses on the thermodynamics of oxide formation in selected AHSS alloyed 
with Mn, Cr and Si. The type of oxides formed upon annealing of AHSS as a function of 
alloy composition and ambient oxygen partial pressure is predicted with thermodynamic 
tools and validated by experiments. The effect of non-ideal behaviour of solution on the 
solubility product of internal oxides in iron alloys is dealt with in Chapter 3. A generic 
method is proposed to estimate the interaction parameters pertaining to carbon, nitrogen 
and oxygen in non-ideal iron alloys. A multi-element coupled thermodynamic-kinetic 
model is presented in Chapter 4 for internal precipitation due to inward diffusion of a 
foreign element. The effect of non-ideal behaviour of solution on internal oxidation and 
nitridation of alloys is investigated with simulations and experiments. In Chapter 5, the 
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composition depth profiles of internal (Mn,Fe)O precipitates formed upon internal 
oxidation of a Mn alloyed steel is investigated in order to demonstrate that local 
thermodynamic equilibrium is established within the internal oxidation zone of Mn alloyed 
steels during annealing. Chapter 6 focuses on the internal oxidation behaviour of Fe-Mn-Cr 
ternary steel alloys. The kinetics of internal oxidation as well as the concentration depth 
profiles of internal oxides for Fe-Mn-Cr steel alloys are predicted based on the coupled 
thermodynamic-kinetic model and validated by experiments. In Chapter 7, kinetics of 
Wüstite formation on pure iron and Mn alloyed steels in CO2 + CO and H2O + H2 gas 
mixtures are studied, while the kinetics of Wüstite reduction in Ar + H2 gas mixtures are 
investigated in Chapter 8. 
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Chapter 2 

  
Prediction of oxide phases formed upon internal 

oxidation of advanced high strength steels1 
 
 
 
Abstract 
The effect of Cr on the oxidation of Fe-Mn based steels during isothermal annealing at 
different dew points was investigated. The Fe-Mn-Cr-(Si) phase diagrams for oxidizing 
environments were computed to predict the oxide phases. Various Fe-Mn steels with 
different concentrations of Cr and Si were annealed at 950 °C in a gas mixture of Ar or N2 
with 5 vol.% H2 and dew points ranging from -45 to 10 °C. The identified oxide species 
after annealing match with those predicted based on the phase diagrams. (Mn,Fe)O is the 
only oxide phase formed during annealing of Fe-Mn binary steel alloys. Adding Cr leads to 
the formation of (Mn,Cr,Fe)3O4 spinel. The dissociation oxygen partial pressure of 
(Mn,Cr,Fe)3O4 in the Fe-Mn-Cr steels is lower than that of (Mn,Fe)O. The Si in the steels 
results in the formation (Mn,Fe)2SiO4, and increasing the Si concentration suppresses the 
formation of (Mn,Cr,Fe)3O4 and (Mn,Fe)O during annealing.  
 
 
Keywords 
Advanced high strength steels, Annealing, Oxidation, Thermodynamics 
 
 
  

1 This chapter is based on: 
 
W. Mao, R.W.A. Hendrikx and W.G. Sloof, Prediction of oxide phases formed upon internal oxidation of 
advanced high-strength steels, Oxidation of Metals, 2017. 
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Prediction of oxide phases formed upon internal oxidation of Mn steels 

 
2.1 Introduction  
Advanced High Strength Steels (AHSS) are widely used for automotive applications to 
reduce the weight of car bodies and thereby reducing fuel consumption and CO2 emissions; 
see e.g. [1]. To protect AHSS against corrosion, a zinc coating is applied onto the steel 
surface usually by hot-dip galvanizing [2]. Before entering the zinc bath the steel strip 
passes through continuous annealing furnaces. The annealing atmosphere is usually a gas 
mixture of N2 and H2 with dew point ranging from -60 to 10 °C, whose oxygen partial 
pressure level is below the dissociation oxygen partial pressure of Wüstite (FeO). However, 
the alloying elements (e.g. Mn, Cr, Si, Al) in AHSS have a higher affinity to oxygen than 
iron, leading to the formation of oxides of these elements during the annealing process prior 
to galvanizing. The presence of these alloying element oxides at the steel surface reduces 
the zinc wettability [3] and thus impairs the galvanizing quality [4]. Therefore, it is 
imperative to understand the oxidation behaviour of AHSS in N2 plus H2 gas mixtures with 
various dew points, and to find conditions to mitigate the formation of external oxides after 
annealing. 
 
The oxidation behaviour of Fe-Mn binary and Fe-Mn-Si ternary steel alloys below the 
dissociation oxygen partial pressure of FeO has been studied in detail (see e.g. Refs [5-9]). 
However, only a few studies have been reported on the oxidation of Cr alloyed Fe-Mn 
based steels [10, 11]. The study on the effect of Cr on the type of oxides formed in AHSS 
during annealing is not complete, and the type of oxides formed during annealing of Fe-
Mn-Cr ternary and Fe-Mn-Cr-Si quaternary steel alloys has not been confirmed by X-ray 
diffraction analysis. Since Cr is often added to AHSS to enhance the hardenability of 
austenite [1], the primary aim of the present investigation is to understand the effect of Cr 
on the type of oxides formed in Fe-Mn based steels during annealing. Also, the effect of Si 
on the type of oxide species formed in steels alloyed with both Mn and Cr is studied. The 
type and composition of the oxides formed in Fe-Mn-Cr-(Si) steel alloys as a function of 
annealing temperature, alloy composition and the annealing dew points are first predicted 
with thermodynamic computation. Then, the experimentally identified oxide phases formed 
after annealing different Fe-Mn-Cr-(Si) steel alloys in gas mixtures of Ar or N2 with 5 
vol.% H2 and different dew points are compared with the thermodynamic predictions. 
Finally, the effect of Cr and Si on the internal and external oxidation of Fe-Mn based steels 
is discussed. 
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created using the thermodynamic data in the FactPS database [15] to be in equilibrium with 
the alloy phase and the oxides.  
 
First the oxide phase that can be formed in a Fe-Mn binary alloy is considered; see Figure 
2.1 and Table 2.2. The dissociation oxygen partial pressure of MnO is lower than FeO. 
However, since both FeO and MnO have the same rock-salt crystal structure, FeO and 
MnO can form a continuous solid solution [16] denoted as (Mn,Fe)O. The Fe concentration 
in the (Mn,Fe)O increases with oxygen partial pressure, which agrees with the results 
reported in Refs. [17, 18]. Above an oxygen partial pressure of about 1.6×10-16 atm. at 950 
°C, all the Fe and Mn in the alloy are oxidized to (Mn,Fe)O. The prediction with the 
computed phase diagram is in agreement with our experimental results (see Table 2.2) and 
the results reported in Ref. [5], that (Mn,Fe)O is the only type of oxide phase that can be 
formed in a Fe-Mn binary alloy below an oxygen partial pressure of 1.6×10-16 atm. 
However, when annealing the Fe-1.7Mn steel at the dew point of -45 °C (oxygen partial 
pressure of 8.1×10-22 atm.), the (Mn,Fe)O cannot be identified with GA-XRD because the 
amount of oxides formed is too small. 
 

 
Figure 2.1: Computed phase diagram of Fe-Mn binary alloys in an oxidizing environment at 950 °C. 
The squares indicate the Fe with 1.7 at.% Mn alloy oxidized at dew points of -45 and 10 °C, 
respectively. 
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while (Mn,Fe)O appears at high dew points in the Fe-1.7Mn-1.5Cr, Fe-1.9Mn-1.0Cr-0.1Si 
and Fe-1.9Mn-1.6Cr-0.1Si steel alloys; see Table 2.2. The increase of the dissociation 
oxygen partial pressure of (Mn,Fe)O with the Cr concentration is evidenced by the 
identification of (Mn,Fe)O in the Fe-1.8Mn-0.5Cr, but is not detected in the Fe-1.7Mn-
1.5Cr alloy annealed at dew point of -45 °C; see Table 2.2. This is due to the fact that the 
dissociation oxygen partial pressure of (Mn,Fe)O decreases with the concentration of Mn 
dissolved in the alloy. At certain oxygen partial pressure and concentration of Mn in the 
alloy, the amount of Mn that reacts with Cr to form (Mn,Cr,Fe)3O4 spinel increases, and 
hence, the concentration of Mn that remains in the alloy decreases with Cr concentration. 
  

 
Figure 2.2: Computed phase diagram of Fe-Mn-Cr alloys with Mn concentration fixed at 1.8 or 2.8 
(dashed lines) at.% in an oxidizing environment at 950 °C. Note that dissociation oxygen partial 
pressure of (Mn,Fe)O slightly increases with Cr concentration in the alloy. The squares indicate the 
alloy with 0.6 or 1.1 at.% Cr oxidized at dew points of -45 and 10 °C. 
 
The addition of Si to the Fe-Mn-Cr alloys leads to the formation of (Mn,Fe)2SiO4. The 
dissociation oxygen partial pressure of (Mn,Fe)2SiO4 is lower than that of (Mn,Cr,Fe)3O4 
for the alloy compositions considered here; see Figures 2.3 and 2.4. This is consistent with 
the oxide phase identified in the annealed Fe-1.8Mn-0.6Cr-0.5Si and Fe-1.8Mn-1.1Cr-0.5Si 
steels, i.e. a single (Mn,Fe)2SiO4 oxide phase is formed at the dew point of -45 °C; see 
Table 2.2. However, according to the phase diagram (Figure 2.4), the formation of 
(Mn,Cr,Fe)3O4 spinel is also predicted for the Fe-1.8Mn-0.6Cr-0.5Si and Fe-1.8Mn-1.1Cr-
0.5Si alloys after annealing at a dew point of -45 °C. This shows that adding Si to the Fe-
Mn-Cr steel alloys suppresses the formation of (Mn,Cr,Fe)3O4 spinel. Apparently, Si in the 
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steel lowers the oxygen partial pressure at steel surface. But, after annealing of the Fe-
1.8Mn-0.6Cr-0.5Si and Fe-1.8Mn-1.1Cr-0.5Si alloys at higher dew points than -45 °C up to 
10 °C, also (Mn,Cr,Fe)3O4 spinel is observed; see Table 2.2. This is in agreement with the 
phase diagram; see Figure 2.4. 
 

 
Figure 2.3: Phase diagram of Fe-Mn-Cr-Si alloys with Si concentration fixed at 0.1 at.% and Mn 
concentration fixed at 1.8 at.% in an oxidizing environment at 950 °C. The squares indicate the alloy 
with 1.0 at.% Cr oxidized at dew points of -45 and -37 °C, respectively. 
 
With 1.8 at.% Mn and 0 to 1.5 at.% Cr in the bulk alloy, the dissociation oxygen partial 
pressure of (Mn,Fe)O in the Fe-Mn-Cr-Si ternary alloys increases with Si concentration; 
see Figures 2.3 and 2.4. For example, for a fixed Mn and Cr concentration of 1.8 and 1.0 
at.%, respectively, the dissociation oxygen partial pressure of (Mn,Fe)O increases from 
about 8.1×10-22 to 1.0×10-20 atm. with increasing Si concentration from 0.1 to 0.5 at.% at 
950 °C. This corresponds to the experimental observation that (Mn,Fe)O is formed in the 
Fe-1.8Mn-1.0Cr-0.5Si at a higher annealing dew point than in the Fe-1.9Mn-1.0Cr-0.1Si 
steel alloy; see Table 2.2. The effect of Si on the dissociation oxygen partial pressure of 
(Mn,Fe)O can be explained as follows. Since (Mn,Fe)2SiO4 is much more stable than both 
(Mn,Cr,Fe)3O4 spinel and (Mn,Fe)O, the concentration of Si in the alloy matrix is 
practically zero at the dissociation oxygen partial pressure of (Mn,Cr,Fe)3O4 spinel and 
(Mn,Fe)O. Thus, the concentration of Mn that remains in the alloy matrix decreases with 
the amount of Si added to the alloy due to the formation of (Mn,Fe)2SiO4. Hence, the 
dissociation oxygen partial pressure of (Mn,Fe)O increases.  
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Figure 2.4:  Computed phase diagram of Fe-Mn-Cr-Si alloys with Si concentration fixed at 0.5 at.% 
and Mn concentration fixed at 1.8 or 2.8 (dashed lines) at.% in an oxidizing environment at 950 °C. 
The squares indicate the alloy with 0.6 or 1.1 at.% Cr oxidized at dew points of -45, -37 and 10 °C, 
respectively. (It is noted that when the Mn concentration in the steel alloy equals 1.8 at.% and the pO2 
is below 3.2×10-23 atm., the formation of (Mn,Fe)SiO3 is also predicted, but is not shown here.)  
 
Adding Mn in the Fe-Mn-Cr-(Si) alloy decreases the dissociation oxygen partial pressure of 
(Mn,Fe)O and (Mn,Cr,Fe)3O4 spinel; see Figures 2.2 and 2.4. Both (Mn,Cr,Fe)3O4 spinel 
and (Mn,Fe)O are formed in the Fe-2.8Mn-0.5Cr-0.5Si steel after annealing at 950 °C in 
the gas mixture with the dew point of -45 °C, while only (Mn,Fe)2SiO4 is formed in the Fe-
1.8Mn-0.5Cr-0.5Si steel after annealing under the same condition. This clearly shows that 
increasing Mn concentration in the steel alloy promotes the formation of (Mn,Cr,Fe)3O4 
spinel and (Mn,Fe)O.  
 
Between the dissociation oxygen partial pressure of (Mn,Fe)O and 2.3×10-17 atm. (dew 
point of 10 °C) at 950 °C, the effect of oxygen partial pressure has no effect on the type of 
oxides formed during annealing of Fe-Mn-Cr-(Si) steel alloys. For example, both (Mn,Fe)O 
and (Mn,Cr,Fe)3O4 spinel were identified on Fe-1.8Mn-0.6Cr-0.5Si, Fe-1.8Mn-1.1Cr-0.5Si 
and Fe-2.8Mn-0.6Cr-0.5Si steels after annealing at -10 and 10 °C; see Table 2.2. It is 
expected that annealing the Fe-1.8Mn-0.5Cr, Fe-1.7Mn-1.5Cr, Fe-1.9Mn-1.0Cr-0.1Si, Fe-
1.9Mn-1.6Cr-0.1Si and Fe-2.8Mn-0.6Cr-0.5Si steel alloys above the dissociation oxygen 
partial pressure of (Mn,Fe)O, results in formation of both (Mn,Fe)O and (Mn,Cr,Fe)3O4 
spinel; cf. Figures 2.2 and 2.3. 
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