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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 CO,
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].

Top chamber

L A 5

Direct

Fired

Furnace

OO0 C
Strip
O O C out of furnace
Strip in into zinc bath

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 Wiistite (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 CO, and H,O 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.

800

600

400 -

200~

Temperature (°C)

0 50 100 150 200 250 300
Time (s)

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

3
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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.

Industrial working condition

~ -30-
@]
2
g 0. ——AlzOs
——MnO
——Si0O2
——Cr203
-501 ——FeO

500 600 700 800 900 1000
Temperature (°C)

Figure 1.3: Temperature dependence of dissociation oxygen partial pressure of FeO, Cr,0;, MnO,
Si0O, and Al,O; for pure iron and Fe — 1 at.% M (M = Cr, Mn, Si and Al) binary alloys, respectively.

Oxide of alloying Tron layer Oxide of alloying

Wiistite

element element
e ® ° °
e ® ® 0, ® 0V 0
°°..o oo... ° °e o °, oo...o
Steel substrate Steel substrate
(a) (b)

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

4
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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
Wiistite formation on Mn alloyed steels in CO, + CO and H,O + H, gas mixtures as well as
the reduction kinetics of Wiistite in Ar + H, gas mixtures are investigated, since the kinetic
data for Wiistite 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

5
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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
Wiistite formation on pure iron and Mn alloyed steels in CO, + CO and H,O + H, gas
mixtures are studied, while the kinetics of Wiistite reduction in Ar + H, 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 steels’

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 N,
with 5 vol.% H, 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);0, spinel. The dissociation oxygen partial pressure of
(Mn,Cr,Fe);04 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),SiO,, and increasing the Si concentration suppresses the
formation of (Mn,Cr,Fe);0,4 and (Mn,Fe)O during annealing.

Keywords
Advanced high strength steels, Annealing, Oxidation, Thermodynamics

! 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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21 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 CO, 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 N, and H, with dew point ranging from -60 to 10 °C, whose oxygen partial
pressure level is below the dissociation oxygen partial pressure of Wiistite (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 N, plus H, 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 N, with 5
vol.% H, 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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2.2 Experiments

2.2.1 Samples

The chemical composition in atom percent of the steel alloys investigated are listed in
Table 2.1. The Fe-1.7Mn, Fe-1.8Mn-0.6Cr-0.5Si, Fe-1.8Mn-1.1Cr-0.5Si and Fe-2.8Mn-
0.6Cr-0.5Si steel samples were cut with a plate cutter from a cold-rolled steel sheet. The
Fe-1.8Mn-0.5Cr and Fe-1.7Mn-1.5Cr alloys were cut from ingots and the Fe-1.9Mn-1.0Cr-
0.1Si and Fe-1.9Mn-1.6Cr-0.1Si steels were cut from hot rolled steel plates by electric
discharge machining (EDM). Before annealing, the surface of specimens was ground with
SiC emery paper and then polished with 1 micron diamond grains. Finally, the samples
were cleaned ultrasonically in isopropanol and dried by blowing with pure nitrogen (purity
better than 5N). The samples were stored in air tight membrane boxes (Agar Scientific
G3319, UK).

Table 2.1: Steel composition in atom percent (weight percent between brackets).

Sample C Mn Cr Si Al
Fe-1.7Mn 0.48 (0.10) 1.72 (1.70) - 0.10 (0.05) 0.004 (0.002)

Fe-1.8Mn-0.5Cr - 1.75 (1.72) 0.53(0.49) - -

Fe-1.7Mn-1.5Cr - 1.70 (1.67) 1.49 (1.39) - -
Fe-1.8Mn-0.6Cr-0.5Si 0.46 (0.10) 1.82 (1.80) 0.57(0.53) 0.49 (0.25) 0.006 (0.003)
Fe-1.8Mn-1.1Cr-0.5Si 0.47 (0.10) 1.82 (1.80) 1.09 (1.02) 0.51 (0.26) 0.039 (0.019)
Fe-1.9Mn-1.0Cr-0.1Si 0.46 (0.10) 1.90 (1.88) 0.97 (0.91) 0.12 (0.06) 0.053 (0.026)
Fe-1.9Mn-1.6Cr-0.1Si 0.46 (0.10) 1.85 (1.83) 1.63 (1.53) 0.10 (0.05) 0.049 (0.024)
Fe-2.8Mn-0.6Cr-0.5Si 0.47 (0.10) 2.83 (2.80) 0.59 (0.55) 0.49 (0.25) 0.01 0(0.005)

2.2.2 Annealing

The oxidation experiments below the dissociation oxygen partial pressure of Wiistite were
carried out in a horizontal quartz tube furnace (Carbolite MTF 12/38/850, UK) with an
inner tube diameter of 30 mm. The temperature in the furnace tube was measured with a
NiCr/NiAl (type K) thermocouple at the sample location. A gas mixture of N, or Ar with 5
vol.% H, was passed the furnace tube at atmospheric pressure. De-aerated and deionized
water (18.2 MQ.cm at 25 °C) was evaporated with a controlled evaporator mixer (CEM,
Bronkhorst, The Netherlands) to create specific dew points of -45, -37, -30, -10 and 10 °C
(corresponding oxygen partial pressure of 8.1x10%, 5.0x107%', 2.2x10%°, 1.0x10"® and
2.3x10""7 atm. at 950 °C; see Appendix A) in the furnace. The pure water was de-acrated
with nitrogen gas in a closed pressurized stainless-steel vessel and the dissolved oxygen gas
in the pure water was below 100 ppb, as measured with an O, sensor (InPro 68501, Mettler
Toledo, USA). The dew points of -10 and 10 °C were monitored with a cooled mirror
analyser (Optidew, Michell Instruments, UK). The dew points of -45, -37 and -30 °C were
monitored with another cooled mirror analyser (S4000 TRS, Michell Instruments, UK). The
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fluctuation of dew points during annealing was within + 2 °C. The partial pressure of
evaporated H,O in the gas mixture is related to dew point according to the formula given in
the Appendix A. The gas mixture with dew points of -10 and 10 °C consists of N, + 5
vol.% H,, while the gas mixture with dew points of -45, -37 and -30 °C was created with Ar
+ 5 vol.% H,. However, the oxidation behaviour of the steel alloys used in this study is not
affected by the type of carrier gas (i.e. Ar or N,), because formation of nitride is not
thermodynamically favourable for our samples and our annealing conditions. The flow rate
of gas mixture with dew points of -30 to 10 °C was 1500 sccm, while the flow rate of gas
mixture with dew points of -45 and -37 °C was 3000 sccm. Before annealing, the sample
was placed onto a quartz boat located at the cold zone of the furnace tube. Then, the furnace
was closed and flushed with the reaction gas for more than 30 minutes. Next, the sample
was moved to the hot zone of the furnace with a quartz rod to start an annealing cycle. At
the end of the annealing cycle, the sample was moved in the reverse direction, i.e. to the
cold zone. The heating and cooling of the sample was relatively fast, about 140 and

180 °C/min, respectively.

The oxidation experiments above the dissociation oxygen partial pressure of Wiistite were
carried out with the Fe-1.9Mn-1.6Cr-0.1Si steel alloy in the same horizontal quartz tube,
but with an infrared furnace (Model 4069-12R-05L, Research Inc.) at 950 °C for 8 hours in
a gas mixture of Ar + 20 vol.% CO, + 20 vol.% CO (oxygen partial pressure of 8.8x10™'°
atm.; see Appendix A) at atmospheric pressure with a total gas flow of 500 sccm. The
temperature of the sample during annealing was determined by measuring the temperature
of a dummy sample which was spot welded to a thermocouple. The dummy sample has the

same dimensions and chemical composition as the target sample.

Prior to admitting the gas mixtures to any of the furnaces, each gas, i.e. Ar, N,, H,, CO, and
CO (all with a purity better than 5N vol.%), was filtered to remove any residual
hydrocarbons, moisture and oxygen, with Accosorb (< 10 ppb hydrocarbons), Hydrosorb
(<10 ppb H,0) and Oxysorb (< 5 ppb O,) filters (Messer Griesheim, Germany),
respectively. The flow of each gas was regulated and monitored using mass flow controllers
(Bronkhorst, The Netherlands).

2.2.3 Characterization

Grazing Angle X-ray Diffractometry (GA-XRD) was used to identify the oxide phases
present at the surface of the oxidized samples. The XRD patterns were recorded, with a
Bruker D8 Discover diffractometer in the grazing incidence geometry using Co K«
radiation, in the 26 region between 20° and 60° with a step size of 0.03° 26 and a dwell

time of 10 s. The incidence angle of the X-ray beam was fixed at 3° with respect to the
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sample surface. In this grazing incidence geometry, the depth below the surface
corresponding with 70 % of the diffracted intensity of pure iron is 1.27 to 1.34 um for 26
ranging from 30° to 60° [12]. When the incidence angle of the X-ray beam was at 2° with
respect to the sample surface, the depth below the surface corresponding with 70 % of the
diffracted intensity of FeO is 1.4 to 1.5 um for 26 ranging from 30° to 60°. Also, XRD
measurements in the Bragg-Brentano geometry were performed with the same
diffractometer in the 26 region between 10° and 110° with a step size of 0.03° 26 and a
dwell time of 2 s. Then, the depth below the surface corresponding with 70 % of the
diffracted intensity of FeO for Bragg-Brentano geometry is about 5.7 to 10.9 um for 26
from 30° to 60° [12].

The surface and cross-section of the annealed samples were observed with scanning
electron microscopy (SEM) using a JSM-6500F (JEOL, Japan) operated with an
accelerating voltage of 5 or 15 kV. X-ray microanalysis (XMA) using Energy Dispersive
Spectroscopy (EDS) was performed with the same SEM instrument, but equipped with an
UltraDry 30 mm® detector (Thermo Fisher Scientific, USA) to determine the chemical
composition of oxides qualitatively.

X-ray photoelectron spectroscopy (XPS) was used to analyse the chemical composition of
the oxides at the steel surfaces. The photoelectron spectra were recorded with a PHI 5400
ESCA equipped with an X-ray source operated at 200 W and 13 kV using an Al anode. The
pass energy of the spherical capacitor analyser was set at 35.75 eV. Prior to the recording of
the spectra, the steel sample surface was sputtered mildly with a 3 keV Ar-ion beam with

ion flux of 2x10™"* mol mm™ s™', rastering over an area of 5x5 mm for 10 minutes.

23 Results and discussion

2.3.1 Phase diagrams and oxide phases

The phase diagrams of Fe-Mn, Fe-Mn-Cr and Fe-Mn-Cr-Si alloys in an oxidizing
environment at 950 °C are shown in Figures 2.1 to 2.6. These phase diagrams were
constructed with FactSage [13]. The thermodynamic data of the stoichiometric compounds
Cr,03 and SiO, as well as the solid solution oxides, namely: (Mn,Cr,Fe);04 spinel,
(Mn,Fe)O, (Mn,Fe),Si04 and (Mn,Fe)SiO; were taken from the FToxid database [14]. A
solid solution of Fe-Mn binary, Fe-Mn-Cr ternary and Fe-Mn-Cr-Si quaternary alloy with
fcc or bee crystal lattice was created with the thermodynamic data in the FSstel database

[14]. A gas mixture of Ar and O, with increasing oxygen partial pressure (in atm.) was
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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 1.6x10™'® 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 1.6x10™° atm.
However, when annealing the Fe-1.7Mn steel at the dew point of -45 °C (oxygen partial
pressure of 8.1x107* atm.), the (Mn,Fe)O cannot be identified with GA-XRD because the

amount of oxides formed is too small.

(Mn,Fe)O
-16 1 1.7Mn, DP10
[ ]
— =18 Austenite+(Mn,Fe)O
Q
S
<5
- -20-
1.7Mn, DP-45

-224  Austenite

0 ' 1 ' 2 ' 3
Mn concentration (at.%)

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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Table 2.2: Identified oxide species from XRD measurements' (in black) after annealing the Fe-Mn
and Fe-Mn-Cr-(Si) steel alloys at 950 °C for 1 hour in a gas mixture of Ar or N, with 5 vol.% H, and
dew points (DP) of: -45, -37, -30, -10 and 10 °C (corresponding with oxygen partial pressure (pO,) of
8.1x107%2 5.0x10%", 2.2x10%°, 1.0x10™"® and 2.3x10"'7 atm., respectively). Predicted oxide phases are
denoted in blue and indicated with an asterisk.

PO PO PO PO PO;
Sample 8.1x107% 5.0x10% 2.2x107% 1.0x10® 2.3x10"7
(atm.) (atm.) (atm.) (atm.) (atm.)
Fe-1.7Mn NA? (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
(Mn,Cr,Fe);04 (Mn,Cr,Fe);0," (Mn,Cr,Fe);0," (Mn,Cr,Fe);0," (Mn,Cr,Fe);0,
Fe-1.8Mn-0.5Cr R R R .
(Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
Mn,Cr,Fe);0. Mn,Cr,Fe);0," Mn,Cr,Fe);0,” Mn,Cr,Fe);0,”
Fel7Mn15Cr  (MnCrFenO, el 90| 90| 1O
(Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
Mn,Cr,Fe);0. Mn,Cr,Fe);0. Mn,Cr,Fe);0.
Fe-1.8Mn-0.6Cr- A (Mn,Cr,Fe);04 (Mn,Cr.Fe);04 (Mn,Cr.Fe);04 (Mn.Cr.Fe;:04
i (Mn,Fe),Si04 X (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
0.5Si (Mn,Fe),SiO4 . . .
(Mn,Fe),SiO4 (Mn,Fe),SiO4 (Mn,Fe),SiO4
(Mn,Cr,Fe);04
Fe-1.8Mn-1.1Cr- 5 (Mn,Cr,Fe);04 (Mn,Cr,Fe);04 (Mn,Cr,Fe);04
: (Mn,Fe),SiO4 i i (Mn,Fe)O
0.5Si (Mn,Fe),SiO4 (Mn,Fe),SiO4 . (Mn,Fe)O
(Mn,Fe),SiO4
Fe-1.9Mn-1.0Cr- (Mn,Cr,Fe);04 (Mn,Cr,Fe);0," (Mn,Cr,Fe);0," (Mn,Cr,Fe);0,
. (Mn,Cr,Fe);04 P ; .
0.1Si (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
Fe-1.9Mn-1.6Cr- (Mn,Cr,Fe);0;4 (Mn,Cr,Fe);04” (Mn,Cr,Fe);04” (Mn,Cr,Fe);04"
' (Mn,Cr,Fe);04 " & .
0.1Si (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
(Mn,Cr,Fe);04 (Mn,Cr,Fe);04” (Mn,Cr,Fe);04 (Mn,Cr,Fe);04 (Mn,Cr,Fe);04
Fe-2.8Mn-0.6Cr- R
0.58i (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O (Mn,Fe)O
' (Mn,Fe),Si0y4 (Mn,Fe),SiO4" (Mn,Fe),Si0,4 (Mn,Fe),Si0y4 (Mn,Fe),Si0y4

The oxide species formed in Fe-Mn-Cr ternary alloys at 950 °C as a function of oxygen
partial pressure and Cr concentration in the range of 0 to 1.5 at.% for a fixed Mn
concentration of 1.8 at.% were predicted; see Figure 2.2. Adding Cr to the Fe-Mn alloy
leads to the formation of MnCr,0, spinel with a cubic crystal lattice. However, Fe cations
can substitute with Mn and Cr cations in the spinel to form an oxide solution denoted as
(Mn,Cr,Fe);0,. For the alloy compositions considered here, changing the Cr concentration
and oxygen partial pressure does not result in the formation of Cr,O;, which is in agreement
with our experimental results; see Table 2.2. Considering the Mn concentration in the alloy
fixed, the dissociation oxygen partial pressure of (Mn,Cr,Fe);04 spinel decreases, while the
dissociation oxygen partial pressure of (Mn,Fe)O slightly increases with the Cr
concentration in the alloy; see Figure 2.2. The dissociation partial pressure of
(Mn,Cr,Fe);0, spinel is lower than the dissociation oxygen partial pressure of (Mn,Fe)O,
when the Cr concentration in the bulk alloy is higher than about 0.2 at.%. This is confirmed

by the observation that (Mn,Cr,Fe);04 spinel is formed during annealing at low dew points,

' All XRD results obtained from measurements using Co K« radiation with grazing incidence geometry.
? Data not available because the amount of oxides formed is below the detection limit of the XRD measurements.
* Predicted oxide phases.
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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);0, spinel increases, and

hence, the concentration of Mn that remains in the alloy decreases with Cr concentration.

(Mn,Fe)O
-16 1 =" 0.6Cr, DP10 1.1Cr, DP10
[ ] O

18|
Austenite+(Mn,Cr,Fe),0,+(Mn,Fe)O

log(pO,)

20t

1.1Cr, DP-45

—— ~ Austenite+(Mn,Cr,Fe),0,
S22 e — T

0.6Cr, DP-45
[

Austenite T

0.0 0.5 1.0 1.5
Cr concentration (at.%)

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),SiO4. The
dissociation oxygen partial pressure of (Mn,Fe),SiO, is lower than that of (Mn,Cr,Fe);04
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),SiO4 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);0, 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);0, 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);04 spinel is observed; see Table 2.2. This is in agreement with the
phase diagram; see Figure 2.4.

(Mn,Fe)O+(Mn,Fe),SiO,

16

Austenite+(Mn,Cr,Fe),O,+(Mn,Fe)O+(Mn,Fe),SiO,
184

10g(pO,)

-20- 1.0Cr, DP-37
|
1.0Cr, DP-45
Austenite+(Mn,Cr,Fe),O,+(Mn,Fe)_SiO,

Austenite+(Mn,Fe) SiO,

22 4

. T , T .
0.0 0.5 1.0 1.5

Cr concentration (at.%)
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 8.1x107* to 1.0x10?° 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),Si0, is much more stable than both
(Mn,Cr,Fe);0, 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);0,4 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),SiO,. Hence, the
dissociation oxygen partial pressure of (Mn,Fe)O increases.
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(Mn,Fe)O+(Mn,Fe),SiO,
16—

-18 -

10g(pO,)
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22 TS TRErFeOHin.Fe
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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 pO,
is below 3.2x10™ atm., the formation of (Mn,Fe)SiOs 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);04 spinel; see Figures 2.2 and 2.4. Both (Mn,Cr,Fe);0, 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),SiO, 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);0,
spinel and (Mn,Fe)O.

Between the dissociation oxygen partial pressure of (Mn,Fe)O and 2.3x10™"7 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);0, 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);0,
spinel; cf. Figures 2.2 and 2.3.
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(Mn,Fe)O+(Mn,Fe),SiO,
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Figure 2.5: Computed phase diagram of Fe-Mn-Cr-Si alloys with bec (ferrite) or fcc (austenite,
dashed lines) crystal lattice with Mn and Si concentration fixed at 1.8 and 0.5 at.%, respectively, in an
oxidizing environment at 850 °C. The square indicate the alloy with 1.1 at.% Cr oxidized at the dew
point of -45 °C. (It is noted that when the alloy matrix is in austenite and the pO, is below 3.2x10°%
atm., the formation of (Mn,Fe)SiO; is also predicted, but is not shown here.)

The effect of the crystal lattice of the steel matrix on the equilibrium oxide phases formed
in advanced high strength steels is small. Figure 2.5 shows the computed phase diagrams of
the Fe-Mn-Cr-Si quaternary alloys in an oxidizing gas atmosphere at 850 °C with the
concentration of Mn and Si fixed at 1.8 and 0.5 at.%, respectively. The constitution of the
steel alloy matrix was fixed in either bce or fcc phase in the computation, and thus the
effect of alloy composition on the austenite-ferrite phase transformation was not
considered. The dissociation oxygen partial pressure of (Mn,Cr,Fe);0, spinel and
(Mn,Fe)O at 850 °C in austenite is only slightly higher than in ferrite. This is due to the fact
that the chemical potential of the alloying elements Mn and Cr in ferrite is higher than that
in austenite. For example, according to the computation results for a Fe — 1.8 at.% Mn — 1.5
at.% Cr alloy at 850 °C, the chemical potential of Mn and Cr in ferrite are -92.0 and -73.5
kJ/mol, respectively, while the chemical potential of Mn and Cr in austenite are -97.3 and -
74.5 kJ/mol, respectively. For the same crystal lattice of the steel matrix, the dissociation
oxygen partial pressure of both (Mn,Cr,Fe);0, spinel and (Mn,Fe)O increases with
temperature; see Figures 2.5 and 2.6. The oxides identified in the Fe-1.8Mn-1.0Cr-0.5Si
steel alloy after annealing at 750 °C in a gas mixture with the dew point of -45 °C are:
(Mn,Fe),Si04, (Mn,Cr,Fe);0, spinel and (Mn,Fe)O. However, the oxides identified in the
same steel annealed at 850 °C at the same dew point are (Mn,Fe),SiO,4 and (Mn,Cr,Fe);0,
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spinel. The type of identified oxide phases is in agreement with the predictions from the

computed phase diagrams; see Figures 2.5 and 2.6.

1 Mn,Cr,Fe)304+(Mn,Fe)O+(Mn,Fe)28iO4
-20 {(Mn,Fe)O+(Mn,Fe) SiO,

ne

Ferrite+(Mn,Cr,Fe),0,+(Mn,Fe)O+(Mn,Fe),SiO,

1.1Cr, DP-45
|

log(pO,)

Ferrite+(Mn,Cr,Fe),0,+(Mn,Fe) SiO,
| Ferrite+(Mn,Fe) SiO,
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Figure 2.6: Computed phase diagram of Fe-Mn-Cr-Si alloys with bcc (ferrite) crystal lattice with Mn

and Si concentration fixed at 1.8 and 0.5 at.%, respectively, in an oxidizing environment at 750 °C.

The square indicate the alloy with 1.1 at.% Cr oxidized at the dew point of -45 °C.

2.3.2 Composition of oxide phases

The Fe concentration in the (Mn,Cr,Fe);0,4 spinel formed during oxidation of Fe-Mn-Cr
steel alloys increases with ambient oxygen partial pressure. A spinel oxide can be written in
the general form of AB,0, [19]. For MnCr,0, spinel, Fe cations can substitute both Mn
cations at A-site and Cr cations at B-site [20]. The lattice constant of (Mn,_,Fe,)(Cr,Fe,)O,
spinel increases with the value of y while decreases with the value of x [20]. The amount of
Fe dissolved in the (Mn,Cr,Fe);0, spinel (i.e. the value of (x+y)/3 in (Mn,Fe)(Cr,.
,Fe,)O4) can be predicted [13, 15]. For example, the amount of Fe in (Mn,Cr,Fe);04
increases from 0 to 0.12 when annealing a Fe - 1.8 at.% Mn - 1.1 at.% Cr alloy at 950 °C in
Ar + 5 vol.% H, gas mixture while increasing the dew point from -45 to 10 °C; see Figure
2.7. Moreover, the calculations show that non-stoichiometry of the spinel is negligible and
that the Fe dissolved in the (Mn,_Fe,)(Cr,.,Fe,)O4 spinel mainly resides at the A-site after
annealing at 950 °C with an oxygen partial pressure of 2.3x 107 atm. (i.e. corresponding to
a dew point of 10 °C in Ar + 5 vol.% H, gas mixture). The measured stress-free lattice
constant of (Mn,Cr,Fe);0, spinel formed in the Fe-1.9Mn-1.6Cr-0.1Si steel is 843.1 £ 0.2
and 841.3 + 0.1 pm after annealing at 950 °C for 16 hours in a gas mixture of Ar + 5 vol.%

H, with dew points of -45 and 10 °C, respectively. This decrease of the lattice constant of

18



Chapter 2

the (Mn,Cr,Fe);0, spinel with increasing annealing dew point is attributed to an increasing
amount of Fe dissolved into the (Mn,Cr,Fe);04 spinel [20]. It is also predicted that the
concentration of Fe in (Mn,Fe)O formed during oxidation of Fe-Mn-Cr steel alloys
increases with the dew point of the annealing ambient; see Figure 2.7.
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Figure 2.7: Computed composition of (Mn,Cr,Fe);0, spinel and (Mn,Fe,Cr)O mono-oxide as a
function of oxygen partial pressure (in atm.) formed in the Fe - 1.8 at.% Mn - 1.1 at.% Cr alloy at 950
°C. Dashed line indicates the dissociation oxygen partial pressure of FeO (Wiistite).

The (Mn,Cr,Fe);0, spinel transforms into (Mn,Fe),.,Cr,O at high oxygen partial pressures,
close to the dissociation oxygen partial pressure of Wiistite; see Figures 2.2 to 2.6. For
example, the (Mn,Cr,Fe);0, spinel starts to transform into (Mn,Fe),_Cr,O above an oxygen
partial pressure of about 6.3x10"" atm. (dew point of 18 °C) at 950 °C for a Fe - 1.8 at.%
Mn - 1.1 at.% Cr alloy; see Figure 2.8. This is because (Mn,Fe)O can dissolve small
amount of Cr (x below about 0.03 in (Mn,Fe);.,Cr,O at 950 °C). The value of x in (Mn,Fe),.
+Cr,O increases from about 0.013 to 0.027 with increasing oxygen partial pressure from 10°
* to 107" atm. at 950 °C; see Figure 2.7. At relatively low oxygen partial pressure (say
below 1077 atm.) the amount of (Mn,Fe)O formed in the alloy is small and the oxidized Cr
is mainly present as (Mn,Cr,Fe);0, spinel. However, with increasing oxygen partial
pressure the amount of (Mn,Fe)O increases due to the increasing amount of Fe in the matrix
being oxidized; see Figures 2.7 and 2.8. Hence, the amount of Cr dissolved in (Mn,Fe)O
increases while the amount of Cr in (Mn,Cr,Fe);0, spinel decreases. Above oxygen partial
pressure of about 1.3x10™'® atm. (dew point of 23 °C), (Mn,Fe),,Cr,O is the only type of
oxide formed.
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Figure 2.8: Computed mole fraction of (Mn,Cr,Fe);04 spinel and (Mn,Fe,Cr)O monoxide as a
function of oxygen partial pressure (in atm.) in the Fe - 1.8 at.% Mn - 1.1 at.% Cr alloy at 950 °C.
Dashed line indicates the dissociation oxygen partial pressure of Wiistite.
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Figure 2.9: SEM backscattered electron image of cross-section of the Fe-1.9Mn-1.6Cr-0.1Si steel
annealed at 950 °C for 8 hours in a gas mixture of Ar + 20 vol.% CO, + 20 vol.% CO (oxygen partial
pressure of 8.8x107'¢ atm.). A Wiistite scale fully covers the steel surface after oxidation. An internal
oxidation zone (I0Z) is formed beneath the Wiistite scale.

An oxide scale is formed at the surface of the Fe-1.9Mn-1.6Cr-0.1Si steel after annealing at
950 °C for 8 hours in the Ar + 20 vol.% CO, + 20 vol.% CO gas mixture, i.e. at an oxygen
partial pressure of 8.8x10'° atm. This oxide scale fully covers the steel surface, but the
scale thickness is not uniform; see Figure 2.9. An internal oxidation zone is formed
underneath the oxide scale. (Mn,Cr,Fe);0,4 spinel, MnO and Wiistite were identified from
the diffraction pattern obtained by XRD with Bragg-Brentano geometry. However, in the
diffraction pattern recorded by XRD using the grazing incidence geometry (having a
smaller analysis depth), (Mn,Cr,Fe);0,4 spinel and MnO can hardly be observed and the
relative intensity of the diffraction peak of iron is significantly lower; see Figure 2.10. This
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shows that the diffraction pattern recorded by XRD using the grazing incidence geometry
mainly contains the information of the oxide scale at steel surface. These observations
suggest that the external oxide scale is composed by Wiistite only, while the (Mn,Cr,Fe);04
spinel and (Mn,Fe)O are formed as internal oxide precipitates. Moreover, the Cr 2p and Mn
2p lines observed with XPS suggests that both Cr and Mn are dissolved in the Wiistite.
Thus the scale is composed of (Mn,Fe);_.Cr,O oxide solid solution. According to the XPS
analysis the value of x in the (Mn,Fe),..Cr,O scale is about 0.02, which is in reasonable

agreement with thermodynamic prediction; see Figure 2.7.

4 (Mn,Fe)O ® 4 FeO ¢
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Figure 2.10: XRD patterns of the Fe-1.9Mn-1.6Cr-0.18Si steel annealed at 950 °C for 8 hours in a gas
mixture of Ar + 20 vol.% CO, + 20 vol.% CO (oxygen partial pressure of 8.8x107'° atm.; cf. Figure

2.9); measured with (a) grazing incidence geometry and (b) Bragg-Brentano geometry.

The establishment of local thermodynamic equilibrium between oxide precipitates and
dissolved oxygen in alloy matrix upon internal oxidation of Fe-Mn binary steel alloys has
been reported [18]. For Fe-Mn-Cr-(Si) steel alloys, the agreement between the computed
phase diagrams and the experimentally identified oxide species formed during annealing at
different temperatures and oxygen partial pressure indicates that (local) thermodynamic
equilibrium between the gas ambient and the steel surface was established. Finally, the
thermodynamic data used allowed prediction of the oxide formed in advanced high strength

steels having a complex composition and microstructure.

2.3.3 Internal and external oxides

The oxidation mode of Fe-Mn-Cr steel alloys annealed at 950 °C in a gas mixture of Ar or
N, + 5 vol.% H, changes from external to internal oxidation with increasing dew point from
-45 to 10 °C, which is similar as for Fe-Mn steels [5]. For example, when annealing the Fe-
1.9Mn-1.6Cr-0.1Si steel in an Ar + 5 vol.% H, gas mixture with the dew point of -45 °C the
oxides are formed mainly at the sample surface; see Figure 2.11. Increasing the dew point

21



Prediction of oxide phases formed upon internal oxidation of Mn steels

of the annealing gas mixture to 10 °C, an internal oxidation zone is observed below the Fe-
1.9Mn-1.6Cr-0.1Si steel surface. According to XMA and thermodynamic computations, the
internal oxide precipitates should be composed of (Mn,Fe)O and (Mn,Cr,Fe);04 spinel.
Adding Si to the Fe-Mn-Cr steel promotes formation of (Mn,Fe),SiO, along original
austenite grain boundaries; see Figure 2.12. However, (Mn,Fe),SiO, also forms inside
grains, and an individual precipitate can be composed by more than one type of oxide

species; see Figure 2.13.

: 5 : S

Figure 2.11: SEM backscattered electron images of cross-section of the Fe-1.9Mn-1.6Cr-0.1Si steel
annealed for 1 hour at 950 °C in a gas mixture of Ar or N, with 5 vol.% H, and dew points of (a) -45
°C and (b) 10 °C (oxygen partial pressure of 8.1x107* and 2.3x10°"7 atm., respectively). At the dew
point of -45 °C (Mn,Cr,Fe);0, is formed and at the dew point of 10 °C both (Mn,Cr,Fe);04 and
(Mn,Fe)O are formed.

Cr plating

Figure 2.12: SEM backscattered electron image of cross-section of the Fe-1.8Mn-1.1Cr-0.5Si steel
annealed for 1 hour at 950 °C in a gas mixture of N, + 5 vol.% H, at the dew point of 10 °C (oxygen
partial pressure of 2.3x107'7 atm.). (Mn,Cr,Fe);0, and (Mn,Fe)O are formed and (Mn,Fe),SiOy along
the grain boundaries.
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Figure 2.13: Backscattered electron image of cross-section of the Fe-1.8Mn-1.1Cr-0.5Si steel
annealed for 1 hour at 950 °C in a gas mixture of N, + 5 vol.% H, at the dew point of 10 °C (oxygen
partial pressure of 2.3x10"7 atm.), and spectrums of characteristic X-rays measured with XMA
analysis on two different location on an oxide precipitate. Oxide precipitates in Fe-Mn-Cr-Si
quaternary steel alloys may consist of both (Mn,Cr,Fe);0, spinel and (Mn,Fe),SiO,.

10 pn

Figure 2.14: SEM backscattered electron images of surface of (a) Fe-1.7Mn and (b) Fe-1.9Mn-1.6Cr-
0.18Si steel annealed for 1 hour at 950 °C in a mixture of Ar + 5 vol.% H, gases at the dew point of -
45 °C (oxygen partial pressure of 8.1x1072 atm.). Cr promotes formation of (Mn,Cr,Fe);0, along the
grain boundaries at the surface.

Adding Cr to a Fe-Mn binary steel alloy increases the amount of oxides formed at the steel
surface; see e.g. Figure 2.14. Oxides at the surface of the Fe-1.9Mn-1.6Cr-0.1Si steel are
formed both along grain boundaries and inside grains during annealing; see Figure 2.14.
According to the results of XMA, XRD and thermodynamic computations, the oxides at the
surface of the Fe-1.9Mn-1.6Cr-0.1Si steel (along grain boundaries and inside grains)
annealed at dew point -45 °C are composed by (Mn,Cr,Fe);0,4 spinel. A small amount of
(Mn,Fe),Si0, is also formed along grain boundaries at the surface of the Fe-1.9Mn-1.6Cr-

23



Prediction of oxide phases formed upon internal oxidation of Mn steels

0.1Si steel as confirmed with XMA. The tendency of oxides formation along grain
boundaries at the Fe-1.9Mn-1.6Cr-0.1Si steel surface decreases with dew point; see Figure
2.14 and 2.15.

110 0]

Figure 2.15: SEM backscattered electron images of surface of (a) Fe-1.7Mn and (b) Fe-1.9Mn-1.6Cr-
0.18Si steels annealed for 1 hour at 950 °C in a gas mixture of Ar + 5 vol.% H, at dew point of 10 °C
(oxygen partial pressure of 2.3x10"7 atm.).

2.4  Conclusions

The oxide species formed during annealing of advanced high strength steel can be well
predicted by thermodynamic computation, since (local) thermodynamic equilibrium is
established between the annealing gas ambient and the steel surface. Adding Cr to the Fe-
Mn based steel alloys results in the formation of (Mn,Cr,Fe);0,4 spinel during annealing.
The dissociation oxygen partial pressure of (Mn,Cr,Fe);0,4 spinel is lower than that of
(Mn,Fe)O. Increasing the Mn concentration in the alloy promotes the formation of
(Mn,Cr,Fe);0, spinel and (Mn,Fe)O, which is associated with a decreasing dissociation
oxygen partial pressures. The Si in the Fe-Mn-Cr steel alloys leads to the formation of
(Mn,Fe),Si04 both along grain boundaries and inside grains during annealing. Increasing
the Si concentration in the Fe-Mn-Cr steel alloy supresses the formation of (Mn,Cr,Fe);04
spinel and (Mn,Fe)O. However, the formation of (Mn,Fe),SiO; can be mitigated by
increasing the Mn concertration in the steel alloy. The amount of Fe dissolved in
(Mn,Cr,Fe);0, spinel formed in Fe-Mn-Cr steels increases with annealing dew point.
(Mn,Fe)O can dissolve only a small amount of Cr. Adding Cr to the Fe-Mn steel has no
effect on the transition from external to internal oxidation, but increases the amount of

oxides formed at steel surface during annealing.
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Chapter 3

Effect of solute interaction on the solubility
product of internal precipitates of carbon,
nitrogen and oxygen in iron alloys

Abstract

In a non-ideal alloy, the compositional dependence of the solubility product of internal
oxides can be quantified with the so-called interaction parameters, which are defined
according to the Wagner formalism. A generic approach based on the macroscopic atom
model is developed in order to calculate the interaction parameters for any element in an
alloy. In this study, the interaction parameters pertaining to carbon and nitrogen in iron
alloys were estimated and compared with either experimental or computed results from
thermodynamic tools. The reasonable to good agreement is promising for estimating
unknown interaction parameters of alloying elements for oxygen in iron alloys. The effect

of alloying element on solubility product of Al,O; in iron alloys is demonstrated.

Keywords
Solubility product, Interaction parameter, Non-ideal solution, Macroscopic atom model
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3.1 Introduction

Precipitation of compounds (e.g. oxide, nitride and carbide) of reactive solute metals in an
alloy may occur during annealing at high temperature in a gas phase environment
containing oxygen, nitrogen and carbon. These precipitates influence to a large extent the
final properties of the alloy. For example, formation of these precipitates may increase the
number of crack initiation sites and deplete the strengthening alloying elements in the alloy
matrix, thereby leading to embrittlement of surface layer and deterioration of the strength
and creep resistance of materials [1]. On the other hand, precipitation hardening can be
obtained when the precipitates are finely distributed in the alloy matrix; see e.g. refs [2, 3].
Therefore, predicting the kinetics of internal precipitation process during annealing is
important for monitoring the material degradation and controlling the final properties of
materials.

A numerical finite-difference model has been developed to simulate the internal oxidation
behaviour of Fe-Mn binary steel alloys [4, 5]. This model was extended to simulate the
internal oxidation of multi-element alloyed steels [4, 6]. In the model, the local
precipitation of internal oxides is governed by the solubility product. The solubility product
of internal oxides was taken as a constant for simulating the isothermal oxidation of steel
alloys [4-6], assuming that the iron alloy is an ideal solution or a solution that strictly obeys
Henry’s law (i.e. activity coefficient of each solute species is constant). The effect of non-
ideal behaviour of iron alloys, i.e. the variation of solubility product of oxide precipitates
with alloy composition, has not yet been investigated and may influence the internal
oxidation behaviour of steel alloys.

To date, no experimental data are available for composition dependence of the solubility
product of oxide precipitates in iron alloys. In principle, the solubility product of a
precipitate in a non-ideal alloy as a function of alloy composition can be obtained either by
thermodynamic computation based on the Calphad formalism [7], or with ab initio
calculations [8]. However, to the authors’ knowledge, the thermodynamic data for ternary
Fe-O-M solid solution have not been well assessed yet in the available thermodynamic
databases [9, 10]. Hence, reliable computation results cannot be obtained for the
composition dependence of the solubility product of oxides in non-ideal steel alloys.
Moreover, evaluation of the solubility product of oxides in steels with ab initio calculations
has not been reported.

The aim of this study is to evaluate quantitatively the influence of alloy composition on the
solubility product of internal oxides in steel alloys in the absence of any experimental data.

28



Chapter 3

First, the thermodynamics of oxide precipitation in alloys is presented. The change in the
solubility product due to the non-ideal behaviour of solution is quantified by interaction
parameters which are defined according to the Wagner formalism [11]. Next, a generic
method based on a macroscopic atom model [12] is proposed in order to compute the
interaction parameters pertaining to oxygen in iron alloys. The validity of the approach is
confirmed by studying the interaction parameters pertaining to nitrogen and carbon for iron
alloys for which reliable experimental data or thermodynamic data are known. Finally, the
interaction parameters for oxygen in iron alloys are predicted, and the effect of adding
alloying elements on solubility product of oxides is estimated.

3.2 Solubility product of oxides in non-ideal solution
Oxidation of a pure metal B as « phase at a constant temperature and pressure proceeds

according to:

nB"(s)+§Oz(g)=B 0 (s) 3.1)

n=v

The standard free energy change of this reaction, AGS“OV , equals:
AGI(;,O\. = Gg,,o‘, ~nGy* _gng (3.2)

where G, , Gp* and ng are the molar free energies of the species in their standard

states. Usually, the AGy , is a linear function of temperature [13] and its value can be

obtained from thermodynamic database for pure substance; see e.g. ref. [14].

When B is a solute element in a multi-component alloy A-B-M (A represents solvent and
more noble than B, and M does not participate in any reaction) with £ phase, formation of

internal precipitate B,O, in the alloy proceeds according to:
nB’ +v0=B 0, (3.3)
in which the underscore indicates the element as solid solute. The driving force for reaction
(3.3) to occur, is the change in Gibbs free energy, AGy , , which equals:
AGy o, = Hy o, — i —vith (34
in which 4, , 4} and 4} are chemical potential of the oxide precipitate, solute

elements B and O in the alloy, respectively. Here, the following three equations hold:
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Hpo, = ngo‘, +RTInay g
uy =Gg” +RT Ina}, (3.5)
ul =G)+RTna,

in which ag, , al and a, are activities of the oxide precipitate, solute elements B and O

in the alloy, respectively, with respect to the chosen standard state. G3” is the molar free
energy of pure element B in Sphase and G is the molar free energy of oxygen at a chosen

standard state. Since the choice of standard state for a component in a solution is arbitrary,

but for convenience the pure oxygen gas at atmospheric pressure is chosen as the standard
state for solute oxygen in the alloy, i.e. Gg =1/ 2ng , and the activity of solute O can be
expressed in terms of oxygen partial pressure p, in atm., i.e. a, =(p, )'?. Then, the

chemical potential of solute oxygen can be expressed as:

1 1
ub = EG& +ERT1n Po, (3.6)

Substituting the chemical potentials in Eq. (3.4) with Egs (3.5) and (3.6) obtains:

a
AG.. =G —nG* -YG° +RTIn— 2% 3.7
B,O, B,O, B 2 0, (ag )n (poz )v/Z ( )

At equilibrium, AGy , is zero, and hence:

a
G, -nGY -YG =—RTIn— 2% 3.8
Ve 2 (a3)"(po,)"” oy
Combining Eq. (3.2) and rewriting Eq. (3.8) gives:
a AG . +n(GY* —GY")
. ano‘, _—exp| - B,O, B B (3.9)
(a5)"(Po,) RT

When B, 0, is a pure stoichiometric compound, a; ., 1is unity. The activity of element B in

the alloy is related to its concentration through:
all =y[Ny (3.10)
in which N is the mole fraction of element B in the alloy, and »/ is the activity coefficient

with respect to the selected standard state (i.e. pure metal B in S phase). The mole fraction

of solute O (N, ) in the alloy is related to oxygen partial pressure according to:

YoNo = (o))" (3.11)
Yet, substituting with Eqs (3.10) and (3.11) in Eq. (3.9) results in:
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1 AG)  +n(GY* -Gy
o = eXp| G” ~Go) (3.12)
(75 Ne)" (7oNo) RT
Usually, the solubility product of B, O, is defined as:
Ksp(B”Ov) =(Ny)"(Ny)" (3.13)
Therefore, rewriting Eq. (3.12) obtains:
1 AG) , +n(Gy* —GYF
Koy0,) = 5 OXp| — Gy ~67) (3.14)
() (o) RT

The exponential term on the right-hand side of Eq. (3.14) is a constant at a certain
temperature, independent of alloy composition. Usually, the solubility product is considered
as a constant at a certain temperature, implying that the solution is ideal or obeys Henry’s

law, i.e. both the activity coefficient y{ and y, are constant. However, in reality both y/
and y, may be a function of alloy composition. Thus, the effect of non-ideal behaviour of a
solution on the solubility product of B, O, lies in the composition dependence of the activity

coefficients y/ and 7, .

For a dilute solution, the activity coefficient of solute elements B and O can be expressed as
a function of alloy composition according to the Wagner formalism [11], namely:
Inyf =Iny)” + e Ny + €)' N,, + &g N, (3.15)
and
Iny, =Inyl +eSNy + 5N, + ey Ny, (3.16)
in which g} and &' are the first-order interaction parameters. By definition, 5} equals &/.
yo? and y? are the activity coefficient of solute B and O at infinite dilution, respectively.
When the concentration of O in the alloy is very small (say below 10™), the &g N, and
£gN,, term can be neglected. Then, Eqs (3.15) and (3.16) can be reduced to:
Inyf =Iny)” + &L N, +&)' N,, (3.17)
and
Iny, =Inyd +eSN, +&) Ny, (3.18)
Hence, the effect of solute interaction on the solubility product of B, O, is expressed by the

interaction parameters ¢} and &' .

In order to quantify the effect of alloying element M on the solubility product of B,0O,, the

parameter « is introduced as the ratio between the solubility product of B,O, with and
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without the presence of alloying element M. Combining Eqs (3.14), (3.17) and (3.18) it is
obtained that:
K

o= I;/;(B”O\,)A-B-M = exp[—(ne) +vel )N, ] (3.19)

sp(B,0,)A-B
Thus, if « equals to 1, the element M does not influence the solubility product of B,0.,.
When « < 1, adding M to the alloy reduces the solubility product of B,0,, i.e. enhances
precipitation of B, O, in the alloy. When « > 1, the addition of M increases the solubility
product of B,0,, i.e. suppresses the precipitation of B,0,.

3.3 Estimation of interaction parameters
. . i . . . . . .
The interaction parameters &; (1# ) for any alloy are estimated using a quasi-chemical

description of alloys coupled with the macroscopic atom model [12]. Consider a binary
regular solution A-B as an example, the enthalpy of mixing equals [15]:
AH,, =L, ;N;(1-Ny) (3.20)

in which L,p is a constant, independent of temperature and alloy composition. According to
the quasi-chemical model [16] it holds that:

Ly,=N"Zw,, (3.21)
and
Uy, +u
Wy =Uyp —— 5 = (3.22)

where N is Avogadro’s number, Z is the coordination number of solvent A. u B> Unn and
uy, are the bond energy of the A-B, A-A and B-B atom pairs, respectively. The activity
coefficient of solute B at infinite dilution equals [17]:

L, N'Zow
Inyg =—AB—— —b 3.23
e = pr RT (3.23)

When an element M is added and form an A-B-M ternary regular solution, the activity
coefficient of B can be expressed as [17]:
L L

_ N N AM
RT M M RT
The constants Ly and Ly are, according to Eq. (3.20), related to the enthalpy of mixing

L
lnyB=NA(NA+NM)ﬁ+NM(NM+NA) (3.24)

for binary regular solution M-B and A-M, respectively. Note that the sum of N, Ng and Ny
equals one. In the regular solution model it is assumed that the bond energy of a certain

atom pair in a binary solution is the same as that in a ternary solution [17]. Neglecting the
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second-order terms in Eq. (3.24), the following relation is obtained (cf. Eqs (3.15) and
(3.24)) [17]:

gM _ LMB _LAB _LAM (3.25)

5 RT

To take configurational excess entropy into account, Eq. (3.25) should be modified. This
entropy arises from the non-random distribution of atoms due to the difference in the bond
energies between different atomic pairs. However, the vibrational excess entropy and also
any magnetic contribution to the Gibbs free energy of solution is not considered here. Lupis
and Elliott (L&E) [18] proposed for a multi-element system that the first-order interaction
parameter in the Wagner formalism can be expressed as:

g = Z{l - exp(W)} (3.26)

where @ is related to the bond energies of appropriate atomic pairs (cf. Eq. (3.22)), and £ is
the Boltzmann constant. The coordination number Z is taken as 12 and 8 for solid FCC and
BCC crystal lattice, respectively, and 10 for liquid [18]. Thus, for A-B-M ternary solution
&Y' equals (cf. Eq. (3.21)):

B

L.+L, —L
eM=Z7|1-ex (Mj 3.27
B p RTZ ( )

Both Egs (3.25) and (3.27) holds for substitutional solutions. But if the solute element B
occupies interstitial sites, Wagner [19] proposed that the activity coefficient of solute

element B in the A-B-M ternary alloy, y,, can be predicted according to:
-z
7= L;iv)M ’ (7}‘;&)” } (3:29)
where j/g(A) and yg(M) denote the activity coefficient of solute B in A-B and M-B binary
solutions, respectively, at infinite dilution. Here, Z is the coordination number of the
interstitial B atom. When the solute B is at octahedral interstitial sites, Z equals 6. From Eq.
(3.28), the interaction parameter &) is obtained:

Olny
%=y

0
_ Z{l —(@)”Z} (3.29)
M vy=o BOV)

Substituting yy,, and yg,,, respectively with exp(L,,/RT) and exp(Ly,/RT) (cf. Eq.
(3.23)) it follows that:
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= Z[l exp(AB'T;M’?')} (3.30)

Comparing Eq. (3.30) with Eq. (3.27), the difference is the Lay term. This is because the
dissolution of B in the interstitial sites of A-M alloy does not break the bonds between the
substitutional A and M atoms.

It can be conceived that L,g, Lav and Lyg are equivalent to the molar solution enthalpies of

Bin A, M in A and B in M, since it holds for a solute i in an infinite solvent j:

d(AH .
(Af,,)| _ L, (3.31)
dN.

i N;=0

i

Aﬁiinj =

Thus:
L, =AHgina
Ly = AHnina (3.32)
Ly =AHgpinw

The solution enthalpies are given by [20]:

——chemical ——elastic ——=structural

AHBmA —AHBmA +AHBmA +AHBmA

——chemical ——elastic ——structural

AHMmA—AHMmA +AHMmA +AHMmA (333)

——chemical —elastic —structural

AHBmM —AHBmM +AHBmM +AHBmM

ioal

—=structural

where AH i;nj , AH lm J and AHiij are the chemical, elastic and structural
contributions, respectively. The chemical contribution to the solution enthalpy of i in j for
an amorphous solution can be estimated with the macroscopic atom model [12]. In this
study the chemical contribution to the solution enthalpy of i in j for an amorphous solution
is considered to be the same as that for a solid solution, and thus the structural contribution
does not play a role. The elastic contribution to the solution enthalpy of i in j is not taken
into account.

3.4 Results and discussion

Since the thermodynamic data for dissolution of nitrogen and carbon in iron alloys are well
established, our approach for calculation of the interaction parameters is first tested for
nitrogen and carbon in iron alloys.
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Figure 3.1: Comparison between measured [21] and calculated interaction parameter of alloying

element M for nitrogen (EI'\‘,4 ) in liquid Fe at 1600 °C. The interaction parameter was calculated with

the macroscopic atom model in conjunction the Wagner model.

The interaction parameters for alloying elements M on the dissolution of nitrogen (&Y ) in

liquid iron alloys at 1600 °C calculated with the macroscopic atom model in conjunction

with the Wagner or L&E model are compared with the experimental data summarized in

ref. [21]; see Figures 3.1 and 3.2. The predicted sign of the interaction parameter ¢} with

the Wagner model, i.e. the increase or decrease in nitrogen chemical potential due to

addition of element M, is the same as the experimental observation except for Al and Cu.
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The absolute values of the interaction parameters ¢\ predicted with the Wagner model for

liquid iron alloys is in general in better agreement with the experimental results than those
calculated with the L&E model. The absolute values of the interaction parameters & and
&\ predicted with the L&E model is almost an order of magnitude lower than the
experimental results. Apparently, dissolution of nitrogen does not significantly influence
the bonding between iron and solute Ti and Zr. For other elements, the difference between

the &) predicted with Wagner and L&E model is relatively small. The agreement between

the predicted and measured interaction parameters & suggests that the solution enthalpies

of nitrogen in liquid metals calculated with the macroscopic atom model are reliable.

The Fe-N-M (M = Ti, Nb, V, Cr, Mo, Mn, W, Ni, Co) ternary solid solutions with FCC
crystal lattice has been well assessed in the currently available thermodynamic databases

(Fstel [22] and TCFE7 [9]). The interaction parameters &Y in solid Fe alloys were

estimated with thermodynamic tools in the following manner. The concentration of
nitrogen dissolved in Fe and Fe-M binary alloys in equilibrium with a Ar + N, gas mixture
was computed with the thermodynamic tools [9, 10]. Figure 3.3 shows the computed
concentration of nitrogen in Fe and selected Fe + 5 at.% M alloys with FCC crystal lattice

at 950 °C as a function of the square root of the nitrogen partial pressure ( py, ) in the

ambient. The molar fraction of the solute nitrogen increases linearly with |/p, , indicating

that the dissolution of N, in Fe and Fe alloys obeys Sieverts law [13], namely:
Ny =K(py)"” (3.34)

, Where Ky is the Sieverts constant. This constant for dissolution of nitrogen gas in Fe and
Fe-M alloys were obtained from the slope of the curves in Figure 3.3. When nitrogen gas at
atmospheric pressure is chosen as the standard state for the nitrogen dissolved in Fe and Fe
alloys, the reciprocal of the Sieverts constant equals the activity coefficient of solute
nitrogen [19], namely:

1

=— 3.35
N X, (3.35)

Then, the values of the interaction parameters &\ for different alloying elements were

obtained according to Eq. (3.18). It can be seen from Figure 3 that adding Ti, Nb, Ta, V, Cr,
Mo, Mn or W promotes, while adding Ni, Co, Al or Si suppresses the dissolution of

nitrogen in iron.

36



Chapter 3

3 S R .
zr ju Ta~=B ™
Vi
-50+ Nb |
_ ;
2 100 |
3 :
3 I
2 :
S -150 ~ 3
-200 |
250- i
-250 -200  -150 -100 -50 0
Experiment
101 S ¥ Bl
! ||
: As®
4 H Si
5 P‘I i Ni '
c 1
-2 : CoISb
8 O W ARl R
8 " n E Sn
9 o ,
S 5 'l u QU
r\4n '
-10 i
-10 -5 0 5 10
Experiment

Figure 3.2: Comparison between measured [21] and calculated interaction parameter of alloying
element M for nitrogen (‘&‘I'\‘,4 ) in liquid Fe at 1600 °C. The interaction parameter was calculated with

the macroscopic atom model in conjunction the L&E model.

The values of the interaction parameters &) for solid Fe alloys obtained with the

macroscopic atom model in conjunction with the L&E model are in fair agreement with
those computed with thermodynamic tools; see Figure 3.4. Compared with the values of the
interaction parameters for Ti, Nb and Ta on the dissolution of nitrogen computed with the
thermodynamic tools, the Wagner model overestimates these values by an order of
magnitude. Apparently, dissolution of nitrogen gas into solid Fe-M (M = Ti, Nb and Ta)
alloys significantly influences the bonding between Fe and solute M. However, the
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differences between the values of the interaction parameters for Ni, Co, Mn, Mo and Cr on

the dissolution of nitrogen, estimated with the Wagner and L&E model are relatively small;

see Figures 3.4 and 3.5.
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Figure 3.3: Calculated equilibrium concentration of solute nitrogen in iron alloys with 5 at.% alloying

element M with FCC crystal lattice at 950 °C as a function of the nitrogen partial pressure ( py, in

atm.). Dissolution of nitrogen in the iron alloys follows the Sieverts law.
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Figure 3.4: Comparison between the interaction parameter of alloying element M for nitrogen ( &y )

in solid Fe alloys with FCC crystal lattice at 950 °C computed with thermodynamic tools and

predicted with the macroscopic atom model adopting the Lupis and Elliot model.
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in solid Fe alloys with FCC crystal lattice at 950 °C computed with thermodynamic tools and
predicted with the macroscopic atom model adopting the Wagner model. Data for Nb and Ti are not
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Figure 3.6: Comparison between the measured [21, 23] and calculated interaction parameter of
alloying element M for carbon (&) in liquid Fe alloys at 1600 °C. The interaction parameter was

calculated with the macroscopic atom model adopting the Wagner model.

The interaction parameters of elements M pertaining to carbon (&) in liquid iron alloys at

1600 °C were calculated with the macroscopic atom model in conjunction with the Wagner
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or L&E model, and compared with the experimental data summarized in refs [21, 23].
These interaction parameters predicted with our approach are in agreement with
experimental results; see Figure 3.6. Similar as for nitrogen, the estimated interaction
parameters for carbon with the Wagner model are generally in better agreement with

experimental data than the L&E model for liquid Fe alloys; see Figures 3.6 and 3.7.
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Figure 3.7: Comparison between the measured [21, 23] and calculated interaction parameter of
alloying element M for carbon (&Y ) in liquid Fe alloys at 1600 °C. The interaction parameter was

calculated with the macroscopic atom model adopting the Lupis and Elliot model.

For solid Fe-C-M alloys, however, the L&E model provides a better estimation for the
interaction parameters of elements M pertaining to carbon (&} ) than the Wagner model;

see Figure 3.8 and 3.9. These interaction parameters were estimated using thermodynamic
tools in the similar manner as for nitrogen. The activity of carbon was first calculated as a
function of carbon concentration (up to 0.5 at.%) in Fe-C binary and Fe-C-M ternary alloys
with FCC or BCC crystal lattice. The concentration of element M in the alloy was fixed at 5
at.%. Then, according to Eq. (3.18), the values of the interaction parameters were obtained
by comparing the activity coefficient of carbon in Fe-C and Fe-C-M alloys. These predicted
values with the macroscopic atom model in conjunction with the L&E model are in good
agreement with the results obtained using the thermodynamic tool for solid Fe alloys; see
Figure 3.8. Similar as for the Fe-N-M solid solutions, the prediction with the Wagner model
overestimates the interaction parameters for Ti, Zr, V and Nb, while for Co, Ni, Cr, Mn, W
and Mo the difference in the prediction between the Wagner and L&E model is relatively

small; see Figures 3.8 and 3.9.
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Figure 3.8: Comparison between the interaction parameter of alloying element M for carbon (é‘g] ) in

solid Fe alloys at 950 °C computed with thermodynamic tools and predicted with the macroscopic
atom model adopting the Lupis and Elliot model. The interaction parameters of Ti, Zr, V, Al and Nb
were computed for ferrite and the interaction parameters of other elements were computed for
austenite.

For both solid Fe-N-M and Fe-C-M alloys, the predicted interaction parameters using the
L&E model are in better agreement with the computed results from thermodynamic tools
than using the Wagner model. This suggests that both nitrogen and carbon can be
considered simply as substitutional solid solute for estimating the interaction parameters.
The reasonable to good agreement between the prediction based on the macroscopic atom
model and the computation with thermodynamic tools also suggests that the solution
enthalpies of nitrogen and carbon in liquid metals can be regarded equivalent to that for
solid metals.

Since oxygen, nitrogen and carbon have similar atomic radii (60, 65, 70 pm, respectively
[24]) and also similar diffusivities in iron alloys [25, 26], it is anticipated that the behaviour
of oxygen dissolution in iron alloys is similar as that for nitrogen and carbon. For both
liquid and solid Fe-N-M and Fe-C-M alloys, it is demonstrated that the interaction
parameters for element M pertaining to nitrogen and carbon, respectively, estimated with
our approach are in reasonable to good agreement with the experimental or the computed
results. This suggests that also the interaction parameters for element M pertaining to
oxygen can be estimated well with the approach outlined here. Thus, the effect of alloying

elements M on the activity coefficient of dissolved oxygen, i.e. &) , can be determined.
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Figure 3.9: Comparison between the interaction parameter of alloying element M for carbon ( &' ) in

solid Fe alloys at 950 °C computed with thermodynamic tools and predicted with the macroscopic
atom model adopting the Wagner model. The interaction parameters of Ti, Zr, V, Al and Nb were
computed for ferrite and the interaction parameters of other elements were computed for austenite.
Data for Zr (-15.7, -214.8), Nb (-10.8, -59.7) and Ti (-19.2, -94.6) are not shown in this figure.

Figure 3.10 shows the predicted interaction parameters of common alloying elements for
oxygen in solid Fe alloys with a FCC crystal lattice at 950 °C. These interaction parameters
were calculated with the macroscopic atom model adopting the L&E model. The results
show that adding Ti, V, Nb, Ta, Cr, Mo, W, Cu or Mn to steel alloys decreases the activity
coefficient of solute oxygen, i.e. promotes the dissolution of oxygen. On the other hand,
Co, Si or Ni in steel alloys decreases the solubility of oxygen by increasing the activity
coefficient of solute oxygen. Ti, Nb and Ta exert a much larger effect on the activity
coefficient of oxygen solute in steel alloys than Cr, W, Mo and Mn.

Yet, the effect of non-ideal behaviour of solution on the solubility product of oxides in
steels can be evaluated. As an example, the effect of alloying element M in iron on the
precipitation behaviour of Al,Os is presented. The change of the solubility product of Al,O;
in iron due to the addition of an alloying element M is given in terms of the parameter « as
defined by Eq. (3.19). In Figure 3.11, the values of the parameter « for precipitation of
Al O3 in Fe-Al-M alloys with FCC crystal lattice are shown taking the concentration of M
equal to 5 at.%. It can be seen that adding Ti, V, Nb, Ta, Mo or Mn to a steel alloy
increases the solubility product of AL,Os and thus suppresses the precipitation of Al,Os.
Whereas addition of Si or Co to iron enhances the formation of Al,O; precipitates in steel
alloys by decreasing the solubility product of Al,0;. However, the effect of Ni, W, Cu and
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Cr in iron on the solubility product of Al,O; is relatively small and can be ignored. The
same trend is also predicted for iron alloys with BCC crystal lattice, since according to the
approach outlined here the effect of crystal structure of alloy matrix on the interaction
parameters only depends on the coordination number Z.

Si

Fe alloys

Co Ni

-20-
-40-

-60

Interaction parameter

-804

Ti

Figure 3.10: Predicted values of the interaction parameter of alloying element M for oxygen ( &5 ) in

solid Fe-M alloys with FCC crystal lattice at 950 °C calculated with the macroscopic atom model in
conjunction with the Lupis and Elliot model.

Log(a)

Si

Figure 3.11: Parameter o describing the non-ideal precipitation behaviour regarding the solubility
product of Al,O; in Fe-Al-M alloys with FCC crystal lattice at 950 °C; see Eq. (3.19) and text for
details. The concentration of alloying element M was taken equal to 5 at.%.

3.5 Conclusions
The change in the solubility product of B,O, due to the non-ideal behaviour of solution is

determined by the interaction parameters pertaining to B and O as defined according to the
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Wagner formalism. The interaction parameters pertaining to nitrogen and carbon for iron

alloys can be predicted well with the macroscopic atom model in conjunction with the

Wagner or Lupis and Elliot (L&E) model. For liquid iron alloys, the predicted interaction

parameters with the Wagner model is in better agreement with experimental results than the

L&E model. However, for solid iron alloys, the L&E model provides a more accurate

estimation of the interaction parameters. It is shown that adding Ti, V, Nb, Ta, Mo and Mn

increases while adding Si and Co decreases the solubility product of Al,O; in steel alloys,

irrespective of its crystal lattice (i.e. FCC or BCC). Similar prediction can be made for

other oxide precipitates as well.
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Chapter 4

Effect of solid solute interaction on the internal
precipitation kinetics during nitridation or
oxidation of alloys

Abstract

A general multi-element and multi-phase coupled thermodynamic and kinetic model has
been developed for internal precipitation process due to inward diffusion of a foreign
element. The model can take into account the non-ideal behaviour of solid solutions. The
behaviour of internal nitridation and oxidation in Fe and Ni based alloys is used as an
example to study the effect of thermodynamic solute interaction on the internal
precipitation process. It is shown that for oxidation and nitridation of binary alloys with a
small solubility product of the precipitates, the effect of non-ideal behaviour of solution can
be practically ignored. However, for large solubility product of the precipitates, the
thermodynamic interaction between nitrogen or oxygen and the alloying element may
change the kinetics of internal precipitation and influence the concentration depth profile of
dissolved nitrogen or oxygen. In case of ternary alloys, the non-reacting alloying element
can significantly affect the kinetics of internal precipitation by changing the solubility of
the foreign element in the alloy.

Keywords
Diffusion, Internal precipitation, Solubility product, Modelling, Solute interaction
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4.1 Introduction

Wagner’s classical theory of internal oxidation [1-3] is a well-known benchmark for
estimating the kinetics of internal oxidation quantitatively as well as the concentration
depth profiles of internal oxide precipitates, dissolved alloying elements and dissolved
oxygen. This internal oxidation theory has also been applied to explain the kinetics of
internal nitriding of alloys; see e.g. ref [4]. In principle, this model can be generalized to
describe the behaviour of internal precipitation of MX, in any alloys by inward diffusion of
a foreign element X. In practice, this occurs for example when boriding, carburizing,
oxidizing, nitriding or aluminizing an alloy; see e.g. refs [5-7].

A crucial assumption in the Wagner’s classical theory is that the solubility product (Ksp) of
internal precipitates equals zero. The consequence of this condition is: (i) there is a sharp
internal precipitation front; (ii) the concentration of the precipitating alloying element
within the internal precipitation zone (IPZ) and the concentration of dissolved solute X
beyond IPZ are zero; (iii) the process of MX, precipitation occurs only at the internal
precipitation front; (iv) the concentration of oxide precipitates in IPZ is constant and thus
does not change with depth. However, in reality every precipitate exhibits a finite solubility
product, even very stable precipitates. Hence, deviation of the actual internal precipitation
behaviour of an alloy from that predicted with the Wagner’s classical theory increases with
the value of the solubility product of the precipitate [8, 9]. To account for the effect of the
solubility product on the internal oxide precipitation, a numerical finite-difference model
has been developed based on Fick’s 2™ law [10]. Such a model has been used for
simulating internal oxidation of Ni-Al alloys [11] and Fe-Mn steels [10, 12] which showed
good agreement with experimental observations. A similar model that considers a finite
solubility product of nitrides has been devised to simulate the nitriding behaviour of Ni
based alloys [13] and steels [4, 14, 15].

Also, in Wagner’s classical internal oxidation theory [1-3] as well as in the numerical
model for oxidation [10-12] and nitriding [4, 13, 15], the diffusion coefficients are taken
constant, i.e. independent of alloy composition. Further, the solubility product of oxide
precipitate and the Sievert’s constant [3] for oxygen and nitrogen dissolution in alloy are
always considered as a function of temperature only. These assumptions are only valid for
ideal solid solutions and solutions that strictly obey Henry’s law (i.e. activity of a
component increases linearly with its concentration). In real solid solutions, however, the
interaction between solute elements can affect the diffusion coefficients [16], the solubility

product [17] and the Sievert’s constant [17], depending on the alloy composition. This non-
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ideal behaviour of solution has been taken into account only in a few studies on oxidation
and nitridation [14, 18, 19].

To include the non-ideal behaviour, a coupled thermodynamic-kinetic model based on
Fick’s 1% law is presented to describe internal precipitation of alloys due to inward
diffusion of a foreign element X. The model computes the concentration depth profiles of
internal precipitates MX, as well as the dissolved X and alloying elements in the alloy
matrix as a function of time. Since the depletion of alloying elements in the alloy matrix
due to internal precipitation may cause phase transformation of the alloy matrix (e.g.
austenite-ferrite transition in iron alloys), the model can also predict the evolution of phase
fractions in the alloy matrix as a function of depth and time. Moreover, simultaneous
internal precipitation and formation of an external MX, scale [20] can be simulated with
this model. Also, variations of temperature and ambient activity of X during the course of
internal precipitation can be taken into account, which usually happens in practical

applications (see e.g. ref. [21]).

A two-step approach is followed for each time lap. In the first step, the change of the alloy
composition as a result of solute diffusion is calculated as a function of depth below the
alloy surface using a modified flux equation [20, 22-24]. In the second step, the type,
amount and composition of the precipitates as well as the phase fractions of the alloy matrix
at thermodynamic equilibrium are determined at each depth below the alloy surface.
Provided that thermodynamic and kinetic data are available for the case at hand, the model
can be applied to the internal precipitation of any type of single or multi phase and multi
component alloy systems, as long as the kinetics is diffusion controlled. Although, in this
study, the primary interest is in simulating the effect of solute interaction on isothermal
internal oxidation and nitridation behaviour of Fe and Ni based alloys, the model is
generally applicable to other systems.

4.2 Coupled thermodynamic-kinetic model

The coupled thermodynamic-kinetic model is presented for internal precipitation due to
inward diffusion of a foreign element X in an alloy composed of elements A, B, C etc. This
model is inspired by previous work on external oxidation [20]. Figure 4.1 displays the
schematics of the coupled thermodynamic-kinetic model for internal precipitation. Consider
that only one of the alloying elements will form a precipitate (e.g. BX,), which is
determined by the stability of BX, in the alloy and the activity of X in the ambient. Yet, it

is assumed that no external BX, scale is formed and thus all BX, forms internally. The
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lateral variation in the alloy composition is assumed to be small, and thus the diffusion
process only occurs in the direction perpendicular to the alloy surface. Due to the symmetry
along the middle plane of the alloy, only the internal precipitation behaviour of half of the
alloy is modelled. Hence, one half of the alloy is divided into a series of slices of original
width Az"°, where i is the slice number. The first slice of the alloy is regarded in contact
with the ambient while the last slice is at the middle of the alloy. A node point is placed at
the middle of each slice. The position of each slice at time zero, z"°, is defined as the
distance between the node point and alloy surface. At the beginning of internal precipitation
process, the average mole fraction of each alloy constituent £ (including the dissolved

foreign element X) in each slice i is denoted as N;°. The amount of each constituent in
each slice is denoted as n;”, in moles per unit area, which equals to:

i0
i _ Ny
n, =
%

m

Az (4.1)

where V is the molar volume of the alloy, and is taken constant during the whole internal

precipitation process, irrespective of the composition or the type of phases of the alloy
matrix. When the matrix of alloy contains multiple phases, for each slice i the relation
between the average alloy composition and the composition of each phase is given by:
D
N}’ = z.f""‘”oN};"’”O (4.2)
p=1

where f"%° is the phase fraction and N#° is the mole fraction of constituent & in phase
¢ at time zero. @ is the total number of phases of the alloy matrix excluding the

precipitates.

During inward diffusion, the time increment Af is taken small enough such that the
numerical calculation remains stable [25]. At each time increment, the two-step calculation
procedure is executed; see Figures 4.1 and 4.2. In the first step, the change in the
composition of each slice due to the diffusion process in the alloy is calculated. For
example, take the slice i and the two adjacent slices i-1 and i+1 (slice i is not the first nor
the last slice in the alloy); see Figure 4.2. Adopting the modified flux equations [20, 23],

from time ¢ to time ¢+ At, the flux of constituent & from slice i-1 to i equals:

) ) Mi,lNi,lMifl,lNifl,t it _ i1t
J;Zl/l’t=—£{\/ VML N g sin | 4t (43)

v, M = 2RT

and the flux from slice i to i+1 is:
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» MH]’tNiﬂ’tMi’tNi‘t i+1,t _ it
gl _RT \/ K 1 lk "k | 2sinh| Hy (4.4)
vV AR 2RT

m

Here, R is the gas constant, T is temperature in Kelvin, M’ and ' are the effective
mobility and the chemical potential, respectively, of constituent & in slice i at time 7. The

effective mobility M;* can be calculated from the mobilities in the individual phases,

M %", through the following relation [20, 24]:
[0
M/it — Zf-i,¢,tMli,¢,r (45)
¢=1
The mobilities as used in Eqgs (4.3) to (4.5) are related to the tracer diffusion coefficient of

constituent & in phase ¢ in the following equation [26]:

¢
M! = D
RT

Both the chemical potential and the mobility of each constituent £ in any slice i are a

(4.6)

function of the alloy composition of that specific slice. Note that the effect of solute

interaction on the diffusion of any alloy constituents is actually governed by the
dependence of M, and g, on the local alloy compositions. Once the alloy composition in

each slice is calculated, the values of chemical potentials and mobilities of all the alloy
constituents in the slice can be obtained from thermodynamic computation tools (e.g. ref.
[27]) coupled with thermodynamic and mobility databases (e.g. ref. [28]). Then, the solute
interaction on diffusion is taken into account when using these tools to obtain the values of

M, and g, . One of the advantages of using the modified flux equations described with

Egs (4.3) and (4.4) instead of the regular diffusion equation (Fick’s first law) is that the
contribution of the alloy constituents’ mobility to the mass transport is clearly distinguished
from the thermodynamic driving force (i.e. chemical potential gradient). Hence, the effect
of mobility solute interaction and the effect of the thermodynamic solute interaction on
mass transport can be studied separately. Another advantage of the modified flux equation
is that it allows to describe the mass transport between two adjacent slices even if a
discontinuous jump in alloy composition between two adjacent slices arises, because of
different fractions of phases of alloy matrix [20]. The temporary amount of constituent & in

ii+At

slice i after time increment Az (denoted with a prime, i.e. (#,”"")") changes as a result of
the mass transport between the two adjacent slices (see Figure 4.2), which equals to:

(™Y =ny + AT =g 4.7)
The temporary concentration (mole fraction) of each alloy constituent k in slice 7 at the new
time ¢+ At after diffusion is defined as:
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(Ni,t+At )v l H—At )'

k ( tt+At)l (4'8)
tot

where (n./"*)" is the total amount of all the alloy constituents (including the dissolved

foreign element X) in slice i, which is given by:

1102+At 2( i t+At (49)

Foreign element flux
e

alloying element flux
R r— Initial average
composition

|

Diffusionin alloy
between slices

|

Precipitation
and
phase transformation
in each slice

Internal  ~ " gylk alloy New average
precipitation composition
zone

Figure 4.1: Schematics of the coupled thermodynamic-kinetic model for internal precipitation due to
inward diffusion of a foreign element and the flow chart of the model’s operation.
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Figure 4.2: Schematic illustration of the calculations on the composition of slice i after time increment
At.
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After the diffusion process, the alloy matrix with the new composition at time 7+ A¢ may
not be in thermodynamic equilibrium. Hence, precipitation of BX, and phase
transformation of alloy matrix may occur. Therefore, in the second step, a thermodynamic
computation is performed for each slice to obtain the final alloy compositions N;, phase

i
prec

fractions "¢, phase compositions N[? and the total amount of precipitates 7, at time

t+ At, provided that the local thermodynamic equilibrium is established [29]; see Figure
4.2. Thus, each slice is considered as an entity, which is independent of other slices for
precipitation and possible phase transformation of alloy matrix. This happens fast compared
to the mass transport in the alloy. In this scheme, contributions of precipitate-matrix
interface and phase boundary energies as well as the strain energies associated with volume

changes upon precipitation are all discarded.

Three types of boundary conditions can be applied to the first slice (i = 1). The first type of
boundary condition pertains to thermodynamic equilibrium between the alloy surface (i.e.
first slice) and the element X in the ambient maintained during the entire diffusion process,
namely the activity of X in the first slice of the alloy is determined by the composition of
the ambient. For example, in case that the element X in the ambient is in the form of X,,
gas, the molar fraction of solute X at the first slice of the alloy is determined by the partial
pressure of X,, ( pX, ) in the annealing atmosphere, independent of the diffusion process,
namely:

N7 =K (pX,)"™ (4.10)
where K, is the Sievert’s constant for X,, dissolution in the alloy. The second type of
boundary condition for the first slice is that the flux of X from ambient into the alloy is a

predefined function of time and temperature, i.e. J' = f(¢,T). Then, the concentration of
X in the first slice (surface) is determined by J)' and Jy*. This type of boundary

condition can be applied, for example, to plasma nitriding [15] or gas-phase nitriding [30]
processes in which the nitrogen dissolved at steel surface is not in thermodynamic
equilibrium with the ambient. The third type of boundary condition applies to the case that
an external MX, (M = A, B, C, etc.) scale is formed and fully covers the alloy surface.
Then, the boundary condition can be set as that the flux of M out of the first slice is a

predefined function of time and temperature, i.e. Jy' = g(¢,T), and the concentration of M

at the first slice is obtained from J3' and J};’. The concentration of X in the first slice can

be obtained from the concentration of M in the first slice through the law of mass action

[3], considering that thermodynamic equilibrium is established at the scale-alloy interface.
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For the last slice (i = L), it holds that the flux of alloy constituents out of the last slice

towards the interior of alloy is always zero (J}"**' =0). An alternative boundary condition

for the last slice can be formulated when the “diffusion affected zone” in the alloy is small

compared to the sample thickness. Then, it holds that the alloy composition is fixed at the

last slice as the bulk composition during the entire internal precipitation process, namely:
NP = NP 4.11)

where L is the total number of slices.

Due to solute element diffusion and precipitates formation the volume of a slice may
change. To account for this volume change, the width of each slice at time ¢+ Af is

calculated as follows:

AZ[,H—A; =V ni,t+At +V nquAf (412)

m""tot prec" prec

where V/_ is the molar volume of precipitates. Next, from the new width of each slice, the

prec

position of each slice at 7+ At i.e. ZHrA , is recalculated:
i1
Zi,1+Ar — %Azi’HAt + ZAZm,HAr (413)
m=1
The position, composition of the alloy matrix and the amount of precipitates at each slice
and at time ¢+ Ar are used as input for the calculations in the next time step. Such

calculation procedure is repeated until the target diffusion time is reached.

4.3  Solid solute interactions

The effect of solute interaction on diffusion of alloy constituents and on internal
precipitation is considered when the thermodynamic equilibrium in each slice is computed
with thermodynamic tools based on the Calphad formalism [31, 32]. The accuracy of the
simulation results then depends on the validity of the data in the thermodynamic and
mobility databases. However, for example, the ternary Fe-O-M, Ni-O-M and Ni-N-M
systems (where M represents an alloying element) with BCC or FCC crystal lattice have
not yet been well assessed in the currently available thermodynamic and mobility databases
[28, 33] due to the lack of experimental data for oxygen and nitrogen dissolution in binary
Fe and Ni based alloys. Besides, the thermodynamic data stored in the commercial
thermodynamic databases cannot be modified to study the influence of solute interaction on
the internal precipitation kinetics. In order to account for the composition dependence of

the chemical potential (4, ) of each alloy constituent during internal precipitation process

for dilute single-phase alloys, the Wagner formalism [34] is used in this study. The
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composition dependence of the mobility (M, ) of each alloy constituents is taken constant,

since data are lacking for oxygen and nitrogen.

In slice 7 at time ¢, the chemical potential of each alloy constituent £ is:

4! =w +RTInN;"+RT Iny,” (4.14)
where y;' is the activity coefficient in slice 7 at time # and ;) is the chemical potential of
constituent £ in its standard state. Consider a dilute single-phase ternary alloy A-B-C (A is
matrix, B and C are alloying elements), then according to the Wagner formalism, the
activity coefficient y;* for the alloying elements B and C and the dissolved foreign element
X can be expressed as a function of alloy composition as:

Inyy =Inyy +ex Ny +egNi' + e N
Iny =Iny)+el Ny + el Ni' + e N (4.15)
Inyl =Inyl+ XNy + &Ny + e N
in which y/ is the activity coefficient of element k£ when its concentration is close to zero,
and ¢, &5, &5, b, ¢ and g are the interaction parameters, where the element in the
superscript pertains to its interaction on the element in the subscript. By definition the
interaction parameter & is equal to &5, etc. The values of these interaction parameters
only depend on temperature, and can be estimated either from thermodynamic databases
[28, 33] using the Calphad approach [31, 32] or with a modified macroscopic atom model
[17]. Hence, for a non-ideal A-B-C-X solid solution, the solute interaction is specified by
the interaction parameters. Note that for an ideal solid solution all interaction parameters
are zero. Now, combining Eqs (4.14) and (4.15), the difference in the chemical potentials of
B, C and dissolved X between two adjacent slices 7 and i+1 at time # equals:
= g = RTTING —In N+ 85 (N = N+ GOV = N )+ 65N = NE)
H gt = RTINS ~InNE + X (N = N3 )+ B (N = Ni) +.65 (N2 = NEY] (4.16)
U = = RTTING I N+ 85 (NG = NE )+ 6D (NG = N )+ cC (N = NE)
Yet, the mass transport of each alloying constituent at each time step can be obtained from
Eq. (4.4) by substituting the ™ — ' with Eq. (4.16). Next, a temporary alloy
FaeA

composition at time 7+A¢ (i.e. (n,™™)' and (N;*)") for each slice before precipitation is

obtained from Eqs (4.7) and (4.8). Eq. (4.16) clearly shows that the transport of any alloy
constituent between two adjacent slices not only depends on the concentration gradient of
the constituent itself, but also depends on the concentration gradient of all the other alloying
elements.
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The criterion of precipitation in each slice can be determined from the solubility product of

the precipitate [3]. Consider that B is the only element that forms a compound BX,, the
solubility product of this compound (defined as K, = Ny(Ny)") in a non-ideal solution
equals [17]:

K, =K, xexp[ (egNy + e N+ &Y N ) —v(eX Ny + eg Ny + XN )J (4.17)
where K is the solubility product of BX, for an ideal solution. Thus, the solubility
product of BX, in a solid solution changes with depth and local alloy composition during

inward diffusion. After the mass transport at each time step, when the product of the

temporary mole fraction of B and dissolved foreign element X is larger than the value of

K namely:

sp 2
(Ng'+Al)'(N;(’[+A[)' 2K, (4.18)
in which K equals:
Klp _ KS; exp .:_gll;s(N}is,HAr ) " g}g (NéHAI ) " 5})3( (N;'(,HAI ) " VS))(( (N;'(,HAZ ) I V&')?(NEHAI ) I Vg)((? (N(ij,HAz ) v:| (4 1 9)

, precipitation commences in slice i. Thermodynamic equilibrium is established after

precipitation, and the final alloy composition of slice i obeys the following relation:
N};HA[N;(,HAI :K_?p CXp[ (EBN’ AL +EBNI AL +£XNI z+Az) V(EXN’ AL +EXNI AL +€XN' z+Az):| (4.20)
Since each slice is considered as a single entity, the following two equations are obeyed
because of conservation of mass:
(n) '+ gy = =" + vng;A’ 4.21)
and
( lt+At) +nBX _ngt+At +ng;z»At (422)
The final amount of dissolved oxygen, alloying element B and oxide precipitates in slice i
at time ¢+ At after the oxide precipitation can be calculated by solving Eqs (4.20) to (4.22).
Then, the corresponding mole fraction of X, alloying element B and C dissolved in the

alloy matrix after precipitation is calculated according to Eq. (4.8). Here, the mole fraction
of oxide precipitates in slice i is defined as:

(4.23)

In case that the element X in the ambient is of the form of X, gas, when the solid solution is
non-ideal, also the Sievert’s constant for dissolution of element X in the alloy matrix (cf.
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Eq. (4.10)) is composition dependent. Then, the mole fraction of dissolved X at alloy

surface, N3 (i.e. Ny”), obeys the following relation:
N0 = Ki(pX,)"" exp(—ex Ny™* — e Ny — ey N) (4.24)

where K¢ is the Sievert’s constant for an ideal alloy.

4.4 Results and Discussion
4.4.1 Internal oxidation
Solubility product
Mn, Cr, Al and Si are the typical alloying elements in advanced high strength steels [35].
The binary oxides of those alloying elements formed during oxidation are: MnO, Cr,0Os,
Al,O; and SiO,. These oxide precipitates are considered in the form of MO,, hence the Cr
and Al oxide are formulated as CrO, 5 and AlO, s, respectively. Since MnO, CrO; 5, AlO; s
and SiO, have different stoichiometry, comparison of the value of their solubility product
does not show the tendency of dissociation in an alloy matrix. Therefore, adopting the
concept from ref. [9], a solubility parameter « is used to indicate the stability of oxide
precipitate in an alloy matrix. This solubility parameter is defined as:

o OK’”S : (4.25)

NM (NO)

where ANy, is the bulk concentration of alloying elements and N is the surface

concentration of oxygen dissolved in alloy matrix in equilibrium with ambient gas. The
value of o lies between 0 to 1. The value of o for small solubility product oxides is close to
zero and increases with the solubility product of an oxide. Since the logarithm of solubility
product of an oxide is usually a linear function of reciprocal of absolute temperature, Eq.
(4.25) is rewritten as:

Ing=InK,,—InNy, —vIn N (4.26)

Considering annealing in a gas mixture of water vapour (H,O) and hydrogen (H,) with a
fixed composition, the temperature dependence of the surface concentration of oxygen

dissolved in alloy matrix N can be obtained from ref. [36]. The temperature dependence

of the solubility product of oxides in steels is given in the Appendix C. As can be seen that

the value of In(@) is a linear function of the reciprocal of absolute temperature at fixed N7,
and fixed ratio of partial pressure of water vapour and hydrogen ( pH,O/pH,) in the

annealing atmosphere. Figure 4.3 shows the temperature dependence of & for MnO, CrO s,
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AlO, 5 and SiO, precipitates in an ideal austenitic iron alloy. The tendency of dissociation

of MnO in an ideal austenitic iron alloy is higher than for CrO, 5, AlO; 5 and SiO,.

Internal oxidation of binary alloys

The numerical simulation based on the coupled thermodynamic-kinetic model can exactly
produce the results as predicted from the analytical solutions of the classical Wagner
internal oxidation theory [1-3] (see Appendix B). Since AlO, 5 is a stable oxide with a very
small solubility product in Fe alloys (see Figure 4.3), the internal oxidation of an ideal Fe —
1 at.% Al binary alloy having a austenite matrix at 950 °C under different ambient oxygen
partial pressures is used as an example to compare the numerical calculations with
analytical solutions. The numerically and analytically obtained concentration depth profiles

of internal AlO; s, dissolved Al and dissolved O are matching; see Figure 4.4.

The coupled thermodynamic-kinetic model can well describe the internal oxidation
behaviour of Fe-Mn steel alloys. As an example, the kinetics of internal oxidation of Fe —
1.7 at.% Mn steel alloy annealed at 950 °C in a gas mixture of Ar with 5 vol.% H, and dew
point of -10 °C (corresponding with an oxygen partial pressure of 1.0x10"® atm.) was
simulated based on the coupled thermodynamic-kinetic model and experimentally
determined. The Fe-Mn steel alloy is considered as an ideal solution in the simulation. The
adopted diffusion coefficient of oxygen and Mn in austenite are 3.5x107 [37] and 4.0x107'*
[12] cm?/s, respectively. The concentration of oxygen dissolved at steel surface is obtained
using the oxygen dissolution data reported in ref. [36]. An internal oxidation zone of MnO
is formed after annealing at a dew point of -10 °C, and the measured depth profile of
volume fraction of internal MnO is in agreement with the results of the simulation; see
Figure 4.5. The concentration of internal MnO slightly decreases with depth in the internal
oxidation zone and drops to zero relatively sharply at the internal oxidation front, indicating
that MnO can be considered as a precipitate in iron with a relatively small solubility
product [9] albeit non zero. The growth of internal oxidation zone in the Fe — 1.7 at.% Mn
steel alloy follows the parabolic rate law, which also agrees with the results of the
simulation; see Figure 4.6.

Effect of solute interaction on internal oxidation of binary alloys

Since the tendency of MnO dissociation in iron alloys is the lowest among those oxides of
interest (see Figure 4.3), Fe-Mn steel alloy having an austenitic matrix is used as an
example to study the effect of solute interaction on the oxidation behaviour. The interaction
parameter g} for a Fe based alloy is adopted from ref. [17]; see Table 4.1. The interaction

Mn

parameter &, estimated with thermodynamic computation [38] is about 0.1 at 950 °C,
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indicating that the Mn-Mn solute interaction in steel alloys can practically be ignored.

Assuming that the Fe-O sold solution follows Henrian behaviour, the interaction parameter
& equals zero. The simulated concentration depth profiles of MnO, solute Mn and oxygen

considering the Mn-O solute interaction are compared with that for an ideal Fe — 1.7 at.%
Mn steel alloy after annealing at 950 °C in a gas ambient with oxygen partial pressures of
1.0x10"® and 2.3x10™"7 atm. (corresponding with an Ar gas mixture with 5 vol.% H, and a
dew point of -10 and 10 °C, respectively). The solute interaction between Mn and O clearly
has a negligible influence on the internal oxidation behaviour of Fe-Mn steel alloys; see
Figure 4.7. The negligible influence of Mn-O solute interaction can be explained as
follows: (i) the solubility product of MnO is relatively small (2.4x10™" at 950 °C), and
increasing the solubility product of MnO by a factor of 1.6 in steel by alloying 1.7 at.% Mn
does not significantly influence the oxidation behaviour; (ii) the concentration of dissolved
Mn at surface is almost zero due to the small solubility product of MnO, hence the change
in N due to the un-oxidized Mn is negligible (cf. Eq. (4.24)), and the N is almost the

same as in an ideal solution; (iii) there is no concentration gradient of dissolved Mn in the
internal oxidation zone, which exerts negligible effect on the oxygen flux within the
internal oxidation zone (cf. e.g. Eq. (4.3)). Since the solubility parameter of CrO; s, AlO; 5
and SiO, are even smaller than that of MnO for steel alloys, it is expected that the solute
interaction between M (M = Si, Cr and Al) and dissolved oxygen has practically no
influence on the internal oxidation behaviour of these binary steel alloys.

107 \

Solubility parameter «

8.0x10™ 1.0x1073 1.2x1073
1T (1/K)

Figure 4.3: Temperature dependence of solubility parameter « (cf. Eq. (4.26)) for oxides in ideal Fe —
2 at. % M (M = Mn, Cr, Al and Si) binary alloys having an austenite matrix in H,O + H, gas ambient
with pH,0/pH, equal to 0.24.
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Figure 4.4: Predicted concentration depth profiles of AlO, 5 and dissolved Al in an ideal Fe — 1 at.%
Al alloy having an austenite matrix after oxidizing at 950 °C for 1 and 20 hours at ambient oxygen
partial pressures (pO,) of 2.3x1077 and 2.2x10%° atm., respectively. Calculated using classical
Wagner internal oxidation theory (analytical) and with coupled thermodynamic-kinetic model
(simulation).
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Figure 4.5: (a) SEM image (backscattered electrons) of a cross-section of a Fe - 1.7 at.% Mn steel,
and (b) simulated and measured (using image analysis) depth profiles of internal MnO in the steel
alloy, after annealing for 16 hours at 950 °C in a gas mixture of Ar with 5 vol.% H, and a dew point
of -10 °C (i.e. oxygen partial pressure of 1.0x10™'® atm.).
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Figure 4.6: Predicted and measured internal oxidation kinetics (in terms of depth of the internal
oxidation zone (IOZ) versus the square root of oxidation time) of Fe - 1.7 at.% Mn steel alloy
annealed at 950 °C in a gas mixture of Ar with 5 vol.% H, and a dew point of -10 °C (i.e. oxygen
partial pressure of 1.0x107'® atm.).

Table 4.1: Interaction parameters for Fe and Ni alloys.

Temperature (°C) Interaction coefficient (-) Ref.

£ in austenite 950 -20 [17]
£ in austenite 950 0.1 [38]
&y in ferrite 580 30 [38]
£ in ferrite 860 22 [38]
&1 in austenite 1050 25 [38]
&l in ferrite 580 -3 [38]
&y in ferrite 580 -36.2 [38]
&) in ferrite 580 -44.8 [38]
&yl in Ni 1125 24 [17]

&g in Ni 1000 29 [17]

&y in Ni 1000 =22 [17]

£y in Ni 1000 21 [17]

&y in Ni 1000 30 [17]

£ in Ni 1000 8 [17]
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Figure 4.7: Simulated concentration depth profiles of MnO, dissolved Mn and O after oxidizing a Fe
— 1.7 at.% Mn alloy at 950 °C for 4 hours in a gas mixture of Ar with 5 vol.% H, and a dew point of -
10 °C (i.e. oxygen partial pressure of 1.0x10'® atm.). Effect of Mn-O interaction is negligible, since

data for ideal and non-ideal behaviour overlap. The following interaction parameters were used in

simulation: &)" =-20, ey =0.1 and &5 =0.

4.4.2 Internal nitriding

Since the nitride precipitates in Fe and Ni alloys generally have a higher tendency of
dissociation in alloy matrix, the significance of the effect of thermodynamic solute
interaction on internal nitridation behaviour may be different from internal oxidation. The
nitrides of interest in this study have the same stoichiometry, and thus the solubility product
of those nitrides can be used to compare their tendency of dissociation in alloys. The
temperature dependence of the solubility product of common nitrides in iron and nickel is
given in the Appendix C and shown in Figure 4.8. To compare the tendency of dissociation
of these nitrides with oxides, the solubility product of MnO in austenitic iron as a function
of temperature is also shown in Figure 4.8. For all nitrides in iron and nickel, the solubility
product increases with temperature. In both iron and nickel, at certain temperature, the
nitrides have larger solubility product than that of MnO except for TiN. For each type of

nitride in iron, its solubility product for austenite is larger than that for ferrite.

Effect of solute interaction on internal nitridation of binary alloys
Since the focus here is on the effect of solute interaction between nitrogen and the nitrided

elements M (M = Cr, Ti, Al and V), the M-M solute interaction is not considered and thus

M

M

is taken equal to zero. The &) is also considered to be zero for concentrations of the

solute nitrogen below 1 at.%. First, the internal nitriding behaviour of binary Fe — M alloys
from 500 to 600 °C is analysed. The solubility product of CrN is much higher than that of
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VN, AIN and TiN; see Figure 4.8. The nitriding of Fe — 7.0 at.% Cr binary alloy is taken as
an example to simulate the effect of solute interaction under the nitriding conditions

reported in ref. [39]. The estimated interaction parameter & by thermodynamic

computation [38] at 580 °C in ferrite is about -30; see Table 4.1. However, there is
practically no influence of the Cr-N interaction on the nitriding kinetics or the concentration
depth profiles of CrN and dissolved nitrogen and Cr; see Figure 4.9. This negligible
influence of solute interaction can be explained similarly as for the oxidation of Fe — Mn
alloys; see above. As can be expected, the effect of solute interaction on nitriding behaviour
of Fe - V and Fe - Ti alloys for the same experimental conditions as mentioned in ref. [40]
is not significant according to the simulation results (not shown here), although the absolute

values for the interaction parameters ¢\ and & are larger than that of &' ; see Table 4.1.
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Figure 4.8: Temperature dependence of the solubility product (K,,) of common nitrides in (a) ferritic
and austenitic Fe alloys, and in (b) Ni based alloys, considering ideal solid solutions.
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Figure 4.9: Simulated depth profile of total nitrogen concentration (i.e. in nitride and in solid solution)
after nitriding a ferritic Fe — 7 at.% Cr binary alloy at 580 °C for 4 hours in NH; + H, gas mixture
with a nitriding potential pNH,/(pH,)”* equal to 0.11 atm™?. Effect of Cr-N interaction is
negligible, sice data for ideal and non-ideal behaviour overlap. The following interaction parameters

were adopted in simulation: &' =-30, e =-3.4 and & =0.
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Figure 4.10: Effect of Cr-N solute interaction on concentration depth profiles of (a) CrN, (b) solute Cr
and (c) solute nitrogen after nitriding a Ni - 15 at.% Cr binary alloy at 1125 °C for 1 hour in nitrogen

gas with a pressure of 900 atm. The following interaction parameters were adopted in simulation:

Cr _ Cr __ N _
ey =—24, ¢, =0 and & =0.
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In general, it can be stated that for binary alloys where the solubility product of the
precipitate is small, the thermodynamic solute interaction between the inward diffusing
element and the reactive alloying element does not change the kinetics of internal
precipitation. Hence, the analytical solution from the classical Wagner internal oxidation
theory can still estimate well the kinetics of internal precipitation due to the inward
diffusion of foreign elements. Then, a discrepancy between estimation with the classical

theory and experimental results, if any, is not caused by the non-ideal behaviour of solution.

On the contrary, the effect of solute interaction for binary alloys may not be ignored when
the solubility product of the precipitate is large. Then, the thermodynamic interaction
between the inward diffusing foreign element and the reactive alloying element may change
the kinetics of internal precipitation significantly. For example, when nitriding an alloy
with a large solubility product of the nitride precipitate at a low nitriding potential (i.e. low
Ny). At temperatures ranging from 1000 to 1100 °C, CrN, VN and NbN are regarded as

high solubility product nitrides in Ni based alloys; see Figure 4.8. In the case of a Ni - 15
at.% Cr alloy and considering that the solid solution behaves ideally, then after nitriding at
1125 °C and 900 atm. of pure nitrogen gas the predicted concentration of internal CrN
precipitates decreases with depth, while the concentration of solute Cr remaining in the
alloy matrix increases with depth within the internal nitridation zone as shown in Figure
4.10. These composition depth profiles are characteristic for an internal precipitation
process with large solubility product precipitates [9, 12]. The concentration of solute
nitrogen decreases with depth within the internal nitridation zone. But for a non-ideal Ni-

Cr-N solid solution, with the value of interaction parameter & equal to -24, the extent of

the internal nitridation zone is much larger than considering the solid solution as ideal; see
Figure 4.10. Moreover, the Cr-N solute interaction causes uphill diffusion of the solute
nitrogen in the internal nitridation zone, and the concentration of the solute nitrogen at
surface is twice of the value predicted for an ideal Ni-Cr alloy; see Figure 4.10. The effect
of Cr-N solute interaction on nitridation of Ni-Cr alloys can be explained as follows.

Adding Cr lowers the chemical potential of dissolved nitrogen (i.e. negative ") and hence

increases the nitrogen solubility in Ni (cf. Eq. (4.24)). Furthermore, the surface
concentration of solute Cr that remains in alloy matrix is about 4 at.%, and the
concentration of solute Cr within internal nitridation zone continuously increases with
depth. This is due to the large solubility product of CrN. Thus, when thermodynamic
equilibrium is established at the alloy surface, the inward flux of nitrogen is enhanced (cf.
Eqgs (4.4), (4.16) and (4.24)) and the internal nitridation is promoted. However, if the

absolute value of the interaction parameter &'

« 15 large enough, the difference between
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bulk and surface Cr concentration can lead to an increasing nitrogen concentration with
depth, although the chemical potential of nitrogen decreases always with depth. The
experimental observation of nitrogen uphill diffusion during nitridation of Ni-Cr alloys has
been reported in ref. [41]. Since the solubility product of VN and NbN are larger than that

of CrN for Ni alloys and the values of the interaction parameters ¢} and &\° are close to
that of £ (see Table 4.1), it is expected that the nitrogen uphill diffusion will also occur

during nitridation of Ni-V and Ni-Nb alloys.

Effect of solute interaction on internal nitridation of ternary alloys

For a ternary A-B-C alloy, the effect of a non-reacting element ‘C’ may significantly
influence the internal precipitation process of BX, by changing the solubility of the inward
diffusing element X in the alloy, i.e. the surface concentration of solute X in the alloy,
when thermodynamic equilibrium is established at alloy surface. Here, internal nitridation

of Ni-Ti-Cr and Fe-Al-Cr alloys are taken as examples.

Nitridation of Ni - Ti alloys takes place during annealing at 1000 °C and 1 atm. of nitrogen
gas forming TiN, while nitriding of Ni - Cr alloys does not occur at the same temperature
and nitrogen partial pressure; see Figure 4.8. Since the solubility product of TiN in Ni
alloys is small, the Ti-N interaction has practically no influence on the nitriding behaviour;
see above. However, when adding Cr to the Ni-Ti alloys the internal nitridation kinetics is
promoted. According to our prediction, the concentration of dissolved nitrogen at alloy
surface increases by a factor of 4 when alloyed with 5 at.% Cr (with the value for the

interaction parameter &' taken equal to -29), and the depth of internal nitridation zone

with TiN increases by a factor of two; see Figure 4.11. The higher concentration of solute
nitrogen at the surface provides a higher flux of this element into the bulk of the Ni-Ti-Cr
alloy, and hence increases the kinetics of internal nitridation. The concentration gradient of
TiN at internal nitridation front does not change with the addition of Cr, which indicates
that the increase of the solubility product of TiN by by a factor of 3 with 5 at.% Cr has
practically no influence on the nitridation behaviour. Although the Ti-Cr interaction is

considered in simulation (the value for the interaction parameter & taken equal to 8) as

well as the possible Cr transport due to depletion of Ti by nitriding, the simulation result
shows that the Cr concentration in the alloy matrix is almost constant throughout the alloy
after nitriding; see Figure 4.11. The effect of Cr enhancing the internal nitridation rate of a
Ni-Ti-Cr alloy was experimentally observed [42, 43].
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Figure 4.11: Effect of Cr content on the concentration depth profiles of (a) TiN, (b) solute Ti, (c)
solute nitrogen and (d) solute Cr after nitriding Ni - 2 at.% Ti — X at.% Cr (with X =0, 2, 5) alloys at
1000 °C for 1 hour in nitrogen gas at 1 atm. The interaction parameters were taken from Table 4.1,

.. Cr Ti _ Cro_ Cro_ Ti _ N _
ie: ey =-29, &/ =-30, & =8, &, =0, & =0 and &, =0.

The internal nitridation behaviour of Fe-Al-Cr alloys having a ferrite matrix between 800 to
900 °C has not been reported yet, and hence is analysed in this study. AIN can be
considered as a small solubility product precipitate in Fe alloys below 900 °C; see Figure

4.8. The estimated value of the interaction parameter &' in ferrite at 860 °C is about -22;

see Table 4.1. Hence, according to our simulation result (not shown here) adding Cr to Fe —
Al alloys enhances the internal nitridation kinetics by increasing the nitrogen concentration
dissolved at the alloy surface, as long as Cr is not nitrided. The predicted effect of Cr on
nitridation of Fe — Al alloys is similar as for the Ni — Ti alloys. The formation of internal
nitridation zone with AIN is experimentally observed in both Fe — 2 at.% Al and Fe — 2
at.% Al — 2 at.% Cr alloys after annealing at 860 °C for 1 hour in Ar + 30 vol.% N, gas
mixture; see Figure 4.12. The internal nitridation front is relatively sharp, indicating the
small solubility product of AIN in ferrite at 860 °C. However, the depth of internal
nitridation zone in the Fe — 2 at.% Al — 2 at.% Cr alloy is almost twice of that in the Fe — 2
at.% Al alloy for the same annealing condition; see Figure 4.12. According to electron
probe X-ray micro analysis (EPMA) [44], the solute Al in the alloy matrix is practically
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depleted by forming AIN while the Cr concentration remains the same as in the bulk alloy
within the internal nitridation zone; see Figure 4.13. According to the results computed with
the currently available mobility databases [27, 28], adding Cr does not change the mobility
of N in ferrite. Thus, if that is the case, the difference in the nitridation kinetics between the
two alloys is solely attributed to the thermodynamic solute interaction between nitrogen and
Cr. The observed increase of the internal nitridation rate due to Cr addition has also been
reported for austenitic Fe-Mn-Al based alloys annealed in nitrogen gas at temperatures
from 1000 to 1100 °C [45, 46].

.
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Figure 4.12: Internal nitridation zone (INZ) of (a) Fe — 2 at.% Al and (b) Fe — 2 at.% Al — 2 at.% Cr
alloy, having a ferrite matrix, after nitriding at 860 °C for 1 hour in Ar + 30 vol.% N, + 5 vol.% H,

gas mixture.

68



Chapter 4

40 80
Depth (micron)

10
Line 1 —gr
- —Al
=X
& 5l
c
kel
s
£ 4
Q
o
s
O 24
0_I T T T
0 40 80 120
Depth (micron)
10
. —N
Line 3 cr
~ 8 —Al
e
®
T
<]
s
£ 4
Q
2 N
5
O 24 ﬂn
O‘I
0

120

Concentration (at.%)

Concentration (at.%)

10
—N
Line 2 —c¢r
8 —Al
6_
4_
2_
o_ T T T T
0 40 80 120
Depth (micron)
10
. —— N-corr
Line 4 —¢r
8 —Al
6
4
o_ T T T T
0 40 80 120
Depth (micron)

Figure 4.13: Concentration depth profiles of nitrogen, Al and Cr measured with EPMA in Fe —2 at.%
Al — 2 at.% Cr alloy after nitriding at 860 °C for 1 hour in Ar + 30 vol.% N, + 5 vol.% H, gas
mixture. Only Al is nitrided and the concentration of solute Cr within the internal nitridation zone is

the same as in the bulk alloy.
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4.5 Conclusions

A coupled thermodynamic-kinetic model based on Fick’s 1% law has been developed which
allows simulation of the effect of non-ideal behaviour of solid solution on the internal
precipitation of alloys due to inward diffusion of a foreign element. For a binary alloy, the
effect of solute interaction depends solely on the solubility product of the precipitate. If the
solubility product of the precipitated phase is small, the effect of solute interaction on the
internal precipitation is negligible. This applies, for example, to internal oxidation of iron
alloys with Mn, Cr, Si and Al. However, the solute interaction cannot be ignored, if the
solubility product of the precipitates is large. Then, the large solubility product accounted
for non-ideal behaviour of the solid solution will affect the internal precipitation behaviour
of the alloy. This has been demonstrated for the interaction between nitrogen and the
nitrided element in Ni alloys, which enhances internal nitridation and results in uphill
diffusion of solute nitrogen in the internal nitridation zone. For a ternary alloy, the solute
interaction between a foreign element and the non-reacting alloying element can
significantly influence the internal precipitation kinetics due to the non-ideal behaviour of
the solubility of the foreign element in the alloy. This, for example, occurs when adding Cr
to Fe - Al and to Ni — Ti alloys.
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Chapter 5

Relation between oxygen activity gradient in the
internal oxidation zone of Mn alloyed steel and
the composition of oxide precipitates’

Abstract

An internal oxidation zone with (Mn;_,Fe,)O mixed oxide precipitates occurs after
annealing a Fe — 1.7 at.% Mn steel at 950 °C in a N, plus 5 vol.% H, 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 (Mn,.
»Fe,)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 (Mn_,,Fe,)O precipitates.

Keywords
Mn alloyed steel, Internal oxidation, (Mn;_,,Fe,)O mixed oxide, Composition depth profile,
Local thermodynamic equilibrium

! This chapter is based on:

W. Mao and W.G. Sloof, Relation between oxygen activity gradient in the internal oxidation zone of Mn alloyed
steel and the composition of oxide precipitates, Scripta Materialia, vol. 135, p. 29, 2017.
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5.1 Introduction

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 CO, emissions. To protect these steels against corrosion a zinc coating is
applied, usually by hot-dip galvanizing. However, during annealing of these steels prior to
galvanizing the Mn can be oxidized easily, which may impair the zinc coating adhesion [1].

Then, it is beneficial if the oxides are formed beneath 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 developed to simulate the internal
oxidation behaviour of Fe-Mn binary alloys [2, 3]. Extension of this model to simulate
internal oxidation of multi-element alloyed steels has also been reported [3, 4]. A vital
assumption 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 precipitates formed during internal oxidation

of Mn alloyed steel that local thermodynamic equilibrium indeed occurs.

FeO and MnO, which are known as Wiistite and manganosite respectively, have the same
rock salt crystal structure. Hence, FeO and MnO can form a continuous solid solution also
known as manganowiistite, henceforth denoted as (Mn,Fe,)O; see e.g. [6]. When
annealing steels alloyed with Mn, (Mn,_,,Fe,)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 (Mn;_,Fe,)O increases with dew point (i.e. oxygen
partial pressure) in the annealing atmosphere [7]. When these Mn steel alloys are oxidized
internally, (Mn;_,Fe,)O precipitates are formed in the internal oxidation zone (I0Z).
However, the composition of these precipitates depends on the local activity (i.e. chemical
potential) of dissolved oxygen. Upon internal oxidation a gradient of oxygen activity in the
10Z 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 (Mn,_,,Fe,)O decreases with
depth.

In this work, the concentration and activity depth profiles of dissolved oxygen are predicted
quantitatively for steels alloyed with Mn using a numerical internal-oxidation simulation
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tool [2]. Since the thermodynamic 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 (Mn,,Fe,)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 determined experimentally from their lattice parameter as obtained
from X-ray diffractometry (XRD).

5.2 Experiments

The steel alloyed with 1.7 at.% Mn was annealed for 1 hour at 950 °C in a N, + 5 vol.% H,
gas mixture at a dew point of 10 °C, corresponding with an oxygen partial pressure of
2.3x10"7 atm. This dew point was realized 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 fluctuation of the dew
point during annealing observed with a cooled mirror analyzer (Optidew, Michell
Instruments, UK), the uncertainty of the dew point in the annealing atmosphere is about 2
°C. The annealing process 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 temperature. The cooling
rate from the annealing temperature to about 400 °C is about 180 °C/min. Further details of
the experimental setup are described elsewhere [2]. Under these annealing conditions
internal oxidation of the 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 (Mn,_,,Fe,)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 um diamond grains using a soft cloth
(Lam Plan MM431, UK). After each polishing step the sample was thoroughly 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) having an accuracy of +10 pg.

After each polishing step, the lattice constant of the (Mn;_,Fe,)O precipitates in the alloy
matrix was determined from XRD measurements. XRD patterns were recorded with a
Bruker D8 Discover diffractometer in the grazing incidence geometry using Co Ka
radiation, in the 26 region between 37° and 57° with a step size of 0.01° 26 and a dwell

time of 30 s. The incidence angle of the X-ray beam was fixed at 3° with respect to the
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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 um [11] for 26 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 (Mn_,,Fe,)O was determined by
fitting a parabola to the top of the diffracted intensity peak after smoothing and stripping
Ke, contribution [12]. The peak positions were corrected for instrumental errors by
measuring reference SRM LaBg 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 (Mn,_,,Fe,)O precipitates were also

corrected for any residual stress, as determined by the so-called sin® y~method [11].

5.3 Results and discussion

The composition of (Mn;_,Fe,)O formed in a Fe-Mn binary alloy in thermodynamic
equilibrium with a gaseous oxidizing environment as a function of oxygen partial pressure
at 850, 950 and 1050 °C is presented in Figure 5.1(a). This diagram was calculated using
Factsage [9] by considering thermodynamic equilibrium between a Fe-Mn alloy, (Mn;.
»Fe)O and a gas mixture of Ar + O, at atmospheric pressure. First, the thermodynamic
data for the solid solution oxide (Mn,_,Fe,)O was taken from the FToxid database [8].
Then, a gas mixture of Ar and O, 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 oxygen partial pressure of MnO, Fe and Mn
form a solid solution. Above the dissociation oxygen partial pressure of MnO, (Mn;_,Fe,)O
mixed oxide is formed and the concentration of Fe dissolved in the (Mn;_,Fe,)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 (Mn;_,,Fe,)O is
constant. The dissociation oxygen partial pressure of both MnO and FeO increases with
temperature; see Figure 5.1(b). Between the dissociation oxygen partial pressures of MnO
and FeO, the concentration of Fe in the (Mn,,Fe)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 (Mn;,Fe,)O. Also, the Fe concentration in (Mn;_,Fe,)O is
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practically independent of the crystal lattice of the Fe-Mn alloy phase (i.e. ferrite or

austenite).
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Figure 5.1: (a) Computed Fe concentration in (Mn,_,Fe,)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.

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 gas mixture of N, plus 5 vol.% H, with a
dew point of 10 °C were calculated using a finite difference method considering the
precipitation of oxides [2]. At 950 °C the mole fraction of dissolved oxygen at steel surface
in equilibrium with the gas mixture of N, plus 5 vol.% H, with a dew point of 10 °C is
about 3.6x10 [7]. For the diffusion coefficient of oxygen a value of 3.5x107 cm?/s [14]
was adopted. As can be seen in Figure 5.2(a), the concentration of dissolved oxygen

decreases almost linearly with depth. The concentration of dissolved oxygen at internal
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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 10Z
increases with the Mn concentration in the base alloy under the same ambient oxygen

partial pressure.
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Figure 5.2: (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 hour in a N, + 5 vol.% H, gas
mixture with a 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.

Yet, the composition depth profile of (Mn,_,Fe,)O internal precipitates can be calculated
using the thermodynamic tool [9] considering local thermodynamic equilibrium with the
dissolved oxygen. To this end, the activity of dissolved oxygen is expressed in terms of the
oxygen partial pressure (pO, in atm.) using the Sievert’s law [15]:

N, Y
poz = [E\J (5.1
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where K is the Sievert’s constant, N, 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 I0Z of the annealed Mn alloyed steels is obtained; see Figure 5.2(b).
Next, the concentration of Fe dissolved in the (Mn,.,,Fe,)O precipitates as a function of
depth is determined from the composition diagram for (Mn,_,,Fe,)O; see Figure 5.1(a). It is
predicted that the concentration of Fe in the internal (Mn,_,Fe,)O precipitates decreases
continuously with depth until the Fe concentration in (Mn;_,Fe,)O becomes zero near
internal oxidation front; see Figure 5.3. The Fe concentration in the (Mn;_,Fe,)O at steel
surface is independent of bulk Mn concentration in steel; see Figure 5.3. However, the
concentration gradient of Fe in the (Mn;_,Fe,)O precipitates increases with the bulk Mn
concentration in the alloy, because the concentration gradient of dissolved oxygen increases
with the bulk Mn concentration.

0.3
——1.0at.% Mn
— 1.7 at.% Mn
——2.5at.% Mn
© 02
CDM
=y
e
=3
c 01
=
0.0
0 2 4 6 8 10

Depth (micron)
Figure 5.3: Predicted depth profiles of Fe concentration in internal (Mn,_,Fe,)O precipitates formed
after annealing the 1.0, 1.7 and 2.5 at.% Mn alloyed steels at 950 °C for 1 hour in a N, + 5 vol.% H,
gas mixture with a dew point of 10 °C; dashed lines indicate the internal oxidation front where the
concentration of oxide precipitate is almost zero.

The observed extent of the IOZ of the steel alloyed with 1.7 at.% Mn after annealing at 950
°C for 1 hour in N, plus 5 vol.% H, with a dew point of 10 °C is about 8.7 um; see Figure
5.4(a). The lattice constant derived from XRD measurements of the internal (Mn;_,Fe,)O
precipitates in the annealed steel alloyed with 1.7 at.% Mn increases with depth; see Table
5.1. The lattice constants of the o-Fe matrix at different depths (about 2.867 A) are close to
the reported values of the a-Fe lattice constant, i.e. 2.866 [16], 2.865 [17] and 2.868 A [18].
Thus the effect of any hydrostatic stress, if present, on (Mn,Fe,)O precipitates is

negligible. An in-plane residual stress in the (Mn,_,,Fe,)O precipitates and the a-Fe matrix
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of the annealed 1.7 at.% Mn alloyed steel was not observed. The deviation from
stoichiometry, A in Mn;_,O, is small and thus can be neglected. The equilibrium value of A
in Mn;_,O at 950 °C is below 0.001 below an oxygen partial pressure of 3x10"7 atm [19]
(which corresponds to a dew point of 12 °C in a gas mixture of N, with 5 vol.% H,). This
value of A in (Mn;_,Fe,);.,O increases with Fe concentration and oxygen partial pressure
[6]. However, below an oxygen partial pressure of 3x10™'7 atm. the equilibrium value of A
in Mn,_,Fe,);.aO computed with thermodynamic tool [8, 9] is below 0.0025 at 950 °C.
Hence, the influence of cation deficiency on the lattice constant of (Mn,_,,Fe,)O precipitates
is negligible. Therefore, the change in the lattice constant of (Mn,_,,Fe,)O precipitates in the
annealed 1.7 at.% Mn alloyed steel is solely attributed to the change in their composition as
a function of depth below the surface. The adopted lattice constant of pure MnO is 4.444 A
[7]. The lattice constant of Fe; 4O increases from about 4.28 to 4.31 A with 1-A increasing
from about 0.89 to 0.95 [20]. The extrapolated lattice constant for stoichiometric FeO
equals about 4.334 A [20]. The concentration of Fe in the (Mn,Fe,)O was then
determined by linear interpolation of the measured lattice constant, i.e. adopting Vegard’s
law [21]. Since the lattice constant of (Mn,_,,Fe,)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 um below the surface; cf. Section Experimental. The thus obtained
composition depth profile of the (Mn,_,,Fe,)O internal precipitates in the annealed 1.7 at.%
Mn alloyed steel is shown in Figure 5.4(b).

Table 5.1: Lattice constant of internal (Mn,_,Fe,)O and a-Fe matrix in A after each step of surface
layer removal measured with grazing-incidence XRD analysis for 1.7 at.% Mn alloyed steel annealed
at 950 °C for 1 hour in a N, + 5 vol.% H, gas mixture with a dew point of 10 °C.

lattice constant of

lattice constant of

Total thickness (Mn,_,,Fe,)O (Mn,_,,Fe,)O average lattice .
of removed determined from determined from constant of (Mn,. Lattice constant of
surface layer (200) diffraction (111) diffraction wFe,)O oFe
peak peak
(um) A A A A

0.0 4.4091+0.0003 4.4083+0.0004 4.4087+0.0007 2.8653+0.0002
0.9 4.4197+0.0003 4.4185+0.0004 4.4191+0.0009 2.8667+0.0002
2.0 4.4259+0.0009 4.4226+0.0011 4.4243+0.0027 2.8676+0.0005
2.8 4.4279+0.0009 4.4301+0.0011 4.4290+0.0021 2.8667+0.0005
39 4.4329+0.0009 4.433540.0011 4.4332+0.0013 2.8667+0.0005
53 4.4403+0.0009 4.4386+0.0011 4.4395+0.0019 2.8670+0.0005
6.7 4.4427+0.0003 4.4435+0.0004 4.4431+0.0007 2.8677+0.0002
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As can be seen in Figure 5.1(a), the level of the oxygen partial pressure in the annealing
atmosphere may strongly affect the composition depth profile of internal (Mn,_,,Fe,)O. For
example, a slight increase in oxygen partial pressure from 2.3x10™" (corresponding to the
oxygen partial pressure level at 950 °C in N, + 5 vol.% H, gas mixture with dew point of
10 °C) to 3.0x10™7 atm. (corresponding to the oxygen partial pressure level at 950 °C in N,
+ 5 vol.% H, gas mixture with dew point of 12 °C) increases the Fe concentration in the
(Mn,_,Fe,)O from x of 0.28 to 0.34. Hence, a slight increase of the annealing dew point can
significantly increase the Fe concentration in the internal (Mn,_,Fe,)O precipitates; see
Figure 5.4(b). Considering that the cooling from the annealing 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 (Mn,_,,Fe,)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 Figure 5.4(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 equilibrium is established between the dissolved oxygen and the oxide

precipitates in the IOZ of the annealed Mn alloyed steel.

= Experiment
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—— Prediction DP 12 °C
—— Prediction DP 14 °C
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(@) ‘ Depth (micron)
Figure 5.4: (a) SEM image of internal oxidation zone (I0Z) of steel alloyed with 1.7 at.% Mn after
annealing at 950 °C for 1 hour in a N, + 5 vol.% H, gas mixture with a dew point of 10 °C showing
the oxide precipitates (dark spots in 10Z). (b) Predicted depth profiles of Fe concentration in the
(Mn,_,Fe,)O precipitates formed after annealing 1.7 at.% Mn alloyed steel at 950 °C for 1 hour in a
N, + 5 vol.% H, gas mixture with dew points (DP) of 10, 12 and 14 °C. The dots represent the
experimentally determined Fe concentration in the (Mn,_,Fe )O precipitates formed after annealing
the 1.7 at.% Mn alloyed steel at 950 °C for 1 hour in a N, + 5 vol.% H, gas mixture with a dew point
of about 10 °C.

Hence, the composition of the (Mn,,Fe,)O precipitates in I0Z is determined by the
activity of dissolved oxygen. Since the activity of dissolved oxygen decreases from the
alloy surface towards the internal oxidation front, the composition of the (Mn,_,Fe,)O
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precipitates changes accordingly; i.e. the concentration of Fe in the (Mn,,Fe,)O
precipitates decreases as a function of depth below the surface. Therefore, it is anticipated
that when oxidizing multi-element alloyed steels internally, the composition as well as the
type of multiple oxide precipitates formed in the IOZ will change as a function of depth,
depending on the local oxygen activities. For example, it has been observed that during
internal oxidation of Ni-Al-Si alloy different types of oxides (i.e. spinels, SiO,, and Al,05)
are formed in the I0OZ at different depths, and the sequence of those oxides formed with
increasing depth is consistent with the increasing thermodynamic stability of those oxides
[22].

5.4  Conclusions

Local thermodynamic equilibrium is established in the internal oxidation zone of Mn
alloyed steels during annealing in an oxidizing environment. After internal oxidation of Mn
alloyed steels mixed oxide precipitates (Mn;_,Fe,)O are formed even at oxygen partial
pressures (dew points) in the gas ambient well below the dissociation oxygen partial
pressure of Wiistite (FeO). The composition of these (Mn,_,,Fe,)O precipitates depends on
the local activity of oxygen in the IOZ. Consequently, the concentration of Fe in the (Mn,.
»Fe,)O precipitates decreases similar to the oxygen activity within the IOZ as a function of
depth below the steel surface.
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Chapter 6

Internal oxidation of Fe-Mn-Cr steel alloys,
simulations and experiments1

Abstract

A multi-element and multi-phase coupled thermodynamic kinetic internal oxidation model
is developed to predict the internal oxidation behaviour of Fe-Mn-Cr steel alloys as a
function of annealing time and oxygen partial pressure. To validate the simulation results,
selected Fe-Mn-Cr steel alloys were annealed at 950 °C for 1 to 16 hours in a gas mixture
of Ar with 5 vol.% H, and dew points of -30, -10 and 10 °C. The measured kinetics of
internal oxidation as well as the concentration depth profiles of internal oxides in the
annealed Fe-Mn-Cr steel alloys are in agreement with the predictions. Internal MnO and
MnCr,0, are formed during annealing and both two oxides have a relatively low solubility
product. Local thermodynamic equilibrium is established in the internal oxidation zone of
Fe-Mn-Cr steel alloys during annealing and the internal oxidation kinetics are solely
controlled by diffusion of oxygen. The internal oxidation of Fe-Mn-Cr steel alloys follows
the parabolic rate law. The parabolic rate constant increases with the annealing dew point,
but decreases with the concentration of the alloying elements.

Keywords
FeMnCr steels, Annealing, Internal oxidation, Kinetics, Modelling

! This chapter is based on:

W. Mao, Y. Ma and W.G. Sloof, Internal oxidation of Fe-Mn-Cr steels, simulations and experiments, Oxidation of
Metals, 2018.
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6.1 Introduction

Advanced High Strength Steels (AHSS) are extensively used for automotive applications to
reduce the weight of car bodies and thereby reducing fuel consumption and CO, emissions;
see e.g. [1]. A zinc coating is applied onto the steel surface usually by hot-dip galvanizing
[2] in order to protect the AHSS against corrosion. Before entering the zinc bath, the steel
strip passes through continuous annealing furnaces. The annealing atmosphere is mostly a
gas mixture of N, and H, with dew points ranging from -60 to 10 °C, whose oxygen partial
pressure level is below the dissociation oxygen partial pressure of Wiistite (FeO). However,
oxidation of the alloying elements (e.g. Mn, Cr, Si, Al) in AHSS is thermodynamically
favourable during 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
quality of the galvanized steel product [4]. Hence, understanding the nature of oxidation of
AHSS and predicting the oxidation behaviour of AHSS is essential to the steel industry in

terms of designing new steel grades and optimizing annealing parameters.

The transition from internal to external oxidation as well as the kinetics of internal
oxidation of Fe-Mn binary steel alloys have been studied extensively [5, 6]. It has been
found that the internal oxidation behaviour of Fe-Mn binary steel alloys can be well
described by the classical Wagner internal oxidation theory [7]. Recently, the
thermodynamics of oxides formation in Fe-Mn-Cr ternary and Fe-Mn-Cr-Si quaternary
steel alloys has been reported and the type of oxides formed during annealing of Fe-Mn-Cr
steel alloys can be predicted as a function of alloy composition and oxygen partial pressure
of annealing atmosphere [8]. However, the kinetics of internal oxidation of Fe-Mn-Cr steel
alloys are not reported yet. Therefore, the aim of this study is to investigate the kinetics of
internal oxidation of Fe-Mn-Cr ternary steel alloys under different oxygen partial pressures
below the dissociation oxygen partial pressure of Wiistite. The internal oxidation behaviour
of selected Fe-Mn-Cr steel alloys is first predicted by the newly developed coupled
thermodynamic-kinetic internal oxidation model [9]. Then the predicted internal oxidation
kinetics as well as the concentration depth profiles of internal oxides formed during
oxidation are validated by comparison with experimental results.

6.2 Modelling of internal oxidation of Fe-Mn-Cr alloys
The concentration depth profiles of internal oxide precipitates as well as the solute atoms in
the Fe-Mn-Cr steel alloys oxidized for different time and at different ambient oxygen

partial pressures were simulated with a multi-element and multi-phase coupled
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thermodynamic-kinetic (CTK) internal oxidation model [9], which is built on a similar
model involving external oxidation [10]. The details of this CTK model are described
elsewhere [9]. The schematics of the internal oxidation model and the flow chart of the
simulation program are displayed in Figure 6.1. The alloy matrix is divided into a series of
thin slices. Mass transport occurs between adjacent slices driven by the gradient of the
chemical potential of each alloy constituent (i.e. alloying elements, iron and dissolved
oxygen). Each slice is considered as a closed entity when conducting thermodynamic
computation. At each time increment during oxidation, a two-step calculation procedure is
executed. In the first step, the flux of each element between neighbouring slices is
calculated and the change of the composition in each slice is obtained. In the second step,
the thermodynamic equilibrium composition of each slice is calculated in terms of
concentration of oxide precipitates and concentration of dissolved oxygen and alloying
elements in the steel matrix. Thus, at each time step it is assumed that local thermodynamic
equilibrium is instantaneously established between oxides, alloying elements and dissolved
oxygen. This assumption is valid for the internal oxidation of Fe-Mn based steel alloys
[11]. When annealing below dissociation oxygen partial pressure of FeO (Wiistite), the type
of oxide phases formed in the Fe-Mn-Cr steel alloys with the compositions used in this
study are MnO and MnCr,0, [8]. Hence, the precipitation of MnO and MnCr,0, are
considered in the simulations. The possible dissolution of Fe in MnO and MnCr,0, is
ignored. The amount of oxide precipitated in each slice and at each time increment is
calculated considering mass balance and the solubility product, Ksp, of each oxide. The Ksp
of MnO and MnCr,0, are defined as, respectively:

Ksp,, =N, N,

MnO

Ksp =N, (Ncr)z(No)4 (6.1)

MnCr,0,
in which N, , N, and N, denote the local mole fraction of Mn, Cr and O dissolved in

the alloy, respectively.

The change in Mn activity coefficient in austenite due to Cr addition is negligible according
to thermodynamic computation [12]. Moreover, the effect of thermodynamic solute
interaction between Mn and O on internal oxidation behaviour of Fe-Mn alloys is negligible
[9]. Thus, the Fe-Mn-Cr steel alloys can be considered as ideal solutions. Hence, the
solubility product of MnO and MnCr,0, as well as the diffusion coefficients of Mn, O and
Cr in iron are considered as functions of temperature only, i.e. independent of local alloy
composition. The adopted diffusion coefficients of oxygen, Mn and Cr in austenite at 950
°C are: 3.5x107 [13], 4.0x10™% [6] and 1.3x107'% [14] cm?/s, respectively. The solubility
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products of MnO and MnCr,0, in austenite at 950 °C are computed with a thermodynamic
tool [12], and equal 2.4x10"% and 3.0x10™, respectively.

Oxygen flux  Oxidizable element flux
I ]

Initial average
composition

!

Diffusion in alloy
between slices

l

Oxides precipitation
in each slice

l

New average
composition

—>
102 Bulk alloy

Figure 6.1: Schematics of the coupled thermodynamic-kinetic (CTK) internal oxidation model and the
flow chart of the model’s operation [9].

During the course of oxidation, the surface of steel alloys is considered to be in equilibrium
with the annealing atmosphere. Hence, the concentration of dissolved oxygen at steel
surface remains constant throughout the simulation. The concentration of oxygen dissolved
at the surface of steel alloys can be calculated as a function of temperature, hydrogen
volume fraction and dew point of the annealing atmosphere; see Appendix A.

6.3 Experiments

6.3.1 Samples

The chemical compositions of the Fe-Mn and Fe-Mn-Cr steel alloys are listed in Table 1.
The steel samples were cut from hot rolled steel plates by electric discharge machining
(EDM). Before annealing, the surface of all specimens was grinded with SiC emery paper
and then polished with 1 micron diamond grains. Next, the samples were cleaned
ultrasonically in isopropanol and dried by a flow of pure nitrogen (purity better than 5N).
Finally, the samples were stored in air tight membrane boxes (Agar Scientific G3319, UK).

Table 6.1: Steel composition in atom percent (weight percent between brackets).

C Mn Cr Si Al
Fe-1.7Mn 0.48 (0.10) 1.72 (1.70) - 0.10 (0.05) 0.004 (0.002)
Fe-1.9Mn-1.0Cr 0.46 (0.10) 1.90 (1.88) 0.97 (0.91) 0.12 (0.06) 0.053 (0.026)
Fe-1.9Mn-1.6Cr 0.46 (0.10) 1.85(1.83) 1.63 (1.53) 0.10 (0.05) 0.049 (0.024)
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6.3.2 Annealing

The oxidation experiments were carried out in a horizontal quartz tube furnace (Carbolite
MTF 12/38/850, UK) with tube inner diameter of 30 mm. The temperature in the furnace
tube was measured with a NiCr/NiAl (type K) thermocouple at the sample location. A gas
mixture of Ar with 5 vol.% H, passed the furnace tube at atmospheric pressure. Prior to
admitting the gas mixtures to the furnace, the Ar and H, gases (all with a purity better than
5N) were filtered to remove any residual hydrocarbons, moisture and oxygen, with
Accosorb (< 10 ppb hydrocarbons), Hydrosorb (<10 ppb H,0) and Oxysorb (< 5 ppb O)
filters (Messer Griesheim, Germany), respectively. De-aerated and deionized water (18.2
MQ.cm at 25 °C) was evaporated with an in the gas line controlled evaporator mixer
(CEM, Bronkhorst, The Netherlands) to create specific dew points of -45, -30, -10 and 10
°C in the furnace. These dew points correspond to oxygen partial pressure of 8.1x107,
2.2x10%, 1.0x10"® and 2.3x10""7 atm. at 950 °C; see Appendix A. The pure water was de-
aerated with nitrogen in a closed pressurized stainless-steel vessel and the concentration of
oxygen dissolved in the pure water was below 100 ppb, as measured with an O, sensor
(InPro 68501, Mettler Toledo, USA). The dew points of -10 and 10 °C were monitored with
a cooled mirror analyser (Optidew, Michell Instruments, UK). The dew points of -45 and -
30 °C were monitored with another cooled mirror analyser (S4000 TRS, Michell
Instruments, UK). The fluctuation of dew points during annealing was within + 2 °C. The
partial pressure of evaporated H,O in the gas mixture is related to dew point according to
the formula given in the Appendix A. The flow of each gas was regulated and monitored
using mass flow controllers (Bronkhorst, The Netherlands). The flow rate of gas mixture
with dew points of -30 to 10 °C was 1500 sccm, while the flow rate of gas mixture with
dew points of -45 was 3000 sccm. Before annealing, the sample was placed onto a quartz
boat located at the cold zone of the furnace tube. Then, the furnace was closed and flushed
with the Ar + 5 vol.% H, gas mixture for more than 30 minutes. Next, the sample was
moved to the hot zone of the furnace with a quartz rod to start an annealing cycle. The
annealing times were 1, 4 and 16 hours. At the end of the annealing cycle, the sample was
moved in the reverse direction to the cold zone of the furnace tube. The heating and cooling

of the sample was relatively fast, about 140 and 180 °C/min, respectively.

6.3.3 Characterization

X-ray diffractometry (XRD) was used to identify the oxide phases formed in the steel
alloys after annealing. The XRD patterns were recorded, with a Bruker D8 Advance
diffractometer in the Bragg-Brentano geometry using Co Ko radiation, in the 26 region
between 10 and 110° with a step size of 0.034° and a dwell time of 4 s. The depth below the
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surface corresponding with 70 % of the diffracted intensity of pure iron is about 2.3 to 6.7
pm for 26 from 20° to 60° [15].

The surfaces and cross-sections of the annealed samples were observed with scanning
electron microscopy (SEM) using a JSM-6500F (JEOL, Japan) operated with an
accelerating voltage of 5 and 15 kV, respectively. X-ray microanalysis (XMA) using
Energy Dispersive Spectroscopy (EDS) was performed with the same SEM instrument, but
equipped with an UltraDry 30 mm® detector (Thermo Fisher Scientific, USA) to determine
the chemical composition of oxides qualitatively. The depth of internal oxidation zone
(I0Z) was measured with SEM on backscattered electron images of cross-section of
oxidized samples. The volume fraction of internal oxide precipitates was determined from
the backscattered electron images of cross-section of oxidized samples using the image

processing software ImageJ (version 1.47s).

The concentration of Fe, Mn, Cr and O was determined with electron probe X-ray
microanalysis (EPMA). The analysis was performed with a JXA 8900R (JEOL, Japan)
microprobe employing Wavelength Dispersive Spectrometry (WDS). A focussed electron
beam was used with an energy of 10 keV and a current of 50 nA. The composition at each
analysis location of the sample was determined using the X-ray intensities of the
constituting elements after background correction relative to the corresponding intensities
of reference materials. In this case, the X-ray intensities of Fe-Ka,, Mn-Ka, Cr-Ka and O-
Ko were measured and pure Fe, Mn, Cr and SiO, were used as references. The thus
obtained intensity ratios were processed with a matrix correction program CITZAF [16].
The concentration depth profiles of Mn, Cr and O were determined from the cross-section
of the oxidized samples. An average concentration of each element at each depth was
obtained from a line parallel to the sample surface consisting of 40 measurement points.
The distance between adjacent measurement points was 1 um. The distance between the
adjacent lines (i.e. at different depths) parallel to the sample surface was also 1 um. In order
to prevent carbon contamination, an air jet cleaning the surface was employed during the

EPMA measurements.

6.4  Results and discussion

6.4.1 Transition from external to internal oxidation

Increasing the oxygen partial pressure in the annealing atmosphere (i.e. the dew point)
promotes the internal oxidation of Fe-Mn-Cr steel alloys. Figure 6.2 shows the back
scattered electron images of the surface and cross-section of the Fe-1.9Mn-1.6Cr steel
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annealed at 950 °C for 16 hours in an Ar + 5 vol.% H, gas mixture with dew points from -
45 to 10 °C. When annealing at a dew point of -45 °C, the Fe-1.9Mn-1.6Cr steel alloys are
externally oxidized, since the oxides are mainly formed at steel surface. The transition from
external to internal oxidation of the Fe-1.9Mn-1.6Cr steel alloys occurs at an annealing dew
point of -30 °C, with oxides formed both at steel surface and in the alloy matrix. The Fe-
1.9Mn-1.6Cr steel alloys are internally oxidized when annealed at dew points of -10 and 10
°C. According to the results of XRD and XMA, the oxide formed during annealing at a dew
point of -45 °C is (Mn,Cr,Fe);0, spinel, while annealing at dew points of -30, -10 and 10
°C forms both the (Mn,Cr,Fe);0, spinel and (Mn,Fe)O at the steel surface and as internal
precipitates. The type of oxide species identified in the Fe-Mn-Cr steel alloys annealed at
dew points from -45 to 10 °C is in agreement with the phase diagrams and experimental
results reported in ref. [8]. Annealing Si free Fe-Mn-Cr ternary alloys does not form
internal oxides along grain boundaries [17]. However, the Fe-Mn-Cr steel samples used in
this study contain 0.1 at.% Si (see Table 6.1), and the formation of internal (Mn,Fe),SiO4
and (Mn,Cr,Fe);0,4 along grain boundaries was observed; see Figure 6.2. The penetration
depth of oxides along grain boundaries is much larger (by a factor of 2 and more) than that

of internal oxides formed inside grains.

6.4.2 Concentration depth profiles

Figure 6.3 shows the simulated concentration depth profiles of internal MnO and MnCr,0,4
precipitates as well as the Mn, Cr and O dissolved in iron matrix after annealing a Fe — 1.8
at.% Mn — 1.5 at.% Cr alloy at 950 °C for 16 hours in a Ar + 5 vol.% H, gas mixture with a
dew point of 10 °C (corresponding oxygen partial pressure of 2.3x10"7 atm.). The
formation of an internal oxidation zone of MnO and MnCr,0, beneath the steel surface is
predicted, which agrees with the experimental observation; see Figure 6.2. The
concentrations of internal MnO and MnCr,04 are almost constant in the internal oxidation
zone, and drop sharply to zero. The width of the internal oxidation zone of MnO is almost
the same as that of MnCr,0,4. The solute Mn and Cr in the iron matrix are depleted within
the internal oxidation zone, while their concentrations increase to bulk values beyond the
internal oxidation front. The concentration depth profiles of MnO, MnCr,0,4 and solute Mn
and Cr as shown in Figure 6.3 indicate that both MnO and MnCr,0, can be considered as
oxides with a low solubility product [6, 18]. The concentration of oxygen dissolved in iron
matrix decreases almost linearly with the depth below the surface to practically zero at

internal oxidation front.
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Figure 6.2: SEM backscattered electron images of surface and cross-section of the Fe - 1.9 at.% Mn -
1.6 at.% Cr steels annealed for 16 hours at 950 °C in a gas mixture of Ar with 5 vol.% H, and dew
points (DP) of -45, -30, -10 and 10 °C (oxygen partial pressure of 8.1x107%2, 2.2x10%°, 1.0x10™'® and
2.3x107"7 atm., respectively). The Fe-Mn-Cr steel alloys are internally oxidized above an annealing
dew point of -30 °C. The Si impurity in the steel alloys leads to the formation of (Mn,Fe),SiO, and
(Mn,Cr,Fe);0, along grain boundaries.
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Figure 6.3: Simulated concentration depth profiles of (a) internal oxides and (b) solute Mn, Cr and O
after annealing a Fe — 1.8 at.% Mn — 1.5 at.% Cr alloy at 950 °C for 16 hours in a Ar + 5 vol.% H, gas
mixture with a dew point of 10 °C (corresponding oxygen partial pressure of 2.3x107'7 atm.).
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Figure 6.4: (a) SEM image (backscattered electrons) of the cross-section of the Fe - 1.9 at.% Mn - 1.6
at.% Cr steel where EPMA measurements were performed, and (b) simulated and measured (with
EPMA) depth profiles of total oxygen concentration (oxygen in oxides and iron matrix) in the steel
alloy, after annealing for 16 hours at 950 °C in a gas mixture of Ar with 5 vol.% H, and a dew point
of 10 °C (oxygen partial pressure of 2.3x107'" atm.). The dashed line indicates the internal oxidation
front observed.

The simulated concentration depth profile of oxygen in the Fe-1.9Mn-1.6Cr steel alloy
annealed at a dew point of 10 °C is in good agreement with the experimental results; see
Figure 6.4. Since the concentration of solute oxygen in the iron matrix (maximum 3.6 ppm,
see Figure 6.3) is much below the detection limit of EPMA, the measured oxygen
concentration reflects the concentration of internal oxides. Once the ratio of MnO to
MnCr,0,4 concentration is known (see below), the volume fraction of internal oxides at
each depth can be estimated from the oxygen concentration measured with EPMA, taking
the molar volume of iron, MnO and MnCr,0, as: 7.1, 13.1 and 45.0 cm’*/mol, respectively.
The depth profile of volume fraction of internal oxides determined by image analysis agrees
with that obtained from the EPMA measurement; see Figure 6.5. Both the results of EPMA
measurement and image analysis show that the concentration of oxide precipitates is almost
constant in the internal oxidation zone and drops sharply to zero at a depth of about 17 pm;
see Figures 6.4 (b) and 6.5. Although the volume fractions (concentrations) of internal
oxides at different depths are almost the same, the size and the number density of oxide
precipitates may vary with depth; see Figure 6.4 (a). Since the nucleation and growth of
oxide precipitates in austenite matrix is beyond the scope of this study, only a qualitative
explanation for the variation of size and number density of oxide precipitates with depth is
given here. Since the solubility product of MnO and MnCr,0, in austenite are low, the
formation of internal oxides mainly takes place near the internal oxidation front [14]. The

driving force for oxide precipitation at internal oxidation front depends on the local
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supersaturation of oxygen solute in alloy matrix, and at a small time step the amount of
supersaturated solute oxygen increases with the inward oxygen flux at the internal
oxidation front. Since the concentration of solute oxygen decreases almost linearly with
depth (see Figure 6.2 (b)), the oxygen flux at internal oxidation front can be approximated
from the gradient of solute oxygen within internal oxidation zone using the Fick’s 1* law.
Apparently, the gradient of solute oxygen concentration decreases with depth of internal
oxidation zone. Hence, the driving force for oxide precipitation at internal oxidation front
decreases with the width of the internal oxidation zone, and accordingly the size of the
oxide precipitate increases while the number density decreases with depth. The change in
the size and number density of oxide precipitates with depth while maintaining an almost
constant oxide concentration also indicates that during 16 hours oxidation of the Fe-Mn-Cr
steel alloy the precipitation of MnO and MnCr,0, (reaction between solute O, Mn and Cr)
at internal oxidation front is fast compared with the progression of internal oxidation front,
and thus the local thermodynamic equilibrium is likely established during the internal
oxidation process. The increase of the size and the decrease of the number density of oxide
precipitates with depth is also observed for internal oxidation of Fe — 7 at.% Mn binary
steel alloys [5].
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Figure 6.5: Simulated and measured depth profiles of the volume fraction of internal oxides in the Fe
- 1.9 at.% Mn - 1.6 at.% Cr steel alloy after annealing for 16 hours at 950 °C in a gas mixture of Ar
with 5 vol.% H, and a dew point of 10 °C (oxygen partial pressure of 2.3x10™"" atm.). The dashed line
indicates the internal oxidation front observed; see Figure 6.4 (a).

Since the solubility products of MnO and MnCr,0, are low, the concentration of both Mn
and Cr that remains in the alloy matrix within the internal oxidation zone can be neglected;
see Figure 6.3 (b). Hence, the Mn and Cr detected with EPMA within the internal oxidation
zone are those present in the oxide precipitates. Since Cr only exists in the MnCr,O4 spinel
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and the molar ratio of Mn to Cr in MnCr,Oy, is 1:2, the concentration of MnO and MnCr,04
at each depth of the oxidized Fe-Mn-Cr steel alloys can be evaluated from the measured
concentration of Mn and Cr with EPMA within the internal oxidation zone. The
experimental results show that the concentration of each type of oxides (i.e. MnO and
MnCr,0,4) within the internal oxidation zone of the annealed Fe-1.9Mn-1.6Cr steel alloy is
almost constant with depth, which is in agreement with the above predictions; see Figure
6.6. The concentration ratio of MnO to MnCr,0, is almost a constant, equal to 3:2 within
the internal oxidation zone, and drops sharply to zero at the internal oxidation front; see
Figure 6.6 (b). The experimental results confirm the prediction that the penetration depth of
internal MnO is almost the same as that of MnCr,O, for internal oxidation of Fe-Mn-Cr
steel alloys; see Figures 6.3 (a) and 6.6.
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Figure 6.6: (a) Simulated and measured (EPMA) concentration depth profiles of internal MnO and
MnCr,0y, and (b) the corresponding ratio of concentration of MnO to MnCr,0, as a function of depth
in Fe - 1.9 at.% Mn - 1.6 at.% Cr steel alloy after annealing for 16 hours at 950 °C in a gas mixture of
Ar with 5 vol.% H, and a dew point of 10 °C (oxygen partial pressure of 2.3x10™"" atm.). The dashed
line indicates the internal oxidation front observed; see Figure 6.4 (a).

The oxygen concentration within the internal oxidation zone can also be evaluated from the
measured concentrations of Mn and Cr with EPMA considering the stoichiometry of MnO
and MnCr,0, and also that all Mn and Cr within the internal oxidation zone are oxidized.
However, the evaluated oxygen concentration based on Mn and Cr concentration is slightly
lower than the oxygen concentration directly obtained from EPMA; see Figure 6.4 (b). This
is caused by the dissolution of Fe in the internal MnO and MnCr,0, particles to form
(Mn,Fe)O and (Mn,Cr,Fe);0,4 oxide solutions, respectively [8, 11]. For example, at 950 °C
and with an oxygen partial pressure of 2.3x 10" atm (corresponding to Ar with 5 vol.% H,
and dew point of 10 °C), the Fe fraction in cations of (Mn,Fe)O and (Mn,Cr,Fe);0, for a Fe

— Mn — Cr alloy system at equilibrium is about 0.31 and 0.12, respectively, and the amount
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of Fe in both oxides increases with the oxygen partial pressure [8]. The concentration of
solute oxygen within the internal oxidation zone of the annealed Fe-1.9Mn-1.6Cr steel alloy
decreases almost linearly with depth below the surface; cf. Figure 6.3 (b). The
corresponding depth profile of oxygen activity expressed in terms of the logarithm of
oxygen partial pressure (in atm.) is then obtained adopting Sievert’s law [11]; see Figure
6.7 (a). Next, the Fe concentration in (Mn,Fe)O and (Mn,Cr,Fe);0,4 as a function of oxygen
partial pressure in a Fe — 1.9 at.% Mn — 1.6 at.% Cr alloy system at equilibrium is
computed with a thermodynamic tool [12]. Then, the estimated amount of excess oxygen
consumed by Fe at each depth is obtained, considering that the concentration ratio of MnO
to MnCr,0y is 3:2; see above. Figure 6.7 (b) shows the predicted and measured ratio of the
total concentration of precipitated oxygen to the concentration of oxygen consumed by Mn
and Cr as a function of depth in the annealed Fe-1.9Mn-1.6Cr steel alloy. Both predicted
and experimental results show the trend that the concentration of Fe in the internal oxides

decreases with depth to almost zero near the internal oxidation front.
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Figure 6.7: (a) Predicted depth profiles of solute oxygen concentration and the corresponding oxygen
activity (expressed as oxygen partial pressure (pO,) on logarithm scale) within the internal oxidation
zone, and (b) depth profiles of predicted and measured ratio of the total precipitated oxygen
concentration to the concentration of oxygen consumed by Mn and Cr, in Fe - 1.9 at.% Mn - 1.6 at.%
Cr steel alloy after annealing for 16 hours at 950 °C in a gas mixture of Ar with 5 vol.% H, and a dew
point of 10 °C (oxygen partial pressure of 2.3x10"7 atm.). The dashed line indicates the internal

oxidation front observed; see Figure 6.4 (a).

The predicted and measured depth profiles of internal oxide volume fraction are in
reasonable agreement for the Fe-1.9Mn-1.6Cr steel alloy annealed in a gas mixture of Ar
with 5 vol.% H, and a dew point of -10 °C (oxygen partial pressure of 1.0x10™"® atm.); see
Figure 6.8. According to the EMPA results, the size of the internal oxidation zone of MnO
is close to that of MnCr,04. The measured concentration of internal oxides within the
internal oxidation zone of the Fe-1.9Mn-1.6Cr steel alloy annealed at a dew point of -10 °C

is still almost constant and decreases sharply to zero at the internal oxidation front. A
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relatively sharp internal oxidation front can also be observed from the SEM images. Thus,
the depth of internal oxidation zone in Fe-Mn-Cr steel alloys annealed at dew points of -10
and 10 °C can be determined precisely, and the kinetics of internal oxidation of Fe-Mn-Cr
steel alloys can be quantified accurately.
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Figure 6.8: (a) SEM backscattered electron image of the cross-section of Fe - 1.9 at.% Mn - 1.6 at.%
Cr steel at the location where EPMA measurements were performed, and (b) simulated and measured
(EPMA and image analysis) depth profiles of volume fraction of internal oxides in the steel alloy,
after annealing for 16 hours at 950 °C in a gas mixture of Ar with 5 vol.% H, and a dew point of -10
°C (oxygen partial pressure of 1.0x10™'"® atm.). The dashed line indicates the internal oxidation front
observed.

6.4.3 Kinetics of internal oxidation

The measured kinetics of internal oxidation of the Fe-1.9Mn-1.6Cr steel alloy annealed at
dew points of -10 and 10 °C are in good agreement with the predictions using the coupled
thermodynamic-kinetic model; see Figures 6.5, 6.8 and 6.9. The growth of internal
oxidation zone of Fe-Mn-Cr steel alloys during annealing follows the parabolic rate law

(see Figure 6.9), which can be described as:
&= 2kt (6.2)
where & is the depth of internal oxidation zone, ¢ is oxidation time and £, is the parabolic

rate constant. Hence, the internal oxidation kinetics of Fe-Mn-Cr steel alloys are solely
controlled by diffusion of the reacting elements (i.e. O, Mn and Cr), while the precipitation
of internal oxides can be considered to occur instantaneously. Therefore, local
thermodynamic equilibrium between oxides and solute elements (O, Mn and Cr) in alloy
matrix within internal oxidation zone is established during internal oxidation of Fe-Mn-Cr

steel alloys. The parabolic growth behaviour of internal oxidation zone also shows that the
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Fe-Mn-Cr steel surface is in equilibrium with gas ambient during annealing, i.e. the

concentration of oxygen dissolved at steel surface is constant with annealing time.
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Figure 6.9: Predicted and measured internal oxidation kinetics (in terms of depth of the internal
oxidation zone (I0Z) versus the square root of oxidation time) of Fe - 1.9 at.% Mn - 1.6 at.% Cr steel
alloy annealed at 950 °C in a gas mixture of Ar with 5 vol.% H, and dew points of -10 and 10 °C
(oxygen partial pressure of 1.0x10™"® and 2.3x1077 atm., respectively).

An alternative method for estimating the parabolic rate constant is the analytical approach
using the extended Wagner internal oxidation theory for ternary alloys [19]. The use of this
method is justified, since the following three criteria are met for internal oxidation of Fe-
Mn-Cr steel alloys annealed at dew points above -10 °C, namely: (i) similar size of internal
oxidation zone of MnO and MnCr,0,, (ii) low solubility product for both MnO and
MnCr,04, and (iii) the establishment of local thermodynamic equilibrium. The parabolic
rate constant &, is given by:

k,= 2y°D, (6.3)
in which y is a dimensionless parameter and D, is the diffusion coefficient of oxygen in
alloy matrix. The value of 7 can be obtained by solving the following equation [19]

N = YNWG) | wNaGR)
F()/\/Bo /Dy, ) F(7\/D0/Dcr)

where N is the mole fraction of oxygen dissolved at steel surface, Ny, and N, are the

(6.4)

mole fraction of the solute Mn and Cr in the bulk alloy, D,,, and D, are the diffusion
coefficient of Mn and Cr in the alloy matrix, vV and w are the stoichiometry oxygen-to-
metal ratio of MnO and Cr,0; (i.e. v=1, w=1.5), respectively. Although MnCr,0, is
actually formed instead of Cr,O; during annealing of Fe-Mn-Cr steel alloys, the amount of
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oxygen consumed by oxidizing one mole of Cr equals 1.5 mole O. G(r) and F(r) are two
auxiliary functions, which reads:
G(r) = 7" rexp(r*erf (r) 6.5)
F(r)=r"rexp(r’)erfc(r)
When the permeability [14] of oxygen is much higher than that of Mn and Cr, i.e.

N{D, >> Ny, D,,, and N;D,>> N_.D,

Cr?

1/2
NS
y = [—0 J (6.6)

Eq. (6.4) can be simplified and 7 can be

approximated as:

2vNy,, +2wN,

The experimentally determined parabolic rate constants for internal oxidation of Fe-Mn-Cr
steel alloys are in good agreement with the calculated results using the extended Wagner
approach [19]; see Table 6.2. The parabolic rate constants obtained from Eq. (6.4) and (6.6)
are almost the same (see Table 6.2), which indicates that the permeability of oxygen is
much higher than the permeability of Mn and Cr for the steel alloys studied here when
annealing at dew points of -10 and 10 °C. Hence, the kinetics of internal oxidation of the
Fe-Mn and Fe-Mn-Cr steel alloys annealed at dew points of -10 and 10 °C are dominated
by the bulk alloy composition and the oxygen permeability; see Eqs (6.3) and (6.6). Adding
Cr to the Fe-Mn steels decreases the internal oxidation rate simply because of the
consumption of solute oxygen by forming MnCr,0,4. The growth rate of internal oxidation
zone increases with ambient oxygen partial pressure (i.e. annealing dew point) because the

inward oxygen flux increases with the concentration of oxygen dissolved at steel surface.

Table 6.2: Measured and calculated parabolic rate constants for internal oxidation of Fe-Mn and Fe-
Mn-Cr steel alloys annealed at 950 °C in a gas mixture of Ar with 5 vol.% H, and dew points of -10
and 10 °C.

. Calculated k, Calculated £,
Dew point Measured k, ) )
°C) Sample (umh) (um/h) o (um/h)
(general; cf. Eq. (6.4)) (simplified; cf. Eq. (6.6))
Fe-1.9Mn-1.6Cr 11.1 9.8 10.6
10 Fe-1.9Mn-1.0Cr 12.3 13.0 13.5
Fe-1.7Mn 24.8 [6] 25.5 26.8
Fe-1.9Mn-1.6Cr 23 1.7 22
-10 Fe-1.9Mn-1.0Cr 3.0 22 29
Fe-1.7Mn 5.5 4.6 5.7

However, the extended Wagner approach may not be valid for estimating the internal
oxidation kinetics of Fe-Mn-Cr steel alloys annealed at a dew point of -30 °C, because
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MnO and MnCr,0, have different internal oxidation fronts. According to the simulation
results, the width of the internal oxidation zone of MnCr,0, is about two times larger than
that of MnO after annealing at a dew point of -30 °C for 16 hours; see Figure 6.10 (b).
Thus, the measured internal oxidation kinetics of Fe-Mn-Cr steel alloys annealed at a dew
point of -30 °C were only compared with the simulation results. The measured depth of
internal oxidation zone (inside grains) in the Fe-1.9Mn-1.6Cr steel alloy annealed for 16
hours at a dew point of -30 °C is about 3.4 wm, which is in fair agreement with the

prediction; see Figure 6.10.
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Figure 6.10: (a) SEM image (backscattered electrons) of the cross-section of Fe - 1.9 at.% Mn - 1.6
at.% Cr steel, and (b) simulated concentration depth profiles of internal oxides and precipitated
oxygen in a Fe — 1.8 at.% Mn — 1.5 at.% Cr steel alloy, after annealing for 16 hours at 950 °C in a gas
mixture of Ar with 5 vol.% H, and a dew point of -30 °C (oxygen partial pressure of 2.2x10%" atm.).
The dashed line indicates the internal oxidation front observed.

The good agreement between predictions (numerical simulation and analytical approach
with extended Wagner theory) and experimental observations in the internal oxidation
kinetics of Fe-Mn [6] and Fe-Mn-Cr steel alloys annealed under different ambient oxygen
partial pressures also indicates that the adopted data of oxygen diffusivity [13] and oxygen
dissolution [20] in austenite matrix are valid. The predicted internal oxidation behaviour of
steel alloys adopting the data of oxygen diffusivity and dissolution can be regarded as a
benchmark.

6.5 Conclusions
The coupled thermodynamic kinetic model allows prediction of the internal oxidation
behaviour of Fe-Mn-Cr steel alloys annealed under different ambient oxygen partial
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pressures, including the growth kinetics of internal oxidation zone and the concentration

depth profiles of multiple internal oxides. The internal oxidation rate of Fe-Mn-Cr steel

alloys is controlled by the diffusion of reactants through the iron matrix and thus follows

the parabolic rate law. Both MnO and MnCr,0, exhibit a relatively low solubility product,

and local thermodynamic equilibrium is established during internal oxidation of Fe-Mn-Cr

steel alloys. When annealing at dew points of -10 and 10 °C, the depth of the internal

oxidation zone of MnO is almost the same as that of MnCr,0O,.
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Chapter 7

Waustite formation kinetics on pure iron and low
alloyed Mn steels during annealing in H,O + H;
and CO; + CO gas mixtures

Abstract

Knowledge on the kinetics of Wiistite (FeO) formation on Mn alloyed steels is of
significant importance for the galvanizing industry. In this study, the linear growth kinetics
of Wistite scale on pure iron and Mn alloyed steels in gas mixtures containing H,O or CO,
are investigated. The classical coupled linear-parabolic model can well describe the kinetics
of Wiistite formation on pure iron in HO + H, and CO, + CO gas mixtures as a function of
temperature and gas composition. However, this model cannot predict the growth kinetics
of Wiistite scale on Mn alloyed steels, since the observed linear growth rate of Wiistite
scale on Mn alloyed steel in H,O + H, and CO, + CO gas mixtures is much lower than that
on pure iron. Possible explanations for the substantially lower Wiistite growth rate on Mn

alloyed steels than on pure iron are discussed.

Keywords
Iron, Mn alloyed steel, Oxidation, Wiistite, Kinetics
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71 Introduction

Advanced high strength steels (AHSS) are widely used in automotive industries to reduce
the weight of car bodies and thereby reducing fuel consumption and CO, 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 N, and H, with some water vapor. However, the
alloying elements in AHSS, such as Mn, Si, Cr, Al etc., can form stable oxides at steel
surface during annealing in this atmosphere before the steel enters the zinc bath. These
alloying element oxides at the steel surface lower the zinc wettability [3] and hence degrade
the quality of the galvanized steel product [4]. An attractive approach to create an oxide-
free steel surface is by first forming a thin Wiistite (FeO) layer at the steel surface with the
oxides of alloying elements being formed internally and buried underneath the layer [5].
Then, the Wiistite layer is fully reduced during the subsequent annealing process in the N,
plus H, gas mixture with only pure iron at steel surface [6]. The formation of a Wiistite
scale occurs, for example, when annealing a steel sheet in a direct-fired furnace where the
oxygen partial pressure (pO,) is above that for Wistite formation; see e.g. ref. [5]. A
mixture of oxidants as CO, and H,O as well as reductants CO and H, is the typical gas
atmosphere in such a furnace. Hence, the kinetics of Wiistite layer formation on Mn alloyed
steels in these gas mixtures is of particular interest.

The kinetics of Wiistite growth on pure iron oxidized in H,O + H, and CO, + CO gas
mixtures have been studied extensively [7-13]. At the early stage of iron oxidation, the
Wiistite growth rate is controlled by gas-oxide boundary reaction, and the scale thickness
increases linearly with time. As the oxide layer thickens, the transport of the reacting
species through the oxide scale determines the growth rate and then a parabolic growth law
is obeyed. Experimental results from Turkdogan et al. [12] and Young & Yin [13] show
that during the parabolic growth regime, the parabolic rate constant of Wiistite growth on
pure iron in gas mixtures containing H,O and H, can be predicted well with the classical
Wagner theory [14]. However, it is expected that for the annealing conditions and the short
exposure time encountered in an industrial galvanizing line, the Wiistite scale formed
during annealing will not be thick enough to result in a fully parabolic growth kinetics.
Hence, a coupled linear-parabolic model, proposed by Wagner and Pettit [8], is adopted
here to quantitatively describe the kinetics of Wilistite growth in gas mixtures containing
H,O + H, or CO, + CO.
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Recently, it is reported that the Wiistite growth on Mn alloyed steels is significantly slower
than on pure iron in N, + H,O + H, gas mixtures at temperatures ranging from 800 to 1100
°C [13]. During the parabolic growth regime, the parabolic rate constant of Wiistite
formation is much smaller for Mn alloyed steels than for pure iron under the same
annealing conditions. To date, an explanation for the difference in oxidation rate between
iron and Mn alloyed steels is not conclusive [13, 15]. It is suggested that sulphur in the steel
segregates at Wiistite surface and lowers the oxygen partial pressure at Wiistite surface
[15], but this is not supported by experimental evidence. Such a comparison between the
Wiistite growth kinetics on pure iron and on Mn alloyed steels at the early stages, i.e. in the
linear growth regime, has not been reported yet, while this is most relevant for annealing

prior to galvanizing.

Hence, in this paper, the kinetics of Wiistite growth on pure iron in H,O + H, and CO, +
CO gas mixtures as predicted with the coupled linear-parabolic model [8] are compared
with the recently reported experimental results [9-11, 13]. Next, the growth kinetics of
Wiistite scale on Mn alloyed steels as observed in our study are compared with that of pure
iron during the early stages of oxidation in H,O + H, and CO, + CO gas mixtures. Finally,
possible explanations are presented for the discrepancy between the rate of Wiistite scale

growth on iron and Mn alloyed steels in the linear growth regime.

7.2 Experiments

7.2.1 Samples

The chemical compositions of the pure iron, Fe-0.69C alloy, Fe-Mn alloys and Fe-1.7Mn-
0.1C steel used in this study are listed in Table 7.1. Rectangular samples of 15x7x2 mm for
thermogravimetric analysis were cut from ingots by electric discharge machining (EDM).
All samples were grinded with SiC emery paper and then polished with 1 micron diamond
grains in the final step. The samples were cleaned ultrasonically in isopropanol and dried by
blowing with pure nitrogen (purity better than 5N) before storing in air tight membrane
boxes (Agar Scientific G3319, UK). The dimension of each sample after preparation was
measured with a caliper (accuracy £ 0.05 mm).

7.2.2 Annealing

A first series of oxidation experiments were performed with a symmetrical
thermogravimetric analyser (TGA, Setaram TAG 16/18, France) in order to obtain the
kinetics of Wiistite formation. 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
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sample. A dummy sample of alumina with the same dimensions was mounted onto a

sapphire rod of the counter part of the balance to eliminate any buoyancy effect.

Table 7.1: Chemical composition (in wt%) of iron, Fe-0.69C steel, Fe-Mn alloys and Fe-1.7Mn-0.1C
steel determined by Optical Emission Spectrometry. Elements with concentration below 0.001 wt%
are not listed here.

C Si P Cr Mn Ni Nb Mo Al
20

Iron 0.003  <0.000 <0.000 <0.005 0.005 <0.001 0.001 <0.040
(ppm)

Fe-0.69C 0.731  0.015 <0.000 0.043 <0.005 0.003 <0.001 <0.001  0.020
9

Fe-1.7Mn <0.01  0.002 <0.003 1.71 0.002  <0.01  0.002 NA
(ppm)
9

Fe-3.5Mn <0.01 <0.002 <0.003  3.49 0.002  <0.01  0.002 NA
(ppm)
14

Fe-7.0Mn <0.01 <0.002 <0.003 672  <0.001 <0.01  0.002 NA
(ppm)
16

Fe-14Mn <0.01  0.002 <0.003 133  <0.001 <0.01  0.002 NA
(ppm)

Fe-1.7Mn-0.1C  0.101  0.056  0.006  0.015 1.78 - - - 0.021

The whole TGA system was pumped to vacuum (< 50 Pa) and refilled with an Ar + 5 vol.%
H, gas mixture twice to flush the gas lines, balance and furnaces. Then the dual furnaces
were heated up from room temperature to the target temperature with 5 or 10 °C/min, while
purging with 200 sccm Ar + 5 vol.% H,, i.e. 100 sccm gas in each furnace. 30 minutes after
the target temperature for isothermal oxidation was reached, the Ar + 5 vol.% H, was
switched to oxidation atmosphere while maintaining a total gas flow of 200 sccm. Two
types of oxidation atmosphere were used in this study, i.e. Ar + 33 vol.% CO, + 17 vol.%
CO and Ar + 1.2 vol.% H,0 gas mixtures. After oxidation, the furnace was cooled down to
room temperature with 5 or 10 °C/min in pure Ar. Since no significant decarburisation was
observed during oxidation of the steel samples, the TG curves represent the kinetics of
oxidation. Because the oxide scale formed on the Mn alloyed steel from 650 to 850 °C is
very thin, the growth kinetics of a Wiistite layer cannot be accurately determined from the
TG curves because of the significant contribution of internal oxidation of Mn to the mass
gain. To solve this problem and to avoid potential influence of mass loss due to
decarburization, the Mn alloyed steel was first annealed in the oxidation atmosphere at 950
°C for 8 hours to create a relatively thick oxide scale that fully covered steel surface as well

as a thick internal oxidation zone of MnO. Then the furnace temperature was lowered to the
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target oxidation temperature and isothermally held for 1 to 4 fours while maintaining the
same oxidation atmosphere. The internal oxidation rate of the Mn alloyed steels decreases
with the depth of internal oxidation zone [16], and hence the contribution of mass gain due
to the internal oxidation during the Wiistite growth will be lowered when annealing at the
target oxidation temperature. The mass gain of the Mn alloyed steel increases linearly with
time during oxidation at temperatures of 650, 750 and 850 °C. Thus the linear growth rate

of Wilstite on the Mn alloyed steel was obtained for different oxidation temperatures.

For characterization of the Wiistite scale formed on iron and steels, a second series of
experiments 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 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 and 180 °C/min, respectively. Thus, the transformation of Wiistite into
magnetite during cooling was negligible. The gas mixtures passed through the furnace tube
at atmospheric pressure at a total flow rate of 500 sccm. The gas composition of the

oxidation atmosphere was the same as that for the thermogravimetric analysis.

Prior to admitting the gas mixtures to any of the furnace, each gas, i.e. Ar, H,, CO, and CO
(all with 5N vol.% purity), was filtered to remove any residual hydrocarbons, moisture and
oxygen, with Accosorb (< 10 ppb hydrocarbons), Hydrosorb (<10 ppb H,0) and Oxysorb
(< 5 ppb O,) filters (Messer Griesheim, Germany), respectively. The flow of each gas was
regulated and monitored using mass flow controllers (Bronkhorst, The Netherlands). H,O
vapour was added to the gas by evaporating de-aerated and deionized water (18.2 MQ.cm
at 25 °C) with an in the 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 O, sensor (InPro 68501, Mettler Toledo).

7.2.3 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 20 region between 10 to 110° with a step
size 0f 0.034° 20 and a dwell time of 2 s.
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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 microanalysis (XMA) using Electron Dispersive
Spectroscopy (EDS) was performed with the same SEM instrument equipped with an
UltraDry 30 mm? detector (Thermo Fisher Scientific, USA). The SEM instrument is also
equipped with an Oxford Instruments-HKL Nordlys II detector allowing Electron
Backscattering Diffraction (EBSD). The EBSD measurements were performed with an
electron beam energy of 20 keV. The acquisition and processing of EBSD data was
performed using Channel 5 software (version 2011).

The concentration of Mn in the Wiistite formed on Mn alloyed steels was determined with
electron probe X-ray microanalysis (EPMA). The analysis was performed with a JXA
8900R (JEOL, Japan) microprobe employing Wavelength Dispersive Spectrometry (WDS).
A focussed electron beam was used with an energy of 10 keV and a current of 50 nA. The
measurement was performed on 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 corresponding intensities of reference
materials. In this case the X-ray intensities of Fe-Ko, Mn-Ko and O-Ko were measured
and pure Fe, Mn and SiO,, respectively, were used as references. The thus obtained

intensity ratios were processed with a matrix correction program CITZAF [17].

7.3 Results

7.3.1 Kinetics of Wiistite formation on pure iron in H,O + H, and CO, + CO
gas mixtures

The coupled linear-parabolic model [8] is revisited and summarized in the Appendix D.

The rate of oxygen incorporation to Wiistite surface (J,, , in mol cm™ s™) equals to:

*n a.
JO = Koxid (aO) (1 - a_o)poxid (7 1)

O

in which K

oxid

(mol cm™ s atm™) is the rate constant of the overall surface reaction

between Wistite scale and H,O vapour (K, , ) or CO, (K, ) in the gas. p,,, (in atm.) is
the partial pressure of the oxidant gas species in the gas mixture, namely H,O vapour ( py; o
) or CO, ( peo, )- a; and a, are oxygen activities at the Wiistite scale surface and in the gas

ambient, respectively. Both oxygen activities a, and a, are expressed in terms of

Do/ Pu, OF Peo, / Peo ratio in Eq. (7.1). The value of n (0 <n <1 [18]) depends on the
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mechanism of oxygen incorporation into the Wiistite surface [10]. In this study, the value of
n adopted for predicting the Wiistite growth kinetics in H,O + H, and CO, + CO gas
mixtures equals 2/3 [8, 19]. Figure 7.1 shows the schematic of the growth mechanism of
Wiistite scale on pure iron. At the early stages of Wiistite growth, the oxygen activity a,

almost equals to the value corresponding with the iron-Wiistite equilibrium oxygen activity

al™). Then, the kinetics of Wiistite growth is controlled by its surface reaction.

Accordingly, the oxygen flux J, is almost a constant and the Wiistite scale thickens

almost linearly with time. During the Wiistite growth the oxygen activity a, gradually
increases, and hence the growth rate of Wiistite scale decreases with time. When the
oxygen activity a, is close to a,, i.e. Wiistite surface is almost equilibrated with gas

ambient, the growth of Wilstite scale is controlled by mass transport through the scale and
then a parabolic rate law is obeyed. In the coupled linear-parabolic model it is assumed that
the defect structure of the Wiistite scale at surface and in the bulk are the same, and that the
concentration of cation vacancy depends only on the local oxygen partial pressure. Any
formation of pores or defect clusters is excluded. The mechanism of Wiistite growth is
considered to be controlled by the inward diffusion of cation vacancies [8]. Moreover, it is
assumed that thermodynamic equilibrium is established at Wiistite-iron interface.

ox}de Fe O

gas |V Metal gas oxide Metal
ao aO *
Ao

Time
aO \ Fe/FeO Fe/FeO
a, do
* _ L FeFeO . * :
Qo = dg Linear growth a, = d,  Parabolic growth

Figure 7.1: Schematic of the growth mechanism of Wiistite scale formed on pure iron according to the
coupled linear-parabolic model [8].

The surface reaction rate constant K ,, for Wiistite formation can be evaluated from the

observed growth kinetics during the linear growth regime as long as the gas composition in
annealing atmosphere is known and the value of # is pre-defined; see Eq. (7.1). The values

for the surface reaction rate constant for CO, + CO gas mixtures, K, , of Wiistite growth
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on pure iron in the temperature range from 700 to 1100 °C were reported in ref. [8], and the

temperature dependence of the surface reaction rate constant for H,O + H, gas mixtures,

Ky o » of Wiistite growth on pure iron in the temperature range from 850 to 1150 °C was

estimated from the experimental data reported in ref. [12]. Adopting these values for the

surface reaction rate constant, the thickness of Wiistite scale formed on pure iron in H,O +

H, and CO, + CO gas mixtures, respectively, can be predicted quantitatively for any

annealing condition (i.e. gas composition, temperature and time).
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Figure 7.2: Comparison between the measured [13] (solid symbol) and predicted (solid and dashed

lines) kinetics of Wiistite scale growth on pure iron in N, + H,O + H, gas mixtures with different

composition at 1 atm.
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The predicted kinetics of Wiistite growth with the coupled linear-parabolic model are in
agreement with the reported growth kinetics for a Wiistite scale on pure iron annealed in N,
+ H,O + H, gas mixtures at 985 and 1000 °C [13]; see Figure 7.2. Both the experimental
results [13] and our predictions clearly show that the Wiistite growth rate increases not only
with the oxygen partial pressure, but also with partial pressure of H,O vapour in the
annealing atmosphere. Since the growth rate of Wiistite scale is sensitive to the partial
pressure of H,O vapour, the somewhat larger values reported for the mass gain of pure iron
than predicted may be due to the uncertainty of the H,O vapour concentration in the actual

annealing atmosphere; see Figure 7.2.
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Figure 7.3: Comparison between the measured [9-11] (solid symbol) and predicted (solid lines)
kinetics of Wiistite scale growth on pure iron in CO, + CO gas mixtures with different (a) gas
compositions, (b) annealing temperatures and (c) total gas pressures.

The kinetics of Wiistite growth on pure iron in CO, + CO gas mixtures predicted with the
coupled linear-parabolic model also matches the experimental results; see Figure 7.3. The
reported Wiistite growth rate on pure iron in refs [9, 11], determined with
thermogravimetric analysis at temperatures ranging from 1000 to 1200 °C, were taken to
validate our predictions. For simplicity, only several points from the reported continuous

curve of mass gain with time were selected for this comparison. It is worth noting that all
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the data adopted (e.g. the surface reaction rate constant K, , parabolic rate constant for

Wiistite formation in air, defect concentration in Wiistite) for simulating the scale growth
kinetics based on the coupled linear-parabolic model are fully independent from the
reported experimental results. The growth rate of Wiistite scale on pure iron in CO, + CO
gas mixtures increases with the oxygen partial pressure, the partial pressure of oxidant gas
and the total gas pressure of the annealing atmosphere. This behaviour is similar as for the
growth of Wilstite scale on pure iron in H,O + H, gas mixtures. More importantly, the good
agreement between the predicted and observed growth kinetics of a Wilistite scale on pure
iron in CO, + CO gas mixtures in the temperature range from 1000 to 1200 °C for any
given annealing condition, shows that the coupled linear-parabolic model can accurately
describe the Wiistite growth kinetics.

Although the experimental data for kinetics of Wiistite formation on pure iron in CO, + CO
gas mixtures below 900 °C have been reported, also the growth of Wiistite on pure iron in
an Ar + 33 vol.% CO, + 17 vol.% CO gas mixture (1 atm.) at temperatures ranging from
650 to 950 °C were investigated here for comparison. The experimental results are
compared with our predictions; see Figure 7.4. Both thermodynamic computation and XRD
analysis confirms that the oxide scale formed for the annealing conditions applied here only
consists of Wiistite. According to our predictions, the formation of a Wiistite scale on pure
iron within 6 hours of oxidation in the gas mixture at temperatures ranging from 650 to 850
°C is within the linear growth regime. This indicates that the growth kinetics is controlled
by the reaction at scale surface. Indeed, the observed growth kinetics of Wiistite at 650 and
750 °C follow a linear rate law, and the growth rate determined matches our predictions. At
850 °C, however, the initial growth rate is smaller than predicted (about 20 % of the
predicted value), but continuously increases with time until it exceeds the predicted values;
see Figure 7.4. After 8 hours of oxidation the observed linear growth rate is about twice the
value predicted. Observation of similar rate curves consisting of two separate linear regions
was already reported [8, 9]. It is suggested that in the first linear region, the Wiistite scale
nucleates epitaxially onto the iron substrate (with randomly oriented crystal grains) and
grows with a relatively small growth rate. Subsequently, a scale texture develops gradually
such that the (100) plane of Wiistite (rocksalt crystal structure) is parallel to the iron
substrate, corresponding with an increase of the growth rate at the second linear region.
Apparently, the surface reaction rate depends on the crystal orientation of the oxide scale.
This may be explained by the higher site occupation of Fe cations at the (100)
(1.1x10"/m?) than at the (110) (7.5%10"*/m) or (111) (6.2x10"*/m*)" plane of Wiistite. At

' Since the surface of Wiistite scale with (111) orientation is composed by either Fe cations or O anions, an
average value is taken for site occupation of Fe cations.
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these sites, oxidant molecules (H,O or CO,) adsorbs preferentially and subsequently
dissociate leaving an oxygen atom behind. The higher the density of Fe cation sites, the
faster Wiistite growth. Thus, the highest Wiistite growth rate is expected to occur at the
(100) plane. Since the calculated surface energy of (100) and (110) planes of FeO are
almost the same [20], the evolution of scale texture during oxidation is attributed to the

uneven growth rate of Wilistite crystals with different orientation.
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Figure 7.4: Comparison between measured and predicted kinetics of Wiistite scale formation on pure
iron at temperatures of (a) 650, (b) 750, (c) 850 and (d) 950 °C in a gas mixture of Ar + 33 vol.% CO,
+ 17 vol.% CO at 1 atm.

When oxidizing at 950 °C, the oxide growth rate starts to decrease after about 3.5 hours,
indicating that then diffusion of species through the scale starts to affect the oxide growth
kinetics. The maximum oxide scale growth rate observed in our experiments was taken to
evaluate the surface reaction rate constant K, for Wiistite formation on pure iron; see Eq.
(7.1). The values obtained are larger than those reported in ref. [8] at temperatures of 850
and 950 °C. This is probably due to the difference in purity of the iron used in the

experiments, as the Wiistite growth rate is very sensitive for impurities in iron (see below).
Also, there may be a difference in texture development in the various Wiistite scales. The
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re-evaluated temperature dependence of the surface reaction rate constant K, for Wilstite

formation on iron from 650 to 950 °C is listed in Table 7.2.

Table 7.2: Surface reaction rate constant K for Wiistite growth on pure iron and Mn steels in CO, +
CO and H,O + H, gas mixtures. The value of n is taken equal to 2/3 (see Eq. (7.1)).

Temperature range

Rate constant K

Material Gas mixture > 1 . Reference
(°C) (molcm™s™ atm™)
98000
Iron 700-880 CO,+CO 1.5x107 CXP[*WJ [8]
221000
Iron 960-1100 CO,+CO 3.3x10° eXp(* o7 j [8]
136000
Iron 650-950 CO,+CO O.l7exp(— j This study
_ 163000
Fe-1.7Mn-0.1C 650-950 CO,+CO 97x102mw(— RT This study
. 274000
Fe-0.2Mn-0.06C 1000-1150 CO, +CO 1.8x10%exp| — RT [21]
88000
Iron 850-1150 H,0 +H, Ileoﬂexp(—Aiﬁ;f [12]
. 264000
Fe-0.2Mn-0.06C 950-1150 H,0 + H, 2.8x10%exp| — RT [21]
153000 .
Fe-1.7Mn-0.1C 650-950 H,O + H, 1.0exp| — RT This study

The agreement between predicted and experimentally determined growth kinetics of

Wiistite scale on pure iron annealed in H,O + H, (Figure 7.1) or CO, + CO (Figures 7.2 and

7.3) gas mixtures shows that the coupled linear-parabolic kinetic model can be used as a

benchmark for estimating the thickness of Wiistite scale on pure iron after oxidation for

various annealing conditions.
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7.3.2 Kinetics of Wiistite formation on Mn alloyed steels in H,O + H, and CO,
+ CO gas mixtures

Since Mn is the major alloying element in advanced high strength steels at a concentration
usually below about 2 wt%, its effect on the Wiistite growth rate is investigated. The linear
growth rate of Wiistite scale on Mn alloyed steels is much lower than on pure iron in gas
mixtures with H,O as the only type of oxidant; see Figure 7.5. All the experimental data
reported so far [15, 21-23] on linear growth kinetics of Wiistite on Mn alloyed steels in H,O
containing atmosphere are summarized and compared with that for pure iron in Figure 7.5.
The Mn alloyed steels used in those studies have similar composition, i.e. 0.2 wt% Mn and
0.04 to 0.06 wt% carbon. Because kinetic data on Wiistite scale formation on Mn alloyed
steels below 950 °C are lacking, the temperature dependence of the surface reaction rate

constant Ky, , from 650 to 950 °C was experimentally evaluated for the steel alloyed with

1.7 wt% Mn and 0.1 wt% carbon. For both Mn alloyed steels and iron, the surface reaction
rate constant K, , for Wistite formation follows an Arrhenius type relation with
temperature. The activation energies derived for the surface reaction of Wiistite scale on
pure iron and the Mn alloyed steel are, however, much different, i.e. about 88 and 153

kJ/mol, respectively; see Table 7.2. The surface reaction rate constant Ky , for Wiistite

formation on Mn alloyed steels is smaller than that for iron below about 1200 °C, and this
discrepancy increases with decreasing temperature; see Figure 7.5.
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Figure 7.5: Temperature dependence of the surface reaction rate constant K for Wiistite growth on
pure iron and Mn alloyed steels in gas mixtures containing H,O as the only oxidant, with the value of
n taken equal to 2/3; cf. Eq. (7.1).
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In CO, + CO gas mixtures, Wiistite growth on Mn alloyed steels is also much slower than
on pure iron during the linear growth regime. Since the available experimental data on
linear growth kinetics of a Wiistite scale on Mn alloyed steel (0.2 wt% Mn and 0.05 wt% C)
in gas mixtures with CO, as the only type of oxidant only cover the temperature range from
1000 to 1150 °C [21], in this study the growth kinetics of a Wiistite scale is determined for
a Mn steel alloyed with 1.7 wt% Mn and 0.1 wt% carbon in an Ar + 33 vol.% CO, + 17
vol.% CO gas mixture for temperatures ranging from 650 to 950 °C. The temperature

dependence of the surface reaction rate constant K, is evaluated from the observed linear

oxidation kinetics; see Table 7.2. Also, this surface reaction rate constant follows an
Arrhenius type relation with temperature; see Figure 7.6. Clearly, the surface reaction rate

constant K, for Wiistite growth on Mn alloyed steels is much smaller than that for

Wiistite growth on pure iron (see Figure 7.6), and this difference can reach up to three
orders of magnitude.
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Figure 7.6: Temperature dependence of the surface reaction rate constant K for Wiistite growth on
pure iron and Mn alloyed steels in gas mixtures containing CO, as the only oxidant, with the value of
n taken equal to 2/3; cf. Eq. (7.1).

Both Mn and carbon additions to Fe substantially lower the linear growth rate of a Wiistite
scale; see Figure 7.7. No clear correlation between oxidation rate and Mn concentration is
observed, and the effect of increasing Mn concentration on Wilistite growth rate is relatively
small up to 7 wt.%. Only when heavily alloyed with Mn (14 wt%) the Wiistite growth rate
further decreases.
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Figure 7.7: Kinetics of Wiistite scale formation on (a) pure iron, Fe-0.69C steel and Fe-1.7Mn-0.1C
steel, and (b) Fe-1.7Mn-0.1C steel and Fe-Mn alloys, annealed at 950 °C in an Ar + 33 vol.% CO, +

17 vol.% CO gas mixture at 1 atm.

For both pure iron and Mn alloyed steels, a dense Wiistite scale is formed at surface and
separates the metal matrix from the gas atmosphere after annealing in an Ar + 33 vol.%
CO, + 17 vol.% CO gas mixture at 950 °C; see Figure 7.8. The Wiistite scale is well
adhered to metal matrix and no delamination of oxide occur during oxidation. According to
the composition analysis of the Wiistite scale by EPMA, the Mn is homogeneously
dissolved with a concentration of about 3 at.% (among cations) after annealing the Fe-
1.7Mn-0.1C steel at 950 °C in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture. An internal
oxidation zone of MnO is formed in the Mn alloyed steel underneath the Wiistite scale.

| om PSSR e ST e
D -- = —
Figure 7.8: Back-scattered electron image of a cross-section of (a) pure iron and (b) Fe-1.7Mn-0.1C
steel after annealing at 950 °C for 3 hours in an Ar + 33 vol.% CO, + 17 vol.% CO gas mixture at 1
atm. Internal oxidation zone (I0Z) of MnO is formed in the annealed Fe-1.7Mn-0.1C steel.
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7.4 Discussion

The much slower Wiistite growth on Fe-Mn alloys and Mn alloyed steels than on iron
cannot be explained by the influence of Mn on the iron cation diffusivity nor by the
influence of Mn on defect concentration in Wiistite [24]. The kinetics of Wiistite formation
on pure iron, Fe-Mn alloys and the Mn alloyed steel in Ar + CO, + CO gas mixtures within
the oxidation time considered are controlled by the surface reaction rather than by the mass
transport across the oxide scale. This is evidenced by the observed gradual increase of
Wiistite growth rate with time (see Figure 7.6), which is in contrast with oxide scale growth

kinetics determined by diffusion.

It has been reported that Si alloyed steels also oxidize much slower than pure iron, because
a Fe,Si04 or Si0, layer is formed in between the Wiistite scale and alloy matrix and blocks
the iron transport from alloy to Wiistite scale [25]. However, on Fe-Mn alloys, MnO is the
only type of oxide that can be formed at the ambient oxygen partial pressure considered
here, but between the Wiistite scale and alloy matrix no other type of oxide layer is
observed; see Figure 7.8. This suggests that Mn influences the reaction rate at the scale-gas
interface.

It has been reported [13, 23] that a preferred orientation of the crystals in Wiistite develops
with the (110) lattice planes parallel to the surface for Mn alloyed steels, while a strong
preferred orientation of the crystals in Wiistite occurs with the (100) lattice planes parallel
to the surface for pure iron, when oxidizing in N, + H,O + H, gas mixtures from 800 to
1100 °C. Also it has been reported [13] that a preferred orientation of the crystals in
Wiistite happens with the (100) lattice planes parallel to the surface for pure iron when
oxidizing in CO, + CO gas mixtures. Then, the linear growth rate of a Wiistite scale with a
(100) fibre texture is higher than that of a Wiistite scale with no crystallographic texture.
But the observed discrepancy in the linear growth rate of Wiistite scale between iron and
Mn alloyed steels is not caused by the difference in scale texture. In our study, no texture is
observed in the Wiistite scale formed on both pure iron and the Mn alloyed steel after
oxidation at 950 °C for 3 hours in an Ar + 33 vol.% CO, + 17 vol.% CO gas mixture,
according to the results of EBSD measurements. A columnar structure was observed and
the Wiistite crystals are randomly oriented in the scale on both iron and the Mn alloyed
steel; see Figures 7.9 and 7.10. The thickness of Wiistite crystals on pure iron is much
larger than the thickness of the Wiistite crystals with similar orientation on the Mn alloyed
steel. Thus, the discrepancy in scale growth rate between iron and Mn alloyed steels cannot

be explained by the texture of the Wiistite crystals.
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Figure 7.9: Inverse pole figure maps of cross-section of Wiistite scale formed on pure iron after
annealing at 950 °C for 3 hours in an Ar + 33 vol.% CO, + 17 vol.% CO gas mixture at 1 atm. The
crystal orientation is given with respect to the normal to the sample surface. The Wiistite crystals are

randomly oriented.

MnO and FeO have the same rock-salt crystal structure and can form a continuous solid
solution, denoted as (Fe,.,,Mn,)O with 0<x<I [26]. The lattice constant of MnO (4.444 A
[27]) is close to that of FeO (4.332 A [11]). The bond dissociation energy of diatomic
molecules Mn-O and Fe-O are 362 and 407 kJ/mol, respectively [28]. Based on these
values of the bond strength, it is estimated with the Langmuir-McLean segregation equation
[29, 30] that Mn cations dissolved in Wiistite significantly segregate at scale surface during
annealing. For example, at 927 °C the value of x for the (100) surface of (Fe(.97,Mng3)O can
reach up to about 0.7. The Mn cations enriched at the Wiistite surface may act as a barrier
between adsorbed gas molecules and the Fe cations, and hence hinder the growth of
Wiistite. Moreover, the dissociation rate of CO,/H,0O into CO/H, and adsorbed oxygen on
Wiistite surface may be lowered with Mn segregation. Then, the surface reaction rate

constants ( Ky, , and K, ) for MnO will be lower than that for FeO. However, the linear

growth rate constant of MnO on pure Mn in H,O + H, or CO, + CO gas mixtures has not

been reported, and hence the surface reaction rate constants K , and K, for MnO are

unknown. Carbon may influence the growth kinetics of Wiistite scale on steels in CO, +
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CO gas mixtures through a different mechanism from Mn. Small amount of carbon can be
dissolved in Wiistite [31] and may change the defect structure at Wiistite surface. Hence,
the carbon at Wiistite surface may lower the number density of adsorption cites of CO,
molecules and thereby lowering the growth rate of Wiistite scale. The measurement of the

surface reaction rate constants K , and K., for MnO as well as the effect of carbon on

defect structure at Wiistite surface will be the subject of further studies.

« Wiistite

N, SN

= *
Fe substrate

-~

Fe substrate

001 101

Figure 7.10: Inverse pole figure maps of cross-section of Wiistite scale formed on the Fe-1.7Mn-0.1C
steel after annealing at 950 °C for 3 hours in an Ar + 33 vol.% CO, + 17 vol.% CO gas mixture at 1
atm. The crystal orientation is given with respect to the normal to the sample surface. The Wiistite
crystals are randomly oriented.

7.5 Conclusion

The coupled linear-parabolic model can well predict the kinetics of Wiistite formation on
pure iron in HO + H, and CO, + CO gas mixtures as a function of temperature and gas
composition. However, when applying this model to predict the growth kinetics of Wiistite
scale on Mn alloyed steels in H,O + H, and CO, + CO gas mixtures, the observed linear
growth rate is substantially lower. The alloying elements Mn and carbon lower the linear
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growth rate of a Wiistite scale. Possibly, the Mn ions segregate to the Wiistite scale surface

during oxidation thereby suppressing the reaction between Fe and the oxidant gas species.
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Chapter 8

Reduction kinetics of Wiistite scale on pure iron
and steel sheets in Ar and H, gas mixture’

Abstract

A dense and closed Wiistite scale is formed on pure iron and Mn alloyed steel after
oxidation in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture. Reducing the Wilstite scale in
Ar + H, gas mixture forms a dense and uniform iron layer on top of the remaining Wiistite
scale, which separates the unreduced scale from the gas mixture. The reduction of Wiistite
is controlled by the bulk diffusion of dissolved oxygen in the formed iron layer and follows
parabolic growth rate law. The reduction kinetics of Wiistite formed on pure iron and on
Mn alloyed steel are the same. The parabolic rate constant of Wiistite 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 950 °C parabolic rate constant of Wiistite 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 Wiistite reduction is negligible when
reducing in a gas mixture with a dew point below 10 °C. During oxidation of the Mn
alloyed steel, Mn is dissolved in the Wiistite scale. Subsequently, during reduction of the
Wiistite layer, Mn diffuses into the unreduced Wiistite. Ultimately, an oxide-free iron layer
is obtained at the surface of the Mn alloyed steel, which is beneficial for coating

application.

Keywords
Waiistite scale, Gaseous reduction, Hydrogen, Kinetics

! This chapter is based on:

W. Mao and W.G. Sloof, Reduction kinetics of Wiistite scale on pure iron and steel sheets in Ar and H, gas
mixture, Metallurgical and Materials Transactions B, vol. 48, p. 2707, 2017.
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8.1 Introduction

Advanced high strength steels (AHSS) are used in automotive industries to reduce the
weight of car bodies thereby reducing fuel consumption and CO, 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 N, and H, 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 Fe,_ ;O (Wiistite) 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 Wiistite goes through three different stages [8]. First,
oxygen of the Wiistite reacts with H, at the very surface [9]. Depending on the oxygen
partial pressure, Wiistite can accommodate cation vacancies with a relatively large
concentration (iron deficiency can reach up to 10 % [10]). However, if the concentration of
cation vacancies in the bulk Wiistite before reduction is higher than the equilibrium cation
vacancy concentration, the initial reduction of Wiistite only decreases the amount of cation
vacancies instead of forming metallic iron [11]. This decrease of concentration of cation
vacancies at the Wiistite surface leads to an outward flux of these vacancies [12]. Next,
when the surface concentration of oxygen drops below the value given by the Wiistite/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 Wiistite from the reduction
atmosphere. Subsequently, the Wiistite reduction proceeds by oxygen diffusion through the
iron layer formed at the surface [13]. This stage is referred to as the steady state reduction
of Wiistite.

The kinetics of Wiistite reduction during the three stages are different. The rate of oxygen

removal by hydrogen at Wiistite surface in the first stage of reduction as well as the lateral

124



Chapter 8

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 Wiistite 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 Wiistite quantitatively. Next, the
reduction kinetics of a Wiistite scale formed on pure iron and Mn alloyed steel sheet is
studied experimentally at different annealing temperatures in the Ar + H, atmosphere with
different hydrogen partial pressures and dew points. Finally, the composition and

microstructure of the surface is analyzed.

8.2 Kinetics of steady state Wiistite reduction

The kinetics of steady state reduction of Wiistite has been described in Refs [13, 17] only
qualitatively. In this paper, however, the kinetics of steady state reduction of Wiistite is
quantified. It is assumed that a closed and dense Fe layer is formed at the surface that
separates the Fe, O scale from the reducing gas atmosphere; see Figure 8.1. At the
interface between the formed iron layer and the remaining Wiistite layer (Fe/Fe,.s0), the
Wiistite decomposes into iron and oxygen according to:

Fe,_,O0=(1-90)Fe+0O

, 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
dissolved oxygen across the iron layer governs the rate of Wiistite reduction, and local
thermodynamic equilibrium is established at both Fe/Fe, O 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 Wiistite scale and equals the dissociation
oxygen partial pressure of Fe; ;0. Hence, the iron deficiency o (i.e. the concentration of
cation vacancies) in the Fe;.sO 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 Fe; ;O is determined by the dissociation oxygen partial

pressure of Wiistite. Hence, the mole fraction of dissolved oxygen in Fe at the surface (Né)

and at the Fe/Fe, ;O interface ( N ) reads:

Né :KSX ,poz(ambicm)
Né :KSX ,pOZ(Fe/FeO)

(8.1)
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where K is the Sievert’s constant and pO,"™'"® is the dissociation oxygen partial pressure
of Wiistite. The ambient oxygen partial pressure ( pO,“™" ) as a function of temperature,

hydrogen partial pressure and dew point can be calculated from the data in ref. [19]. Both

Ks and pO,"™® are a function of temperature, namely:

-AG,
Ks =exp T (8.2)
and
0
poz(Fe/FeO) —exp ( ZARG;eO \] (8.3)

in which AGS is the standard free energy for O, dissolution in Fe, and AGp,, is the

standard free energy of reaction Fe+1/20, =FeO. Further, AG& and AGp, can be
expressed in terms of enthalpy H, entropy S and temperature 7" according to:

AGy = AHy —TAS, (8.4)
and
—TAS;,

0
AH FeO FeO

AG?

FeO

(8.5)
, respectively. Data of AGg can be evaluated from ref. [20], and AG?, is obtained from

FeO
ref. [18].

gas |Reduced Fe | Fe ;O

Fe-FeO

)

Figure 8.1: Schematic presentation of oxygen activity profile across the iron layer during the steady-
state reduction of a Wistite scale.

Taking the concentration profile of dissolved oxygen in Fe linear, then the flux of oxygen

in the iron layer follows from Fick’s first law:

gy =2 Mo=No) (8.6)
ey X

m(Fe)
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where V

(e 18 the molar volume of Fe and X is the thickness of the reduced iron layer. D,

is the bulk diffusion coefficient of oxygen in iron, which equals:

D, = Dy exp (%} (8.7)

Values of Dg and Q are adopted from ref. [18]. Since the growth rate of the reduced iron

layer is coupled to the oxygen flux, it holds that:
dX

E:JQ(I—é)Vm(Fe) (8.8)
Integrating Eq. (8.8) gives:
X? =2(1-6)Dy (NG — Nyt (8.9)
Usually, such a parabolic growth law is expressed as:
X7 =2kt (8.10)
where £ is termed the parabolic growth rate constant, which equals:
k=(1-38)Dy(N;—Ny) (8.11)

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

(Am/S) =k, t" (8.12)
For this parabolic growth rate constant, &,, can be written:

k, = %pk[(l ~8)Dy(Ng - NI (8.13)

Fe
in which M, and M., are the molar mass of oxygen and iron respectively, and p,, is the
density of iron, whose values are adopted from ref. [21]. The value of ¢ in Wiistite at
thermodynamic equilibrium with iron is typically about 0.05 from 600 to 1000 °C [10]. The

value of £, at different reduction temperatures and gas compositions (i.e. dew points and
hydrogen partial pressure) can then be predicted from Eq. (8.13). When the ambient oxygen

partial pressure is low (e.g. low annealing dew point), Né is practically zero, and Eq.

(8.13) can be simplified to:

b = 2M

Y; Prl(1=8)Dy NG 1" (8.14)

Fe
Combining Eqs (8.1) to (8.5) and (8.7), the temperature dependence of &, can be expressed

as:

M 21-8)D° 1" —AS? —AS? —O0—-AH’ + AH?
ko= OpFe[](\4 )Q] exp 92R FeO exp 0 ZET FeO (8.15)

Fe

127



Reduction kinetics of Wiistite scale on pure iron and Mn steels in Ar + H, gas mixture

Here, half the sum of —-Q, —AH, and AH;

ko Tepresents the activation energy of Wiistite

reduction.

8.3 Experiments and methods of investigation

8.3.1 Samples

The Wiistite 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.% CO, + 17 vol.% CO. The
chemical composition of the pure iron and the Mn alloyed steel is listed in Table 8.1.
Rectangular samples of 15x7x2 mm for thermogravimetric analysis were cut from ingots
by electric discharge machining (EDM). Also the Mn alloyed steel samples of 19x10x1
mm 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
air tight membrane boxes (Agar Scientific G3319, UK).

Table 8.1: Chemical composition of iron and Mn alloyed steel as determined by Optical Emission

Spectrometry.
C (Wt%) Mn (Wt%) Si (Wt%) Al (Wt%) Ni (Wt%)
Iron 0.002 - 0.003 0.040 0.005
Mn-steel 0.103 1.70 0.049 0.002

8.3.2 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.%
H, gas mixture twice to flush the gas lines, balance and furnaces. Then the dual furnaces
were heated up from room temperature to the target temperature with 5 °C/min, while
purging with 200 sccm Ar + 5 vol.% H,, i.e. 100 sccm gas in each furnace. When the target
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temperature for isothermal oxidation was reached, the gas composition was switched to Ar
+ 33 vol.% CO, + 17 vol.% 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.% H, while maintaining a total gas flow of 200 sccm. Finally,
the furnace was cooled down to room temperature with 5 °C/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-
steels during the reduction process represents the kinetics of Wiistite 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 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 and 180 °C/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.% CO, + 17 vol.% CO gas mixture at 950 °C and then reduced in dry or wet Ar + 10
vol.% H, 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 °C.

Prior to admitting the gas mixtures to any of the furnace, each gas, i.e. Ar, H,, CO, and CO
(all with 5N vol.% purity), was filtered to remove any residual hydrocarbons, moisture and
oxygen, with Accosorb (< 10 ppb hydrocarbons), Hydrosorb (<10 ppb H,0) and Oxysorb
(< 5 ppb O,) 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 MQ.cm at
25 °C) was evaporated with an in the 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 O, sensor (InPro 68501, Mettler Toledo). The partial pressure
of evaporated H,O in the Ar + H, gas mixtures is related to dew point according to the

formula given in ref. [19].
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8.3.3 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 20 region between 10° to 110° with a step
size 0f 0.034° 20 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 microanalysis (XMA) using Electron Dispersive
Spectroscopy (EDS) was performed with the same SEM instrument equipped with an
UltraDry 30 mm?® detector (Thermo Fisher Scientific, USA).

The concentration of Mn in the Wiistite formed on Mn alloyed steel as well as the Mn
concentration in the iron layer formed after Wiistite reduction was determined with electron
probe X-ray microanalysis (EPMA). The analysis was performed with a JXA 8900R
(JEOL, Japan) microprobe employing Wavelength 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 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 corresponding intensities of reference
materials. In this case the X-ray intensities of Fe-Ko, Mn-Ko and O-Ko were measured
and pure Fe, Mn and SiO,, respectively, were used as references. The thus obtained

intensity ratios were processed with a matrix correction program CITZAF [22].

8.4 Results and discussion

8.4.1 Growth of Wiistite scale

After oxidation of pure iron and Mn alloyed steel in the Ar + 33 vol.% CO, + 17 vol.% CO
gas mixture, a dense oxide scale fully covering the surface was formed; see e.g. Figure 8.2.
According to XRD, the oxide scale on both pure iron and Mn-steel is composed of Wiistite.
However, the oxide scale on Mn-steel contains Mn in solid solution, i.e. (Fe;.,Mn,);.;0, as
confirmed with EPMA. Mn is homogeneously distributed in the Wiistite scale on Mn-steel
with a concentration of about 3 at.% among metallic elements (i.e. x equals to 0.03 in (Fe,.
Mn,);_s0) after annealing in the Ar + 33 vol.% CO, + 17 vol.% CO gas mixture at 950 °C
for 8 hours. An internal oxidation zone (I0Z) is formed beneath the Wiistite scale after
oxidation of the Mn alloyed steel; see Figure 8.2(b). The oxide precipitates in the 10Z
comprise (Mn,Fe)O with rock-salt crystal lattice [23].
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For both iron and the Mn alloyed steel, the Wiistite growth follows linear kinetics; see e.g.
Figures 8.3 and 8.4. This indicates that the level of oxygen partial pressure across the
Wiistite scale is uniform and equals to the dissociation oxygen partial pressure of Wiistite
[24, 25]. Hence the composition of the Wiistite (Fe;.sO or (Fe,Mn),.;0) scale in terms of its
metal deficiency o equals to about 0.05 [10]. The initial non-linear growth of Wiistite 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 stage the linear growth rate of Wiistite scale on pure iron in Ar + CO, +
CO gas mixtures increases with time due to the evolution of the texture of the Wiistite scale
[26].

Cr plating

- 20 (Wi
—

Figure 8.2: SEM images (back scattered electrons) of cross-section of (a) a pure iron and (b) a Mn
alloyed steel after oxidizing at 950 °C in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture for 3 and 8
hours, respectively.
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Figure 8.3: Temperature profile and corresponding mass change of iron during first oxidation in Ar +
33 vol.% CO, + 17 vol.% CO gas mixture for 6 hours and next reduction of the formed Wiistite in dry
Ar + 5 vol.% H, gas mixture for 4 hours both at 850 °C.
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Figure 8.4: Temperature profile and corresponding mass change curve of a Mn alloyed steel (cf.
Table 8.1) during first oxidation in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture at 950 °C for 8
hours and next at 850 °C for 1 hour. Thereafter, the Wiistite layer on the Mn alloyed steel was
reduced in dry Ar + 5 vol.% H, gas mixture for 4 hours at 850 °C.

8.4.2 Growth of iron layer

When reducing the Wiistite scale, either formed on pure iron or on Mn alloyed steel, in an
Ar + H, gas mixture, a dense and uniform layer of iron is formed beneath the surface. This
iron layer separates the unreduced Wiistite scale from the reduction atmosphere; see e.g.
Figure 8.5. The iron layer is well adherent to the unreduced Wiistite scale. In contrast with
results reported for the reduction of Wiistite in pure H, (see e.g. ref. [27]), no significant
cracks or pores were observed in the iron layer nor at the scale-iron interface.

Cu plating
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electrons (a), back scattered electrons (b)) of (a) surface and (b)
cross-section of a Mn alloyed steel after first oxidizing at 950 °C for 8 hours in Ar + 33 vol.% CO, +
17 vol.% CO gas mixture and next reducing at 850 °C for 4 hours in Ar + 5 vol.% H, gas mixture.

Figure 8.5: SEM images (secondary
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The lattice parameters of a-iron, y-iron and FeqosO at 910 °C are 0.2907, 0.3647 and
0.4363 nm, respectively [28]. Hence, reducing Fey 9sO to iron results in volume shrinkage
of about 42 %. However, the lattice misfit at the scale/iron interface can be much smaller.
The orientation relationships at the iron/Wiistite interface is (100)g||(100)go and
[010]ge|I[011]geo for a-iron, and (100)g||(100)r.o and [100]g||[[100]g.o for y-iron [28, 29].
Then the misfit relative to the Wiistite lattice at iron/Wiistite interface is about 5.7 and 16.4
% for a-iron and y-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/Wiistite interface. Therefore,

good adhesion between iron and Wiistite scale is expected.

@)

Figure 8.6: SEM images (back scattered electrons) of (a) surface and (b) cross-section of a Mn
alloyed steel after first oxidizing in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture for 3 hours and
then reducing in Ar + 10 vol.% H, gas mixture at dew point of 10 °C for 15 minutes at constant

P

temperature of 950 °C.

Reduction of FeO at 950 °C in Ar + 10 vol.% H, gas mixture occurs at dew points below 36
°C, while reduction of MnO at the same temperature requires dew points below -75 °C.
Thus, the MnO in the Wiistite scale formed on the Mn alloyed steel will not be reduced in
an Ar + H, 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 Wiistite scale at 950 °C.
This is because the (Fe,Mn);.sO scale dissociates into iron alone instead of iron plus
embedded MnO particles. The Mn still remains in the unreduced (Fe,Mn),_sO scale and the
Mn concentration in the unreduced (Fe,Mn); ;O scale increases with reduction time.
Apparently, transport of Mn occurs towards the remaining Wiistite. Figure 8.6 shows the
surface and cross-section of the Mn-steel after, first oxidizing at 950 °C for 3 hours in Ar +

33 vol.% CO, + 17 vol.% CO gas mixture and then reducing at same temperature for 15
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minutes in Ar + 10 vol.% H, gas mixture at dew point of 10 °C, and no external MnO was
observed. After reducing for 2.5 hours with the same annealing parameters, the Wiistite
scale formed during the oxidation stage can be fully reduced; see Figure 8.7. The iron layer
formed after the reduction of Wiistite 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 Wiistite scale increases with reduction time (x in (Fe;.
Mn,);_s0 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 Wiistite turns into internal
(Mn,Fe)O precipitates underneath the surface; see Figure 8.7(b).
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Figure 8.7: SEM images (back scattered electrons) of (a) surface and (b) cross-section of a Mn
alloyed steel after first oxidizing in Ar + 33 vol.% CO, + 17 vol.% CO gas mixture for 3 hours and
then reducing in Ar + 10 vol.% H, gas mixture at dew point of 10 °C for 2.5 hours at constant
temperature of 950 °C.

8.4.3 Kinetics of Wiistite reduction

The reduction kinetics of the Wiistite layer by hydrogen can be predicted using Eq. (8.15)
with the data summarized in Table 8.2. The temperature dependence of the parabolic rate
constant is dominated by the temperature dependence of the oxygen diffusivity in iron. The
activation energy for Wiistite reduction predicted using Eq. (8.15) 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 Wiistite reduction as a
function of temperature in dry reducing atmosphere is presented in Figure 8.8. The
parabolic rate constant of Wiistite reduction is determined experimentally with the approach
illustrated in the Appendix E to this thesis. Comparison of these predicted values with
experimentally determined parabolic rate constants for the reduction of Wiistite on both
pure iron and the Mn alloyed steel shows good agreement; see Figure 8.8. This suggests

that the kinetics of Wiistite reduction at steady state in Ar + H, gas mixture is indeed
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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 Wiistite 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.

Table 8.2: Summary of the data adopted for calculation of parabolic rate constant for Wiistite

reduction.

Parameters Values Reference
Dj(a) (em’s™) 0.037 18
O(a) (Jmol™) 98000 18
D§(y) (em’s™) 5.75 18
O(y) (Jmol™) 168000 18

AH{(a) (Jmol™) 154834 20
ASg(er) (Fmol'K™) -70.3 20
AH(y) (I mol™) -173021 20
ASS(y) (Fmol' K™ -86.5 20
AH? , (J mol™) 264890 18
ASL, (Jmol'K™) -65.4 18

Pr. (gem?) 79 1
M,, (gmol™) 56 21
M, (gmol™) 16 21

Since the diffusion coefficient of oxygen for ferrite is much larger than for austenite [18],
the parabolic rate constant for Wistite reduction suddenly drops due to the phase
transformation of iron from ferrite into austenite. Hence, the reduction of Wiistite 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
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[20], which also contributes to the decrease of the parabolic rate constant (see Eqs (8.1) and
(8.14)) 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
Wiistite on pure iron and Mn alloyed steel at 950 °C (i.e. both in austenite state) are much

lower than those predicted for a ferrite layer; see Figure 8.8.
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Figure 8.8: Comparison between the predicted (cf. Eq. (8.13)) and experimentally determined
parabolic rate constants of reduction of Wiistite on pure iron and a Mn alloyed steel alloy at different
temperatures; (a) normal plot and (b) Arrhenius plot. The formed iron layer is in ferritic phase below

912 °C and in austenitic phase above 912 °C. Note that the oxygen concentration at the iron/gas

interface was taken zero, i.e. Ny =0.

The kinetics of Wiistite reduction also depends on the oxygen partial pressure in the gas
phase, which is related to dew point and H, partial pressure [19]. Increasing the oxygen
partial pressure in the reduction atmosphere, increases the concentration of dissolved
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oxygen at the iron surface (Né) and thus reduces the parabolic rate constant for Wiistite

reduction; see Eq. (8.13). As can be seen in Figure 8.9, at 850 °C the parabolic rate constant
for Wiistite reduction is practically independent of oxygen partial pressures up to 3x107%°
atm., but decreases rapidly at higher oxygen partial pressures. At the dissociation oxygen
partial pressure of Wiistite the reduction process does not take place and hence the
parabolic rate constant for Wiistite reduction drops to zero. However, in an annealing
atmosphere with a dew point lower than 10 °C and a H, volume fraction larger than 5 %,
the effect of oxygen partial pressure on the parabolic rate constant for Wiistite reduction is

small compared with the effect of temperature.
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Figure 8.9: Effect of oxygen partial pressure on parabolic rate constant of Wiistite reduction at
temperatures of 650, 750 and 850 °C. Dashed lines indicate the dissociation oxygen partial pressure
of Wiistite. Note that the oxygen partial pressure in dry Ar + H, gas mixture is calculated assuming a
dew point of -45 °C.

The dissolution of Mn in the Wiistite scale with a concentration of 3 at.% may lower the
parabolic rate constant for Wiistite reduction by about 1.7 % (cf. Eqs (8.1) and (8.14)),
which is relatively small and neglected in this study. The dissociation oxygen partial
pressure at the interface between iron layer and Wiistite scale decreases with Mn
concentration in the Wiistite scale, because the activity of FeO in the (Fe,Mn)O solution is

less than unity.

The dissociation of Wiistite 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 Wiistite. The predicted and measured parabolic rate
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