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Abstract

The oxidation and reduction Kinetics of a 1.7 wt.% Mn steel alloy with 0.1 wt.% C was
studied in different CO,/CO mixtures and at different temperatures. The external iron
oxide growth, the internal alloying element oxide formation and the reduction of iron
oxides were observed with thermogravimetry (TG). The oxidation at 750 °C follows a
logarithmic growth rate law, which suggests that transport of electrons from the metal
through the oxide determines the kinetics. However, the oxidation rate of a linear growth at
950 °C obeys a linear growth rate law, which suggests that the dissociation of CO, into
CO and adsorbed oxygen atoms or ions determines the kinetics. The kinetics of the
reduction of external iron oxide by hydrogen follows a First-Order model. A Wadstite
scale with internal Manganese oxide was formed during the thermal oxidation in different
C0,/CO mixtures. After reduction with H,at 950 °C, an iron layer with internal
Manganese oxide was obtained at the surface of the steel. The depth of the internal
Manganese oxide zone increased during the reduction.

Keywords: Manganese alloyed steel, kinetics, oxidation, reduction.
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1. Introduction

Modern Advanced High Strength Steel (AHSS) shows good strength, formability and
weldability. To obtain such properties, AHSS is added with several alloying elements
(Mn, Al, Si, Cr etc.) to enhance the strength while maintaining sufficient ductility.
However, the corrosion resistance of these AHSS is usually poor. To protect the AHSS
strip against corrosion, it is coated with zinc after passing through annealing furnaces. In
the modern manufacturing process, the coating is deposited by hot-dip galvanizing
directly after it has passed through annealing furnaces. The annealing and galvanizing
line is presented in Figure 1.
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Figure 1 the continuous annealing and galvanizing line

The annealing of the steel strip in most galvanizing lines comprises two subsequent
furnace: a Direct Fired Furnace (DFF) and a Radiant Tube Furnace (RTF). The
atmosphere in DFF contains almost 20 vol% H,0 and 10 vol% CO,, which lead to a
relatively high oxygen partial pressure. Since the alloying elements have a strong affinity
to oxygen, these elements will segregate to the surface and form oxides in DFF. Although
the reduction gas (N, + 5 vol% H,) flows in the RTF, it only can reduce iron oxide, but
not the stable oxides coming from the alloying elements. The oxides of the alloying
elements at the surface result in poor wetting with zinc during hot-dip galvanizing or poor
adhesion of the zinc coating.

To avoid the formation of external oxidation of the alloying element, the atmosphere in
DFF must be adjusted so that external iron oxides form at the surface of the steel strip
and the internal alloying element oxides precipitate in sub-surface region of the steel strip
as shown in Figure 2 a). Then the external iron oxide is reduced to pure iron in the RTF
as shown in Figure 2 b). In this way, the surface of the steel strip is of pure iron, which
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can be successfully coated with zinc.

In this master thesis, the kinetics of external iron oxide growth, the internal alloying
element oxide formation and the reduction of iron oxides of a Fe-Mn alloy will be studied
at different oxygen partial pressures and temperatures. This project will be first step for
the research of external and internal oxidation in the multi-element iron alloy.

In this master thesis, a 1.7 wt.% Mn steel alloy with 0.1 wt.% C will be studied about the
kinetics of external iron oxide growth, the internal alloying element oxide formation and
the reduction of iron oxides of a 1.7 wt.% Mn steel alloy with 0.1 wt.% C will be
considered at different temperatures in different gas environments. First the steel alloy is
oxidized at 750 °C, 850 °C and 950 °C in Ar with CO,/CO. Next, this oxidized steel alloy
is reduced at 750°C, 850°C and 950°C in Ar with H,. In Chapter 2, the theoretical
background of alloy oxidation and oxide reduction is outlined. Then, in Chapter 3, the
experimental details are described. Further, in Chapter 4, the results of the oxidation and
reduction experiments are discussed. In Chapter 5, the conclusions of this research are
presented. Finally, in Chapter $5ix!R#K 2|5 FHY&. , the recommendations for the
future work are offered

xide . ° 0 ¢ Pureron (ruduced Iron Oxide) R .
0 00 0 o o 0% 90 @ [
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element oxide element oxide
Steel Strip Steel Strip
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Figure 2 a) Oxidation in the early stage of annealing b) Reduction of iron oxides in the final stage of the
annealing process with alloying element oxides in the sub-surface
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2. Theories of Oxidation and Reduction

In this chapter, the thermodynamics and mechanisms of alloy oxidation is presented. The
thermodynamics of oxidation is considered to select the gas atmosphere (i.e. CO,/CO
ratio) and temperature range. Then, Wagner’s theory on the mechanism of alloy oxidation
is introduced to predict the experiment results, including the external scale growth rate
and the penetration depth of the internal oxides.

2.1 Thermodynamic equilibrium of ideal gases

Ideal gases in an ideal gas mixture behave separately and have no influence on each other.
The chemical potential of the ideal gases obeys [1]

ﬂ=ﬂ°+RT£i (2.1)

u° is the standard chemical potential under standard pressure p; in a constant temperature.
Normally for p;, 1atm is taken.

Using the Equation (2.1), the partial pressure of oxygen in a C0,/CO mixture can be
calculate considering the following reaction.

1

Cco(g)+ 202(9):C02(g) AG" =-282420+86.8T(J /mol)  (2.2)

where AG" is the standard Gibbs energy per unite mole.
When the reaction (2.2) is in the chemical equilibrium of the reaction, the Gibbs free
energy equals zero:

AG = o, — Heo — o, + RT In—Pee___ (2.3)

72
Peo Po,

AG’

Py, is the partial pressure of oxygen.

This equation (2.3) leads to the equilibrium constant k; under constant total pressure,
which reads

i (2.4)

kl = exp(— AG j - D p(;)oz 1/2
co Fo,

Then, the relationship between €0, /CO ratio and oxygen partial pressure can be written
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pCO 2 ZAGO
=(—=) exp| — 2.5
Po, = ( CO) Xp( = j (2.5)

The oxygen partial pressure Py, as a function of the C0O,/CO for different temperatures,
according to Equation (2.5), is plotted in Figure 3.
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Figure 3: the relationship between partial pressure of oxygen and €0, /CO ratio in a CO, and CO mixture at 750
°C, 850 °C, 950 °C.

2.2 Thermodynamics of metal oxidation

For an oxidation reaction between a metal (M) and oxygen can be written:
2M(s)+0O,(g) = 2MO(s) (2.6)

The standard free energy of this oxidation reaction is of the form:

2
AG® =—RT In(-2uo_) @.7)
ay Po,
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where a,, and ay,, are the activity of the metal and the oxide. The activity of pure stable
solids and liquids are equal to unit, hence

AG’
= exp(— 2.8
Po, =exp() (2.8)

Since AG’ is of the form AG™ = A + BT, log(p0,) has a linear relationship with the
reciprocal of the temperature (in Kelvin). Using Equation (2.8), the minimum oxygen
partial pressure for forming oxide can be calculated out for each temperature. For
example, the oxidation reactions of iron are [2]

2Fe+0,=2Fe0 AG, ., =-529780+130.8T (J / mol) (2.9)
6Fe0 +0, =2Fe,0, AGr o, =—624420+250.2T (J / mol) (2.10)
4Fe,0, +0, =6Fe,0, AG; o o, =—498900+28L4T (J /mol) (2.11)

Table 1 is the Gibbs free energy and the oxygen partial pressures in the reaction
equilibrium at 1000°C.

Reaction AG 1000°c (J/mol) Po, (atm)
Fe — FeO -363272 1.24 x 10715
FeO — Fe;0, -305915 2.80 x 10713
Fe;0, — Fe,04 -140678 1.69 x 10~°

Table 1 Gibbs free energy and the oxygen partial pressures at 1000°C

Thus, when the oxygen partial pressure is less than 1.24 x 10~ *>atm, the pure iron is
stable and no iron oxide will form. When the oxygen partial pressure is between 1.24 x
10> atm and 2.80 x 10~ '3atm, FeO is stable. But, when the oxygen partial pressure is
between 2.80 x 10™3atm and 1.69 x 10~®atm, Fe;0, will form. When the oxygen
partial pressure is larger than 1.69 x 10~%atm, only Fe, 05 is formed. The stable ranges
of the iron oxides for different temperatures and oxygen partial pressures are shown in
Figure 4.
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Figure 4 The stable ranges of Wustite (FeO), Magnetite (Fe3;04) and Hematite (Fe,03) as a function of
temperature and oxygen partial pressure

2.3 Mechanisms of high temperature oxidation

2.3.1 Defect and oxides types

According to the defect dimension, the defects in the crystal lattice of an oxide can be
classified into four types, see Table 2.

Dimension Name Example
Zero Point Defect Vacancy
One Line Defect Dislocation
Two Planar Defect Grain boundary

Three VVolume Defect Pore

Table 2 Defect hierarchy [3]

Metal oxides have mainly two types of point defect: vacancies and/or interstitials.
Vacancies are empty lattice sites. Interstitials are atoms that exist at the interstices
between the lattice sites. According to the predominant type of the point defect in oxides,
the oxides can be divided into two types: n-type oxides and p-type oxides. The charge
carriers of n-type oxides are the electrons and on the other hands, holes are the charger
carrier in p-type oxide. The different types of oxides have different types of diffusion

Jie Xu 6



mechanisms and different interfacial reactions during the oxidation process. The types of
oxides are summarized in Table 3.

Type of oxides Defect Charge carriers lonic transport  Examples
n-type Interstitial cations Electrons Interstitial Zno, Cdo
n-type Anion vacancies Electrons Vacancies Al,03,Fe,04
p-type Cation vacancies Holes Vacancies NiO, FeO
p-type Interstitial anions Holes Interstitial Uuo,

Table 3 types of oxides [4]

2.3.2 Metal Oxidation mechanisms

The oxidation process can be divided in two stages: the initial oxidation stage and the
scale growth stage.

In the initial oxidation stage, a thin oxide film is formed at the surface and the oxidation
rate is controlled by transfer of electrons between metal and thin oxide film. The
logarithmic equation is derived from this assumption and succeeded in many metals,
including Cu, Fe, Zn, Ni, Pb, Cd, Sn, Mn, Al, Ti, and Ta.

After a relatively thick scale is formed, the metal and oxygen gas are separated by an
oxide scale as shown in Figure 5. In this thesis, the internal
interface applies to the metal-scale interface and the external interface to the scale-gas
interface. The oxidation mechanism is more complex than during the initial stage and
comprises four basic steps in the oxidation reaction [5]:

1) Oxygen adsorption on the oxide surface,

2) External interfacial reaction between the adsorbed phase and the oxide phase,

3) Migration of ions, electrons or holes through the oxide scale, and

4) Internal interfacial reaction between the metal and the oxide phase.
These four steps are all possible to be the oxidation rate-determining step.
Here, the electron transfer controlled oxidation and the oxygen-adsorption controlled
oxidation (step 1) will be discussed mainly.

Internal Interface -

Oxide 0,

External Interface -

Figure 5 Schematic of the formation of oxide
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2.3.3 Interfacial reaction

The interfacial reaction can be classified with four types, depending on the types of
oxides and the types of predominant defect as outlined in Table 2. The various oxides
have different diffusion mechanisms as well as a different reaction at the interface. The
associated defect-reactions for M + 1/20, = MO are shown in Table 3. To describe
these defect reactions, the Krdger-Vink notation [6] is used.

Oxide type Defe_c'_t External interface Internal interface
n-type lnctztris;g;al % 0, +M™+2¢ <= OX + M, M=M"+2e
n-type . aAC;l:]t;rileS % O, +V2* +26 <= O M<=M,, +VJ" +2e
p-type V;Ztrigines % O, = OF + 2" 4V, V, +2h"+M =M
p-type ln;irisgri]tsial % 0, =0 +2h O +2h"+M =My +0O

Table 4 Summary of external interfacial reactions and internal interfacial reactions (M + 1/20, = MO) [5]

2.3.4 Oxidation in the initial stage

The oxidation rate in the initial stage is controlled by the reaction at the internal interface
when thickness of the oxide film is less than hundreds of nanometers. If the oxides have a
relatively higher affinity with electron, the oxides will trend to have negative charge and
at the same time, the metal will have positive charge at the internal interface. In the
reverse case, the oxides will have positive charge and metal will have negative charge.
Both of the conditions lead to an electrical double layer at the internal interface. The layer
can generate an electric field, which has negative influence on the electric transfer
between the metal and the oxide. It is called space-charge effects. As the oxides grow in
the initial stage, the space charge effect gets bigger and slows down the electron flow.
Further, the oxidation rate decreases. When the oxidation rate is controlled by electron
flow between the metal and the oxide, the logarithmic oxidation equation can be derived:

y =k, It +1) (2.12)
T

, Where y is the thickness of the oxide film and t is time. k, and t are constants.

Since oxidation rate is controlled by the reaction at the internal interface, the oxidation
rate is sensitive to the internal interface condition. The oxidation rate in the initial stage is
influenced by (1) crystal orientation, (2) lattice transformation, and (3) Curie temperature.

[7]
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2.3.5 Oxygen adsorption controlled oxidation

When the oxide scale is very thin, the transport ions occur by fast diffusion from the
internal interface to the external interface. In this case, the oxygen adsorption will control
the whole reaction rate and leads to a linear growth rate behavior. [8] When a high
oxygen pressure is required, generally the oxygen gas is directly purged with protection
gases. However, when a very low oxygen partial pressure is expected, gas mixtures of
C0,/CO or H,0/H, are used. Many researches have proven that when the oxygen-
adsorption controls the whole oxidation reaction rate, the rate is constant and the scale
growth is linear with time. [2, 9, 10, 8] For example, in the reaction between CO,/CO
mixture and pure iron to form Wistite, the oxygen-adsorption reaction can be described
as:

K¢

CO,(g)+S=CO(g)+0|S (2.13)
K

where S is the surface adsorption site. Ky and K, are the forward and reverse rate constant
for the reaction. The oxidation rate can be written as

Rate =k, Pco, 0, —k Peo(1-6,) (2.14)

Here 6, is the fraction of available surface sites for the reaction. When the activity of
oxygen is equal to that in Fe/FeO equilibrium, the system reaches equilibrium and the
net reaction is zero. From Equation (2.4), the equilibrium oxygen activity a, can be
expressed as:

a =k Peo, (2.15)

Pco

When substituting Equation (2.15) into Equation (2.14) in net-zero condition, it follows
that:

0-0)=k0, = (2.16)

1

Then, Equation (2.14) can be rewritten as:

a, a
Rate = kfé’v(pco2 + pco)[Nco2 (1+k_o) _k_o] (2.17)

1 1

where N¢o, = Pco,/(Pco, + Pco)- When 6, and a; are constant values, the oxidation

rate will be proportional to the faction of CO, and the sum of the pressure of CO, and CO
at a constant temperature, as has been proven by Pettit et al [8, 9]; see Figure 6 and
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Figure 7 Relationship between the linear rate

Figure 6 Relationship between the linear rate
constant and sum pressure of CO, and CO gases [8]

constant and the mole fraction of CO, [8]

2.4 Oxidation of binary alloy

In the binary alloy M-B, where M is the matrix metal and B is the alloying element, the
oxidation reactions can be written as:

M +%o2 —MO  AGS,(T) (2.18)

B+%o2 —BO, AGL, (T) (2.19)

When the alloying element B is more active than the metal M (AGy;, > AG,‘B’OV), Figure 8

can be obtained from Equation (2.7). In the BO, stable range, there will is no solvent
oxide MO, only the alloying element oxide BO,. In this rage, two types of oxidation
processes can be distinguished for the alloying element , namely: internal oxidation and
external oxidation. Internal oxidation is a process, in which the oxygen atoms dissolve
into the alloy and diffuse inward to precipitate the alloying element oxide BO,, as shown
in Figure 9. When the alloying element diffuses outwards and forms the oxides at the
surface of the alloy, the external oxidation occurs.

In the MO stable range, the two elements will oxidize both. However, when the alloying
element has a low concentration, the matrix metal is oxidized to form an external oxide
scale and the alloying element forms an internal oxide.

In this section, Wagner’s theory about the internal oxidation will be introduced and the
transition between the internal and external oxidation will be discussed.

Jie Xu 10
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Figure 8 The stable range of the oxides MO and after oxidation at 1100 °C in H + H»0 with a dew
BO,, in the M-B binary alloy point of 35 °C for 4 hours

2.4.1 Internal oxidation kinetics without external scale

For the internal oxidation, the reaction in the alloy can be written instead of Equation

(2.19):

B+vO=BQO, (2.20)

, Where O is a dissolved oxygen.

NgNg =K, (2.21)

K, is known as the solubility product. N, and Ny are the mole fraction of oxygen and

alloying element B.
In Wagner’s general theory [11] , the following three assumptions are made:

1) K, value is extremely small. In other words, negligible alloying element B is left
in the internal oxidation zone (10Z) and negligible oxygen is dissolved in the

alloy.
The oxidation reaction only happens at the reaction front x = X;,, and the mass

balance of oxygen and alloying element is achieved.
The internal oxidation process is diffusion-controlled, so the depth of the internal

oxidation zone (I0Z) increases according to a parabolic kinetics.

2)

3)
X2, =2kt (2.22)

, Where Kzgi) is the internal oxidation rate constant.

According to Fick’s second law of diffusion, the following equations hold for the
concentrations of oxygen and alloying element B in the alloy [11].
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Ny _ &N,

% P o for 0<x< X, (2.23)
X
2
56'\': -D 86'\28 for X, <X (2.24)
X
The boundary conditions are
=N&;x=0,t>0

NO
Ny =0; x> X,o,,t >0

N, =N;x>0,t=0
N; =0;x< X, ,t >0

NO(S) is the mole fraction of dissolved oxygen at the surface when the equilibrium is

obtained at the gas/scale interface. ngo) is the mole fraction of the element B in the bulk
alloy.
Then the solutions of the differential Equations (2.23) and (2.24) are respectively:

f(x/2,/Det
N = N |1 8T 2VB6 e 6 e x (2.25)
erf (7)
f (x/ 2,/Dgt
N, = N©@ |1 BP0 ey oy (2.26)
erf (4™°)
, Where
k(l) 1/2
_( 2.27
4 (ZDO) (2.27)
DO
) 2.28
¢ D, (2.28)
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Figure 10 Concentration profile of oxygen and alloying element in the internal oxidation zone of a binary alloy

Considering the mass balance for oxygen and alloying element B (cf. second assumption
above) at the boundary of the internal oxidation zone and unoxidized alloy, it follows that:
Equation (2.29) is obtained.

. oN, B ONg

g![n)o[_Do (E)X:X'OZ - = VDB (E)x:xIOZ +g} (2'29)

Substitution of Equation (2.25) and Equation (2.26) into Equation (2.29) leads to:

Ng' _ exp(rerf () (2.30)
VN ¢ exp(y?p)erfc(rg”?) '

To simplify Equation (2.30), the auxiliary functions G (x) and F(x) are defined as:

G(y) =" yexp(y*)erf (y) (2.31)
F(y) = 7"y exp(y?)erfc(y) (2.32)

Then Equation (2.30) becomes:

NS  G(y)

— 233
W F(r"?) (2.33)
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This is the relationship between the fraction of the surface dissolved oxygen in the
surface and the fraction of alloying element B in the alloy.

Substitution of Equation (2.27) into Equation (2.22) leads to the following equation for
the internal oxidation depth, i.e.:

X0z =27 Dot (2.34)

2.5 Mechanism of reduction

The overall reduction reaction of a MO oxide by molecular hydrogen can be presented
by:

MO(s) +H,(g) = M(s) + H,0(9) (2.35)

The whole mechanism of the reduction by hydrogen can be divided into two stages:
initial stage and growth stage. The initial stage is the beginning of the reduction process,
then the reduction gas is in direct contact with the oxide. After forming a metal layer by
reduction, the growth stage starts. In this stage, the reduction gases and the oxides are
separated by a layer of pure metal.

The detailed reaction in the initial stage can be described as [12]:

H, == H (diss) (2.36)
H (diss) + O(MO) = H —O(MO) (2.37)
H (diss) + H Oy, 2 H — 0,0, — H == H,0(diss) (2.38)

Firstly, hydrogen gas molecular is aborted on the surface of the oxide. The absorbed
hydrogen molecular dissolves into the oxide as hydrogen atoms. And then hydrogen
atoms form H-O group with oxygen atom in the oxide. Another dissolved hydrogen atom
combines with H-O group to form dissolved water molecular. At last, the water
molecular desorbs out form the oxide surface. When hydrogen pressure is extremely low,
every step in the initial stage is slower and the initial stage becomes obvious.

After forming a pure metal layer between reduction gases and the oxide, the mechanism
of reduction becomes more complex. Since the hydrogen removes the oxygen at the
metal-gas interface, an oxygen concentration gradient perpendicular to the surface occurs.
The oxygen in metal-oxide interface will diffuse to metal-gas interface, driven by the
oxygen gradient. Thus, oxygen vacancies are generated at the metal-oxide interface. The
vacancies combine together to form a vacancy cluster or a void at the metal-oxide
interface. [13] The cluster or void grows by eliminating vacancies. The excess iron ions
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generated by oxygen removing will precipitate out directly on the adjacent metal, leading
to the growth of the metal layer. [14]

Figure 11 Schematic of the reduction process

During the growth stage, hydrogen gas dissolves in the metal through the reaction:
H,(g) 22 2H (dissolve) (2.39)

The dissolved hydrogen atoms diffuse to the metal-oxide interface and react with the
oxide. In the reduction of Wistite, if the reduction reaction occurs at the voids, the water
vapour will form through the reaction:

FeO(s) + 2H (dissolve) &2 Fe(s) + H,0(9) (2.40)

The dissolved hydrogen atoms also recombine to form hydrogen molecular at the void.
Then the molecular hydrogen reacts with the oxide directly to form the water vapour.
Thus, the gas pressure in the void becomes higher and higher. When the pressure reaches
a critical value, the metal layer will burst. [15] The bursting part can be an initiation of
the porous iron growth. If the breakdown doesn’t occur, the reduction continues by the
oxygen diffusion through the metal.

2.6 Kinetics of reduction

The rate of a solid-gas reaction can be generally described by: [16]

‘2—‘: =k(T) f (2)h(P) (2.41)

, Where « is the conversion fraction and P is the pressure of gaseous product and/or
reactants. When the oxide is reduced by hydrogen at a high temperature, water vapour is
generated. If the water vapour is removed efficiently from the reaction zone, h(P)can be
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expressed as:
h(P)=P" (2.42)

The influence of the temperature on the reduction Kinetics typically can be written with
an Arrhenius equation:

kcr)erxp<§> (2.43)

, Where A is the pre-exponential factor and E is the activation energy.

f(a) is decided by the reaction models. The reaction models can be mainly divided to
two types: accelerating and decelerating. The accelerating type has lowest reaction rate at
the beginning of the reaction and the rate continuously increase with increasing the
conversion fraction. At the end of the reaction, the rate reaches the highest value. This
model can be expressed by a Power-Law model:

f () =na" " (2.44)

The decelerating type has maximum reaction rate at the beginning of the reaction and the
rate is continuously reducing while the conversion fraction increases. The model can
represent by a Reaction-Order model:

f(a)=1-a)" (2.45)

The typically used models are summarised in Table 5. More solid state models and the
derivations can be found in Khawam and Flanagan’s review article. [17]

Reaction model Differential form Integral form
f(a@) = k(T)da/dt g(a) = k(T)t
Power law 2a1/2 2a1/?
Power law 3a?/3 al/3
Power law 434 at/*
Zero-order 1 a
First-order 1-a —In(1 — o)
Second-order (1— a)? 1/1—-a)—1
Third order (1—a)? (1/2)[1—a) %2 —1]

Table 5 some kinetic models used in the solid-state kinetics
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3. Experimental

In the oxidation experiment with the 1.7 wt%Mn steel alloy, a Wistite (FeO) scale with
internal MnO oxide is expected. In the reduction experiments with the steel alloy, the
reduction gas should remove the whole Wistite scale to form a pure iron layer at the
surface of the samples.

In this chapter, the experimental procedures are described, including the gas composition
used in the oxidation and reduction experiments. Also the thermogravimetric method
used to observe the oxidation and reduction Kkinetics will be addressed. Finally, the
methods used to characterize the composition and microstructure near the surface of the
steel alloy after oxidation as well as after reduction are as well as the methods to
characterize are discussed.

3.1 Sample preparation

Cold rolled sheet of Fe-1.7 wt% Mn with 0.1 wt% C from TATA Steel is used in the
experiments. The This sheet was cut into disk-shaped samples with 10 mm diameter and
1 mm thickness by Spark erosion. Next, the samples are mechanically grinded with
Silicon Carbide emery papers from grade 600 to grade 4000.

3.2 Oxidation experiment

In the oxidation experiment, pure Waustite is the desired oxide which is formed by
oxidizing in a C0O,/CO mixture. According to Figure 3 and Figure 4, the gas
compositions and temperatures are indicated in Table 6 and Figure 12.

Ratio\Temperature 750 °C 850 °C 950 °C
C0,/C0 =1 2 hours 2 hours 2 hours
C0,/CO =2 2 hours 2 hours 2 hours
C0,/C0 =3 2 hours 2 hours 2 hours

Table 6 the oxidation experiment conditions
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Figure 12 The €0, + CO gas compositions and the temperatures in the oxidation experiments

The oxidation experiments were carried out with thermogravimetric analysis (TGA)
using a Setaram Evoluation 1750. The TGA conditions are shown in Table 7. When
heating up the furnace of the TGA with the sample, 15 ml/min H, + Ar is purged into
the furnace tube to remove possible oxides and prevent oxidation of the sample. When
cooling down the furnace after the oxidation, the furnace is purged with pure Ar to
protect the oxides.

3.3 Reduction experiment

The reduction is performed with TGA using the conditions specified in Table 7. In the
reduction experiments, first the oxidation of the sample is carried out; see Section 3.2.
Next, the oxides formed are reduced by 15 vol% H, at the same temperatures as the
oxidation experiments. The time of the reduction experiment is 2 hours or 4 hours.

TGA parameters

Total gas pressure ~960 mbar
Total gas flow 100 ml/min
Gas flow of CO, + CO (Oxidation) 60 ml/min
Gas flow of H, (Reduction) 15 ml/min

Carrier gas Ar
Gas flow speed 0.67 cm/s
Temperature increasing rate 15 °C/min
Temperature decreasing rate 15 °C/min

Table 7 TGA parameters
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3.4 Instruments
Termogravimatric Analyzer (TGA)

The oxidation and reduction experiments are performed by the thermogravimatric
analyzer: SETARAM evolution 1750. The structure of TGA is shown in Figure 13. The
sample is in the central of the furnace. When the oxidation or reduction reaction occurs, a
high-sensitive balance at the top of TGA measures the weight change of the sample
during the experiment. The resolution of the balance is 0.03 ug.

The gas atmosphere in the furnace is controlled by the flows rates of the carrier gases and
auxiliary gasses. The flows are controlled by the gas flow controller: Brankhorst EL-
FLOW. The errors of the flow controller are listed in Table 8.

Gases Expected flow rate + Error Gases Expected flow rate + Error
Ar 40 + 0.4 ml/min CO, 45 £+ 0.425 ml/min
H, 15 £ 0.09 mi/min CO 15 + 0.275 ml/min
CO, 30 £ 0.35 ml/min Co 20 £+ 0.3 ml/min
CO, 40 + 0.4 ml/min CcO 30 + 0.35 ml/min

Table 8 Desired flow rates and the errors in TGA

DIGITAL DISPLAY

Furnace temperature

Carrier gas flow rate
Auxiliary gas flow rate
Pressure in analysis chamber
DTA, DSC, TGA or TMA signal

Balance beam

Pressure sensor

[, jessc |
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----- {7~ Auiliary gas
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E'. ........... E}...@.:._.. Carrier gas

Alumina tube
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e — -l Kihlwasser
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control thermocouple |
Graphite heating
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Graphite felt
sleeve

Purge, =
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Figure 13 Structure of the termogravimatric analyzer

X-ray diffractometry (XRD)
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X-ray diffractometry (XRD) is a widely used method in the characterization of crystal
materials. The theory of XRD is based on the Bragg’s Equation:

ni=2dsin@

, Where n is an integer, A is the wavelength of the radiation, d is the spacing of the crystal
lattice planes, and @ is the angle, which the incident beam makes with the lattice planes.
Since different materials have different the spacing of the crystal lattice planes d, every
material has the peak at different angle 6. Every crystal material has several diffraction
planes, so several peaks can be found from a components.

Figure 14 Schematic representation of X-ray diffraction in a crystal lattice

In this thesis, XRD is performed by Bruker D8 advance diffractometer with Vantec
position sensitive detector. The diffractometer uses Co K, radiation with a wavelength
1.790260 A.

lon Polishing

lon polishing is used to obtain a high quality and clean cross-section for SEM and EPMA.
As shown in Figure 15, the ion beam is generated by Ar ion gun. Firstly, the ion beam
removes shield plate. Next, a thin layer of the sample is removed by the ion gun.

Ar fon gun I
\.' Arion

Shield plate

Specimen
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Figure 15 lon polishing process

In this thesis, Joel SM-09010 is used to polish the sample. To protect the surface of the
sample, 1 um pure Cr is coated on the surface by Leica EM SCD 500. Then, a silicon
wafer is fixed on the surface with Resin and Hardener. Finally, the sample is polished
with ion accelerating voltage 4 kV for 16 hours.

Scanning Electron Microscopy (SEM)

The primary electron beam of Scanning Electron Microscopy interacts with the sample
and generates several signals: secondary electrons, back-scattered electrons, and X-ray
photons.

Secondary electrons are produced as a result of the incident primary electron beam’s
interaction with the electrons of atoms in the sample. Since the interaction occurs near to
the surface of the sample, second electrons provide information about the surface
topography of the sample. A high resolution image of the surface can be obtained from
secondary electrons.

Back-Scattered Electrons (BSE) are essentially primary incident elections that turn back
from a specimen due to large angle scattering. The proportion of back-scattered electrons
will depend on the average atomic number of the specimen. Thus, BSE can provide
information on the topographic and atomic contrast of the sample.

X-ray photons are generated by the interaction of the incident primary electrons with the
inner-shell electrons of the atoms in the sample. Since the incident electrons generate
secondary electrons from the inner shell, an electron vacancy is created at a lower energy
shell. Electrons from a higher energy shell drop to the electron vacancies, generating X-
ray photons. X-ray photons are used to characterize the elements in the sample, namely
Energy-dispersive X-ray Spectroscopy (EDS).

Here, Scanning Electron Microscopy Joel JSM 6500F is used to perform SEI, BSE and
EDS analysis. EDS uses ThermoFisher UltraDry as the detector.

Electron Probe Microanalyzer (EPMA)

Electron probe Microanalyses (EPMA) has a same theory with EDS. However, EPMA is
able to acquire more precise, quantitative elemental analyses at very small sport size.
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4. Experiment Result & Discussion

In this chapter, the results of the oxidation experiments and the reduction experiments
with 1.7 wt% Mn steel are discussed. In the oxidation experiments, the oxidation
products and the rate controlling factors are described. Then, the depths of the internal
oxide zone are compared with the calculated values. For the reduction experiments, a
Fist-Order model is used to describe the reduction process. Next, the mechanism of the
reduction of FeO is discussed. Finally, the Manganese distributions and the internal
oxidation depths after the reduction are also mentioned in this chapter.

4.1 Oxidation experiment result & discussion

Since the oxidation experiments are performed in the range where Wistite (FeO) is stable,
an MnO internal oxidation with Wstite external scale is expected. In this section, the
oxidation product, the morphology and the rate controlling factors of Wistite growth are
described. Also the internal oxidation and the distribution of alloying element Mn are
discussed.

4.1.1 Oxidation product

Wastite is the expected product in the oxidation experiments. EPMA and XRD are used
to analyze the oxidation products. The XRD results (Appendix A) are summarized in
Table 9.

Experiment temperature C0,/CO ratio XRD identification
750 °C C0,/CO ratio =1 Wiistite with some Magnetite
750 °C C0,/CO ratio =2 Wiistite with some Magnetite
750 °C C0,/CO ratio =3 Wiistite with some Magnetite
850 °C C0,/CO ratio =3 Wiistite with some Magnetite
950 °C C0,/CO ratio =3 Wiistite with some Magnetite

Table 9 XRD analysis results of the oxidation products

XRD results in Table 9 show that next to Wustite also Magnetite (Fe;0,) is one of the
oxidation products. However, according to Figure 12, all the C0O,/CO compositions are
in Wistite stable range. Thus, most of the Magnetite is formed during the cooling process
after the experiments.

As shown in the iron-oxygen equilibrium diagram (Figure 17), Wastite is not stable
below 560 °C. After the formation of Wistite during the oxidation at high temperatures,
the samples were cooled down by 15 °C/min. When the temperature is lower than the red
line in Figure 17, Magnetite will precipitate out. Thus, Magnetite exists in the Wstite as
a precipitate. The starting temperature of Magnetite precipitation depends on the non-
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stoichiometric deviation of Waustite. Since the reduction experiments were executed
directly after the oxidation experiments (i.e. without the cooling process), the oxide scale
consist of high pure Wistite in this case.
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Figure 17 Iron-Oxygen phase diagram from FactSage

4.1.2 Oxide morphology

The surface images of the samples oxidized in CO,/CO ratio= 2 at different temperatures
are shown in Figure 18. The oxides formed at 950 °C have a larger particle size than
oxides formed at 750 °C and 850 °C. Furthermore, another nucleation starts on the surface
of oxide particles at 950 °C.

For the samples with lower oxide rates, the oxides do not fully cover the surface of the
samples as shown in Figure 18-(4). Only the samples oxidized at 950 °C in CO,/
CO ratio= 2 and CO, /CO ratio= 3 have continues oxide layers. Thus, here the oxidation
rates and the reduction rates both are average values. The characterization of the surface
and the cross-section is performed at the oxide-covered range.
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Figure 18 SEM images of the surfaces of the samples oxidized in C0,/CO ratio= 2 at different temperatures (1)
750 °C (2) 850 °C (3) 950 °C (4) 750 °C

4.1.3 Kinetics of Oxidation

Two types of oxide growth Kinetics were observed in the oxidation experiments, namely:
(1) logarithmic and (2) linear growth. During the oxidation at 750 °C, the weight gain
starts according to a logarithmic growth rate law and followed by a linear relation with
time as shown in Figure 19 and Figure 20. In the logarithmic growth rate regime, the
oxidation rate is controlled by electron transport from the metal to the oxide; see Section
2.3.4. When the weight gain is 0.025~0.050 mg/cm? at 750 °C, the transition from
logarithmic to the linear growth occurs. However, in the oxidation experiments, the
oxides do not fully covered the surface, so the critical thickness of the transition can not
be calculate from the weight gain.
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for Fe-1.7wt% Mn alloy oxidized at 750 °C in logarithm of time for Fe-1.7wt% Mn alloy oxidized
different CO,/CO ratios at 750 °C in €C0,/CO ratio=1

During oxidation at 850 °C and 950 °C, linear growth is predominant with a very short
time of logarithmic growth as shown Figure 21.
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Figure 21 The weight gains as function of time in the oxidation at 850 °C and 950 °C

The oxidation rates for the linear growth regions in the oxidation experiments are
summarized in Table 10. Equation (2.17) can be applied to the oxidation rates at 950 °C
as shown in Figure 22. Thus, the dissociation of CO, into CO and adsorbed oxygen atoms
or ions is here the rate-controlling process when the oxidation at 950 °C; see Section 2.3.5.
However, Equation (2.17) is just applicable at the temperature 925 °C-1075 °C [9]. The
oxidation below 900 °C has a different activation energy and no models are found to
explain it. The data for the growth kinetics at 750 °C and 850 °C, are insufficiet to derive
a new reliable model.

Ratio\Temperature 750 °C (x 10~*mg/cm?) 850°C (x 10~*mg/cm?) 950°C (x 10~*mg/cm?)

C0,/CO0 =1 1.98 3.44 4.86
C0,/CO =2 4.04 4.82 6.72
C0,/CO =3 8.21 22.60 29.15

Table 10 The average oxidation rates of the linear growth parts at 750 °C, 850 °C and 950 °C

Jie Xu 26



w
[$)]

—a—750°C

—8—850 °C

—A— 950 °C

—— Linear fit of Oxodation
rates at 950 °C

w
o
1

N
(&)
1

N
o
1

-
o
1

()}
1

W

I I
0.25 0.30 0.35 0.40
Mole fraction of CO,

Oxidation rate (X10* mg/cm?/min)
o

o

T T

I
0.45 0.50
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850 °C and 950 °C

4.1.4 Internal oxidation in oxidation

Since the oxidation experiments with 1.7 wt%Mn steel are performed in the temperature
and oxygen partial pressure range where Wastite is stable, a Wustite scale with a MnO
internal oxide zone is expected. The cross-section images and EPMA results of the
sample oxidized at 950 °C in CO,/CO ratio equal to 3 are shown in Figure 23.
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Figure 23 The cross-section and EPMA result of the sample oxidized at 950 °C in C0O,/CO ratio equal to 3
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The layer of iron oxide and the internal oxidation zone are clearly visible in Figure 23-(1).
The EPMA result in Figure 23-(2) indicates that the external scale is iron oxide and the
internal oxide is manganese oxide. In the internal oxide zone, most of the internal oxide
particles are less than the size of the scattered electron in EPMA (0.6~0.8 um). Thus,
every data point in the EPMA includes iron around particles. The actual concentration of
manganese and oxygen in the internal oxide should be much higher than the detected
value in Figure 23-(2).

The depth of the internal oxide zone is summarized in Table 11. The depth values are all
from the region covered by the external scale. The internal depths at a same temperature
in different gas mixtures have an equal value in the error range. Thus the oxygen fraction

Nés)at the internal interface in Equation (2.30) is determined by Fe-O Equilibrium,
instead of CO,- CO equilibrium. Using Equation (2.30) and (2.34) in Wagner’s theory;

see Section 2.4.1, the depth of the internal oxide is calculated out and present in Table 11.
The data used in the calculations are listed in Appendix B.

Ratio\ C0,/C0=1 C(C0,/C0=2 C(CO,/CO=3 Calculated
Temperature (um) (um) (um) depth (um)
750 °C 3.18 2.70 2.40 1.17
850 °C 11.62 12.09 12.33 9.34
950 °C 16.18 16.18 16.79 8.21

Table 11 The depth of internal oxidation zone after oxidation of 1.7 wt%Mn steel compared with the calculated
depth

The depths of internal oxide zone are larger than the calculated values, but the values are
in the same order of magnitude. Wagner’s theory does not account for the diffusion of
oxygen enhanced by the grain and phase boundaries. The diffusion coefficients of
manganese and oxygen in iron used in the calculation hold for bulk diffusion. In the
oxidation, the oxides precipitate out along the grain boundaries as shown in Figure 24.
Since the grain boundary can accelerate the element diffusion, a higher depth of the
internal oxidation zone than can be expected when comparing with only bulk diffusion.

1) )
TU Delft BSE 15.0kV X7,000 WD99mm m TU Delft BSE 15.0kV X2,000 WD 10.2mm 10um
Figure 24 Internal oxidation enhanced by grain boundaries (1) cross-section of the sample oxidized at 750 °C in
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C0,/CO = 2 (2) cross-section of the sample oxidized at 850 °C in CO,/CO = 2

4.1.5 Mn distribution

Manganese has strong affinity with oxygen. During the oxidation experiment, manganese
atoms diffuse to the surface of the samples as shown in Table 12. Thus, the scales are not
the oxide layers, containing Manganese element. The XRD result (Appendix A) do not
indicate any Manganese oxide. Thus, the manganese exists in the scale as a solid solute
instead of manganese oxide particles or layers. The values in Table 12 are the average
values obtained from a series of analysis.

Experiment Mn concentration (at%)

750 °C, €0, /CO ratio=2 2.79
750 °C, €0, /CO ratio=3 1.94
850 °C, €0,/CO ratio=1 5.9

850 °C, €0,/CO ratio=2 2.98
950 °C, €0, /CO ratio=1 2.68
950 °C, €0,/CO ratio=2 1.6

950 °C, €0, /CO ratio=3 0.925

Table 12 Manganese concentrations at the surface of the samples after the oxidation experiments from X-ray
micro analysis

4.2 Reduction experiment result & discussion

In this section, the microstructures observed at the surface and in the cross-section of the
1.7 wt% Mn steel samples after reduction are described. Next, a First-Order model is
used to describe the reduction process. At last, the internal oxidation depth is discussed.

4.2.1 Surface and Cross-section of samples after the reduction

The surfaces and cross-sections of some samples after the reduction are shown in Figure
25. The surfaces of the samples in Figure 25 have high-purity iron with less than 3 at%
Mn as determined with X-ray microanalysis. No oxide is found on the surface. The cross-
section in Figure 25-(1) shows that large manganese oxide precipitates are formed under
the reduced layer. Figure 25-(3) shows that voids are generated during the reduction
process, which is in agreement with the reduction mechanism proposed in Section 2.5.
both large manganese oxide precipitates and voids are seen. The mechanism for the
formation of large manganese oxide precipitates will be discussed in Section 4.2.4.
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Figure 25 Surface and cross-section of the samples after the reduction (1) the sample oxidized in CO,/CO = 3 at
750 °C and reduced in 15 vol% H, at 750 °C (2) the sample oxidized in CO,/C0 = 3 at 850 °C and reduced in 15
vol% H, at 850 °C (3) the sample oxidized in C0,/C0 = 3 at 950 °C and reduced in 15 vol% H, at 950 °C

4.2.2 Kinetics of Reduction

The weight change during the reduction experiments are shown in Figure 26. The
reduction rate is extremely fast at the beginning. Then, the reduction rate continuously
decreases. After a certain time, the weight decrease becomes stable, but does not cease at
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the end of the experiments. However, the XRD results (Appendix A) show that all the
iron oxides were removed during reduction. The cross-section image and EPMA results
(Figure 27) of the sample, which were oxidized in C0O,/CO = 3 at 950°C and then
reduced for 2 hours with 15 vol% H,, shows that no iron oxides are left on the surface of
the samples after the reduction. However, the weight is still reducing after 2 hours in
Figure 26-(4). Thus, the weight decreasing between 120 min and 240 min is not caused
by oxide reduction. The samples only contain 4 elements: Fe, Mn, O, C. Figure 28 proves
that the decarburization of the steel occurs during the reduction process. In Figure 28, the
original sample after annealing has much more pearlite (black part) than the sample after
the reduction experiment. Thus, during the reduction process, carbon is removed by
hydrogen.
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Figure 26 Reduction of the oxide layers by 15 vol% H, at the different temperatures in different C0,/
€O mixtures: (1)750 °C, 2hours (2) 850 °C, 2 hours (3) 950 °C, 2 hours (4) 950 °C, 4 hours
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€5)

Figure 28 Cross-section of samples after etching with Nital (1 vol% Nitric aci +eta0|) (1) the cross-section of
an original sample after annealing in 950°C (2) cross-section of an sample oxidized in C0,/C0O = 3 at 950°C, then

reduced by 15 vol% H, for 4 hours

The decarburization leads to difficulty in finding the end of the oxide reduction. To find
the time that the oxide reduction is ended, the following data analysis is carried out.
Consider the sample, which was oxidized in CO,/C0O = 3 at 750 °C and reduced for 2
hours by 15 vol% H,, as an example. A parabolic relation is observed as shown in Figure
29. If it is assumed that (1) the mechanism of the decarburization does not change during
the reduction experiment and (2) the decarburization occurs after the iron oxide reduction
is finished, then the point where the linear fit deviates from the parabolic part of the
reduction curve, can be defined as the reduction ending point; see Figure 29.
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Figure 29 The parabolic relation in the decarburization process in a sample oxidized in C0,/C0O = 3 at 750 °C
and reduced for 2 hours by 15 vol% H,

Not all the decarburization follows a parabolic relation with time. The values for the
exponent n in the equation (Am/A)™ = kt in the decarburization processes are shown in
Table 13. Because the decarburization process is not the aim of this project, no further
analysis will be considered.

Ratio\Temperature 750°C 850°C 950°C
C0,/C0 =1 2 3 5
C0,/CO =2 2 4 -
C0,/CO =3 2 4 -

Table 13 Exponent value n in Equation (Am/A)" = kt in decarburization process

After the determination of the endpoint of the oxide reduction, the oxide reduction part
without the decarburization part is shown in Figure 30-(1). The reduction process is
obviously a decelerating process and a first-order model fits the data; see Figure 30-(2).
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Figure 30 (1) the reduction reaction of the sample oxidized in in C0,/C0O = 3 at 750 °C and reduced by 15 vol%
H, at 750 °C (2) plots of —In(1 — «) versus time using the data in figure (1)

The first-order model is also applicable to the other reduction experiments, except for two
samples: (1) the sample oxidized in CO,/CO = 3 at 950°C and then reduced for 2 hours
by 15 vol% H, and (2) the sample oxidized in CO,/CO = 2 at 950°C and then reduced

for 2 hours by 15 vol% H,.
The reduction kinetic can be described with Equation (2.41) and Equation (2.42):

da N
< ~KDa-a)R; (2.46)

Since the partial pressure of hydrogen is constant (15 vol% H,), the integral form of
Equation (2.46) can be written as:

K (Tt =—In(l-a) (2.47)

The value of k' is summarized in Table 14.

Ratio\Temperature 750°C 850°C 950°C
Cc0,/C0 =1 0.164 0.252 0.241
C0,/CO =2 0.198 0.134 -
Cc0,/C0 =3 0.151 0.122 -

Table 14 k' values in the different reduction experiments

However, every reduction experiment has different amount of iron oxide and oxide
morphology: see Section 4.1.2. So every experiment has different pre-exponential factor
A in the Equation (2.43). Therefore, the activation energy in Equation (2.43) is not
calculated.

4.2.3 Internal oxidation in reduction

The depth of internal oxidation zone after the reduction is compared with the depth of
internal oxidation zone after the oxidation in Table 15. The depths increase by 1~2 um
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after the reduction. Thus, also the internal oxidation occurs during reduction. Figure 31
shows no significant difference between the depths after the reduction for 2 hours and the
reduction for 4 hours at 950 °C. That means the internal oxidation zone does not grow
after the reduction reaction. Thus, the internal oxidation should occur during the
reduction reaction. The mechanism will be explained in Section 4.2.4.

. co, co, co,
Temperature Experiment <0 =1 <o =2 Co =3
o Oxidation 3.18 um 2.70 um 2.40 um
150°C Reduction 4.28 um 4.52 um
o Oxidation 11.62 um 12.09 um 12.33 um
et Reduction 13.24 um 14.04 um 14.30 um
. Oxidation 13.83 um 13.92 um
950 °C Reduction 16.18 um 16.18 um 16.79 um

Table 15 Compare the internal oxidation depths in the oxidation and the reduction

@)

TU Delft SEI 150kV  X2500 WD 9.9mm 10um TU Delft V SEI 150kV  X2,500 WD 10.0mm 10um
Figure 31 Cross-section of the samples oxidized in €0, /C0 = 3 at 950 °C and reduced at 950 °C by 15 vol% H,
for different times (1) reduced for 2 hours (2) reduced for 4 hours

O]

4.2.4 Reduction mechanism

The oxide reduction mechanism is described in Section 2.5. During the reduction, oxygen
in the iron oxide diffuses to the surface and forms water vapor with hydrogen. The
vacancies generated by the removed oxygen combine together to form the vacancy
clusters or voids as shown in Figure 27 and Figure 31. The exceeded iron in the
oxide/iron interface will precipitate, so that the iron grows inwards perpendicular to the
surface.

In Section 4.2.3, the depths of the internal oxide zone increase by 1~2 um during the
reduction reaction. However, there are two possible mechanisms for this increasing depth.
One is the oxygen diffuse to the alloy/internal oxide interface and react with manganese.
The other mechanism is that manganese oxide precipitates at the oxide/internal oxide
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zone interface when the iron grows outwards perpendicular to the surface. Two analysis
results support the later mechanism.

(1) The thicknesses of the iron layers after the reduction are less than that of the oxide
layers. A continuous oxide layer (~1 um) is found in Figure 32-(1). However,
after the reduction, the internal oxide zone reaches the surface as shown in Figure
32-(2) and (3). It proves that the internal oxide zone grows outward to the surface.

Cr coating Iron oxide

(1)

TU Delft BSE 150KV X3500 WD9.6mm 1um
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Cr coating

Cr coating

Internal oxide

Internal oxide

O] ©)

TU Delft SEI 15.0kV %3500 WD99mm TU Delft SEI 15.0kV  X18,000 WD 99mm 1um
Figure 32 Cross-section of the samples (1) the sample oxidized in CO,/C0O = 1 at 850 °C (2) the sample oxidized
in CO,/CO0 = 1 at 850 °C and reduced by 15 vol% H, at 850 °C (x3500) (3) the sample oxidized in CO,/C0O = 1
at 850 °C and reduced by 15 vol% H, at 850 °C (x18000)

1um

(2) The Manganese concentration in the oxide layer is less than that in the reduced
iron layer. EPMA results in Figure 33 show the Mn concentration in the external
scale is about 1.25 at.% and the concentration reduces to 0.48 at% after the
reduction process. Thus, the lower of manganese concentration is caused by
manganese oxide precipitation during the outward growth of the internal oxide
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Figure 33 EPMA results of the samples (1) the sample oxidized in CO,/C0O = 3 at 950 °C (2) the sample oxidized
in CO,/CO0 = 3 at 950 °C and reduced by 15 vol% H, at 950 °C

From two analysis results mentioned above, it can be concluded that manganese in the
oxide layer precipitates as manganese oxide during the reduction reaction. Since
manganese has high affinity with oxygen, The manganese element accumulates to the
iron oxide as described in Section 4.1.5. During the reduction, when an iron layer is
formed after reduction by hydrogen as shown in Figure 34, the manganese solute will
diffuse to the unreduced iron oxide. Thus, as the iron layer grows and the oxide layer
reduces, the manganese concentration becomes higher and higher in the oxide layer. At
last, when the concentration of manganese reaches a critical value, manganese oxide
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precipitates. If the manganese concentration is relatively low in the oxide layer before
the reduction, the manganese oxide precipitates with a small size as shown in Figure 32-
(3). If the manganese concentration is relatively high, large internal manganese oxides
precipitate, as shown in Figure 25-(1). Thus the internal oxide zone grows outward
perpendicular to the surface during oxide reduction.

Internal

Oxide H

Figure 34 Schematic of the reduction process
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5. Conclusion

In this thesis, an expected result as shown Figure 2 is obtained. In the oxidation
experiment Manganese is fixed in the sub-surface and iron oxides cover the surface. In
the reduction experiment, a pure iron surface is obtained for the Zinc coatings. Some
other conclusions are summarized as below:

(1) Magnetite precipitates out during the cooling of Wistite.

(2) In the oxidation experiments, the weight gains starts with a logarithmic growth
then transit to a linear growth. In the logarithmic growth, the oxidation rate is
controlled by electrical flow from the metal to the oxide. In the linear growth at
950 °C, the dissociation of CO, into CO and adsorbed oxygen atoms or ions
determines the oxidation rate.

(3) The depths of the internal oxide zone in the oxidation has higher values than the
calculated value by Wagner’s theory, because of the diffusion enhanced by the
grain boundaries

(4) The surface of sample reduced by hydrogen has a high-concentration iron surface
without external oxides.

(5) Decarburization occurs during the reduction by hydrogen.

(6) The Fist-Order model can apply to the Wistite reduction by Hydrogen except the
sample oxidized in CO,/CO = 3 at 950 °C and the sample in C0,/CO = 2 at 950
°C.

(7) The depths of the internal oxide zone increase during the reduction reaction,
because of the precipitation of alloy element oxide.

(8) The internal oxide zone grows outward perpendicular to the surface during the
reduction.
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7. Appendix

: XRD results

Appendix A
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Appendix B: Data Used to calculate the internal oxide zone depth

(S) 2
The data used in Equation (2.30): vNO _exp(y7)erf ()

KO D
. where ¥ =(—)Y? and ¢=—2.
/4 (2D) ¢ 5

(6] B

Diffusion coefficient of Mn in Fe-1.7wt% Mn alloy

Temperature Diffusion coefficient (x 10716 m?2/s) Reference
750 °C 2.049 Thermo-Calc
850 °C 36.0789 Thermo-Calc
950 °C 1.142 Thermo-Calc

Gibbs free energy Data

AG° = A + BT (J/mol)

Reaction A (ka/mol) B (J/mol/K) Reference
Fe + %02 = FeO -264.89 65.4 A[1]
1
Mn + -0, = MnO -412.3 72.8 A[1]
1
€0 +50,=CO0, -282.4 86.8 A[1]
Oxygen dissolution in iron
AG® = A + BT (J/mol)
Metal A (kJ/mol) B (J/mol/K) Reference
a— Fe -155.6 42.69 A[2]
y — Fe -175.1 72.8 A[2]
Oxygen diffusion coefficient
—Q
D=D —
Oexp(RT)
Metal  Temperature (K) Dy(x 10~* m?/s) Q (kJj/mol) Reference
a— Fe 1023-1123 1.7915%5 x 1073 85.746.1
y — Fe 1224-1623 5.754 166.8
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