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Abstract

The fundamental ambition of this thesis is to assess the effects of chemical com-
position, temperature and elapsed time reaction on scale formation. The control
of oxidation rates and oxide morphology are focal points of interest along with the
evolution and formation mechanisms of scale morphology with time and temper-
ature.
An approach using rapid alloy prototyping (RAP) was selected to help discern the
effects of common alloying elements Mn, Si and Mo, on overall scale formation
using a wt% comparable to that seen in high strength industrial grades. RAP was
successfully used to investigate the formation of oxides associated with Mn, Si and
Mo in isolation. The oxide thickness was shown to vary significantly depending
on the alloying additions. A minimum fundamental addition of 1wt.% Si was
requisite in order to produce a complete passivation layer.
Industrial steel grades were investigated to predict the oxidation rates, scale for-
mation and blister regimes that may form within the hot-strip mill. New and pre-
viously unidentified blister formation mechanisms were discovered. Blister upon
cooling was discovered during air cooling and observed on a number of samples.
Unique and new phenomena such as blister crown splitting and secondary blister
were identified on DP800 due to the presence of a conglomerated spinel phase and
hematite in the outer oxide.
Plant trials were conducted with differing coiling temperatures after hot rolling to
determine the effect on internal oxidation. It was discovered that coiling temper-
ature had a significant impact on the depth of internal oxidation after hot rolling,
with a strong negative correlation associated between temperature and depth of
the internal oxidation zone. The recommended coiling temperature has been im-
plemented in the United Kingdom, Netherlands and India, eliminating issues sur-
rounding cleanliness after hot-band annealing.
Analysis was conducted using; TGA, EBSD, EDS, WDS, FIB and FEG-SEM
imaging.
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1 Introduction

Oxide scale is an inevitable by-product of the high temperatures used during rolling in
the hot-strip mill (HSM). During rolling, slabs are stationed in the reheat furnace for
2-5hrs to increase their internal energy to soften the slab before rolling. The slab is
passed through pairs of rolls to reduce its thickness, producing a strip steel with the
desired thickness and surface finish for the final product.
An initial primary scale will form during the reheating of the slab at 1200-1250°C;
growing to 2-3mm in thickness [1]. The temperature distribution along the furnace is
regulated by a zone temperature control system. The oxidation reaction is an exother-
mic reaction and helps to reduce the energy input into the furnace and is therefore
somewhat beneficial. Once the slab is reheated, its then descaled, and a secondary
scale starts to form during the rolling process. The temperature of rolling of the pre-
heated ingot should be as great as possible to reduce flow stress, allowing for heavy
deformation steps and the most efficient processing route [2]. Nonetheless the effects
of the rolling temperature must be considered to ensure there is not an excessive growth
of secondary and tertiary scale.
Secondary scale is less than 100µm but grows at a brisk rate. Secondary scale is rela-
tively easy to remove using less energy and a lower descaling force in comparison to
primary scale [3].
Tertiary scale is formed after the finishing strip mill descaler at temperatures less than
1000°C. Tertiary scale is of the utmost importance because of the severity of defects it
creates. Tertiary scale is at risk of fracture and blistering during rolling in the finishing
mill. During rolling it frequently becomes embedded into the underlying strip, creating
a defect known as rolled in scale. This thesis aims to investigate tertiary scale and the
fundamental formation mechanisms of the defects created.
The oxide scales formed on steel during rolling are composed primarily of 3 iron ox-
ides [4]; wustite, magnetite and hematite. Commonly, wustite will form 95 % of the
scale, magnetite 4% and hematite 1%; if left at room temperature however wustite can
transform to magnetite and these ratios will be subject to change. The inner layer of
scale (wustite) is where the greatest oxygen deficiency is present and will contain a high
number of defects producing a highly porous structure [4]. Larger voids are found in
the outer layer of hematite and these tend to array along the oxide grain boundaries [5];
hematite is the hardest and most brittle phase. The effects of pores on the develop-
ment of oxide scale is controversial and not well understood [4]. Literature thus far
has been highly focused on the phase ratios of iron oxide with little attention to the
characterisation and misorientation of the grain boundary, grain size and shape related
features [6].
Thermodynamics determines what reaction will occur, and kinetics determines the rate
of reaction. The common alloying elements used in ultra-advanced high strength steels
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and high strength steels such as Si and Mn will produce complex and intricate oxides.
The reactant product will be unique for each steel grade and composed of a multitude
of phases. The advanced steel grades are premium products designed for specialist use
and products. The oxides formed are extremely detrimental and hard to process. Poor
surface quality due to oxidation can result in a loss of customer satisfaction, customer
litigation, material loss, cutbacks and high processing costs. Thus, its of great impor-
tance to minimise scale and improve passivation. The effects of alloying elements on
oxidation rate, kinetics and related microstructure are not well understood and will be
investigated.

The fundamental ambition of this thesis is therefore to assess the effects of chem-
ical composition, temperature and elapsed time reaction on scale formation of
ultra-advanced high strength steels and high strength steels. The control of ox-
idation rates and oxide morphology are focal points of interest along with the evo-
lution and formation mechanisms of scale morphology with time and temperature.
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2 LITERATURE REVIEW

2 Literature Review
In this chapter a comprehensive overview of relevant topics is presented. The iron-
carbon system and common alloying elements are first discussed in section 2.1; to
provide essential background knowledge pertinent to the industrial steel grades exam-
ined. Prominent topics relevant to composition, temperature and time reaction on scale
formation are discussed in oxidation; section 2.2.

2.1 Steel

2.1.1 The Iron-Carbon system

A phase diagram is used to represent the limits of stability of phases within a chem-
ical system at equilibrium. A phase diagram can predict the solid-state reactions in
an equilibrium heat treatment and the final phase composition; allowing tight control
of the properties [7]. A phase in a thermodynamics system is a domain of chemical
uniformity that is physically and often mechanically distinct. The simple Fe-C binary
metastable phase diagram is integral into understanding the fundamentals behind steels
and influences even the most complex of alloying systems. The metastable Fe-C phase
diagram is shown in figure 1 and is more applicable for practical applications than that
of the Fe- graphite phase diagram, due to the low wt% of C used in the bulk of modern
steels [7].

Figure 1: Fe-C Phase digram [7]

Several decisive temperatures, or critical points, exist in the metastable Fe-C phase
diagram: the A1 temperature at 723°C, the A3 temperature at 910°C and the A4 tem-
perature at 1394°C [8]. At 727°C upon equilibrium cooling, a critical eutectoid re-
action occurs, transforming any remaining austenite into ferrite and cementite. At
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0.022-0.76wt% C the reaction will be hypo-eutectoid with pro-eutectoid ferrite and
above 0.76wt% C the reaction will be hyper-eutectoid with pro-eutectoid cementite. At
0.76wt% C the reaction forms a lamellar structure of the 2 phases.
The A3 temperature of pure iron is 910°C, but upon the addition of C the temperature
will be progressively lowered [8]. The A4 temperature, unlike the A3 temperature,
raises with the addition of C expanding the gamma field.

2.1.2 Alloying Elements

To quantify the effects of alloying elements on steel, ternary phase diagrams would need
to be assessed over a range of temperatures. This can become complex and tiresome
as ternary phase diagrams are more complex than that of a binary phase diagram with
reactions occurring on a locus not an invariant. A more straightforward approach would
be to assess the effect of alloying elements on the Fe-C phase diagram by appraising
how it interacts with the γ phase field.
Alloying elements can influence the equilibrium phase diagram in two ways either by
expanding the gamma field, encouraging the formation of austenite over a wider com-
positional limit or by contracting it and encouraging the formation of ferrite over a
wider compositional limit [9] [8]. This can be split into four classes open field, closed
field, expanded field and contracted field [9].

Figure 2: Gamma Field [8]

Open Field Elements within this group have the ability to depress the austenite trans-
formation temperature, creating a stabilising effect. When added in sufficient concen-
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tration, they can completely eliminate the bcc- iron phase down to room temperature.

Manganese Mn is a strongly austenite stabilising element due to its FCC crystal lat-
tice and the rothery hume principal, making it a highly useful element in the formulation
of austenitic steels. Mn has the ability to stabilise austenitic steels and is largely used
in the 200 steel austenitic series; in concentrations of 4%Wt to 15.5%wt Mn [9]. When
added in sufficient concentration of up to 15%wt, Mn can depress the transformation
temperature of γ ⇒ α down to room temperature [10], producing an austenitic steel.
Increasing the concentration of Mn increases the A3 temperature and decreases the A1
temperature, opening the gamma field [10].
Mn is not a strongly carbide forming element and is considered one of the best elements
at retaining C. It can be added to steel in large quantities compared to that of an element
such as Ti, which cannot be added in greater quantities than 0.3 wt% due to its carbide
forming properties .
Mn has a strong affinity for S and prevents the detrimental formation of iron sul-
phide [10]. MnS is a primary idiomorphic crystal with a high melting point of 1610°C
and is thus not affected by any heat treatments the steel may undergo. Iron sulphide has
a low melting temperature and may rupture during rolling [11] [8]. MnS precipitates
along ferritic grain boundaries introducing a stress concentration and potentially caus-
ing issues with void formation [8]. Mn improves the machinability of steel by forming
MnS reducing the brittleness of S.
Mn increases hardenability, abrasion resistance and tensile strength of steel but reduces
ductility [11]. If added at too high a concentration however, alongside high C, embrit-
tlement can set in.
Mn is one of the most commonly used elements in U-AHSS and HSS and will undergo
selective oxidation [12]. When exposed to oxygen Mn will react to form MnO [13].
If the oxide forms a continuous layer the it will act as a protective layer, shielding the
underlying steel and preventing further oxidation. Nonetheless MnO will commonly
form during annealing of U-AHSS and HSS prior to galvanising. Its selective oxidation
is of concern due to the MnO at the surface deterioration the wettability between the
underlying steel and the molten Zn [12]. The oxidation of Mn steels will be examined
throughout this thesis.

Expanded Field Within the expanded field the γ formation range is expanded, but
the formation is cut off by compound formations such as Fe3C [11]. C and N are the
key influential alloying elements within this group [11].

Carbon C composition in steel varies massively depending on the grade of steel. In
austenitic, ferritic and duplex steels the carbon content is kept deliberately low (0.005-
0.003 wt%) in order to retain the desired mechanical properties. In martensitic steels C
is added in quantities of 0.15-0.2 wt% to increase hardness and strength of the metal at
the loss of ductility [11] [8].
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C has a sufficiently small atomic radius of 0.91A [11] in comparison to that of iron
making it an interstitial solute. C will fit in the interstitial sites present in the FCC and
BCC structures however some distortion will still take place. Within the BCC structure
the C will not occupy the larger tetrahedral holes due to the large strains. The C atom
would have 4 nearest iron atom neighbours which would be displaced, creating a large
strain within the structure. The octahedral sites are more favourably placed because
there are only 2 neighbouring iron atoms which will be distorted by the interstitial C
atom, making octahedral sites the more accommodating interstitial site [8]. Increasing
the C concentration decreases ductility and increases hardness and strength.

Closed Field Elements within the closed field group restrict the formation of gamma,
causing the gamma field to constrict. The formation of bcc ferrite is encouraged.

Silicon Si is a strong ferrite stabiliser and at high levels with low C the gamma loop
will close entirely. If the C content is greater than 0.05 wt% it will not close [8].
Si when added in specific concentrations produces many unique and specialist steel
grades. Electrical steels are a highly popular, but difficult steel to manufacture and
contain between 0.5% and 5.0%wt Si.
Its common for silicon steels to undergo heat treatments to a produce a grain orien-
tated Si steel with a favourable crystallographic texture for ease of magnetisation [11].
Non-oriented electrical steels are a sub-group of electrical steels where the individual
crystals are randomly oriented. Non-oriented electrical steels produce broadly isotropic
magnetic properties making them excellent candidates for rotating machinery such as
electrical motors and generators [14].
The addition of silicon increases the electrical resistivity of a material resulting in the
reduction of induced eddy currents and power losses. Higher quantities of Si will de-
crease magnetic anisotropy; lowering magnetic hysteresis losses and resulting in more
beneficial isotropic magnetic properties [15].
Si additions will increase the resistivity of an electrical steel because the resistivity of
pure iron at room temperature is 9.71E−8Ωm, while Si has a resistivity of 0.1-60Ωm. An
addition of 3 wt% Si will increase the resistivity of an electrical steel fourfold [16] [17].
Si is a substitutional solute in steel and retards the diffusion of C through the crystal
lattice [18]. When Si is added to steels the hardness and strength of the steel can be
greatly improved, this is due to the substitutional Si atom having a larger atomic radius
than that of the Fe atom it has replaced. The distortion of the lattice creates strain
energy hindering the flow of plastic deformation [18]. It also creates a strong covalent
bond with the Fe atom further strengthening the steel. Nonetheless, high additions of Si
will promote the formation of long-range ordered phases which in-turn will promote the
embrittlement of steel. Thus, electrical steels are extraordinarily brittle and impractical
to cold roll [11]. Electrical steels require processing for favourable grain size, texture
and orientation whilst taking into consideration their extreme brittleness.
Si is well known to significantly impact the oxidation behaviour of steel [19] [20].
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Silicon will enhance the formation of protective oxide layers on the surface of steel
when exposed to oxidative environments and high temperatures. Selective oxidation
can form SiO2 however Si will also frequently form fayalite, a complex spinel phase
with the composition Fe2SiO4. Fayalite may act as a protective oxide however it can
negatively impact the processing of the steel due to inclusions and its strong adherence
to the steel surface below [21]. The oxidation of electrical steels will be examined
throughout this thesis.

Aluminium Metallic Aluminium is one of the most commonly used alloying addi-
tions [2]. Its a popular alloying element within the automotive industry; providing a
high weight to strength ratio and serves many integral purposes [2]. During the liquid
metal stage, aluminium is used as a deoxidiser, removing excess oxygen from the melt
to improve porosity in the solidified steel [22]. The formation of Al2O3 is an exother-
mic reaction, helping to reduce energy input needed to keep the steel at temperature
before casting. The formation of Al2O3 promotes the formation of ferrite pancake
grains.
Al is one of the most effective elements in the control of grain growth [22]. Elements
such as V, Ti and Zr are also used for grain refinement, but they readily form carbides.
These three elements adversely affect hardenability because the carbides formed are
stable and difficult to dissolve in austenite prior to quenching [2].
One of the key benefits provided by Al is its ability to tie up excess N. The hard stable
AlN precipitates increases the hardness of the steel, improving the mechanical proper-
ties of the steel. The removal of N from solution promotes high toughness and provides
grain refinement [22]. AlN can either exhibit a hexagonal structure in stable form at
room temperature, or a metastable cubic structure. In normalised and heat-treated steels
AlN is used for grain refinement. AlN is a classic example of grain boundary pinning
by small particles of a second phase [22].
Al may also be added to electrical steels to improve the resistivity of the material,
however the impact is not as great as that of Si [23].

Contracted Field Elements within the contracted field encourage the formation of
ferrite, restricting the formation of austenite, but the range of formation is cut short by
compound formation. Boron is a key element within this field [8].
Figure 3 provides a summary of the effects from alloying elements on steel [23] [22]
[16] [17].
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Figure 3: Alloying elements and a summary of influences

2.2 Oxidation

The phenomena of oxidation at high temperature is inevitable and toilsome to govern.
Under most conditions pure metals and alloys are thermodynamically unstable. The
atoms at surface of the respective base metal have fewer respective neighbours than
those within the bulk of the metal matrix [6]. The atoms at the surface of the metal
are thence highly reactive and will react to produce a more thermodynamically stable
product. Depending on the composition of the base metal and reaction conditions, an
oxide, sulphide, carbide or nitride is commonly formed [7]. Reaction rates increase
rapidly with temperature due to an increase in the average kinetic energy of particles,
increasing collision rates. High temperature in this instance is 500°C and above. Re-
sistance at high temperature and the formation of protective layers therefore becomes
imperative in order to minimise oxidation. Oxide scales can arise during the hot rolling
of a product through a reaction of elements in the material with the atmosphere. The
protective action of these scales depends on several factors. Oxidation lifetime can be
formally defined as the time-to-breakaway [18]. Figure 4 provides a summary of the
effects of temperature on oxidation.

2.2.1 Thermodynamic Considerations of Oxidation

In order to obtain an understanding of high temperature oxidation reactions, an un-
derstanding is needed to determine whether a metal or any alloying components, may
react with a given component of a gas phase [19]. The rationalisation of the observed
products is often complex, involving the reaction of multicomponent alloys. Further
complications arise from the additions of liquids or solid deposits which can produce
additional reaction products [19]. Equilibrium thermodynamics is essential in ascer-
taining whether a reaction is feasible, whether evaporation or condensation of a species
is possible and the conditions under which this may occur. [19] The second law of ther-
modynamics, Gibbs free energy, is shown in equation (1). Here Gibbs free energy is a
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Figure 4: Summary of oxidation phenomena [6] [18] [19]

thermodynamic quantity equal to enthalpy minus the product of entropy and absolute
temperature. Temperature and pressure must be kept constant.

∆G = ∆H− T∆S (1)

∆H is the change of enthalpy of a system; its a measure of the energy liberated during
the reaction. If the value is negative, energy is emitted during the reaction; if the value
is positive, energy is required for the reaction to occur [19] [18]
∆S is the change of entropy of a system; its a measure of the change in the possibilities
for disorder products compared to the reactants. If an ordered state such as a solid were
to transform into a liquid, a somewhat less ordered state, the entropy would be positive.
The greater the degree of disorder, the more favourable the reaction. This is due to the
laws of thermodynamics; the greater the degree of disorder, the greater the number of
possible locations and arrangements of the molecules [19].
During oxidation, gas molecules are adsorbed onto the surface of the respective metal.
The adsorption results in a loss of a degree of freedom; thus, adsorption results in a
decrease in entropy (disorder). A simultaneous decrease in both entropy and the free
energy of a system also implies a decrease of enthalpy [19] [18].

∆G < 0 A spontaneous reaction will occur
∆G = 0 The system is in equililbrium

∆G > 0 The reaction is thermodynamically impossible
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2.2.2 Kinetics of Reaction

To identify the reaction mechanisms and to determine the rate-limiting process of a re-
action, its important to understand the kinetics of reaction. Thermodynamics ascertains
the direction of a reaction, whereas kinetics ascertains the rate of a chemical reaction.
During oxidation, the simplest oxidation reactions will obey linear, parabolic or log-
arithmic models; however these represent limiting and ideal cases [24]. Whilst under
real life applications it is common to encounter deviations from these ideal models, re-
quiring a combination or use of intermediate rate equations. This will be discussed in
the following sections.

Figure 5: Kinetics of reaction; rate of oxidation

2.2.3 Rate of Oxidation

For oxidation to proceed its necessary for ionic and electronic transport processes to
advance through the growing oxide layer. The growing oxide layer is accompanied
by ionising phase-boundary reactions and the formation of a new oxide at a site de-
pendent upon whether cations or anions are transported through the oxide layer [19].
Simplifying this model Wagner [25] [19] developed his acclaimed theory for the oxi-
dation of high temperature metals. The Wagner theory of oxidation describes oxidation
behaviour where diffusions of ions is the rate determining step under highly idealised
conditions [19] Before proceeding with the derivation of Wagner’s theory a simplified
treatment may first be used to emphasise the important features of diffusion-controlled
oxidation [19].

Simplified diffusion-controlled oxidation If its assumed that [19];

1. Cationic transport across the growing oxide layer underpins the rate of oxidation
and,
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2. Thermodynamic equililbrium has been established at each interface [19];

Then the outward flux will be equal and opposite to the inward flux; where the inward
flux of cation defects may be represented by vacancies. Thus, the outward flux, jM2+ ,
can be expressed as [19]

jM2+ = −jυm = Dυm

c
′′
υm − c

′
υm

x
(2)

Where;
x= oxide thickness Dυm= diffusion coefficient for cation vacancies,
c
′′
υm = vacancy concentration at scale-metal interface,
c
′
υm = vacancy concentration at scale-gas interface,

The value of c′′υm − c
′
υm is a constant due to thermodynamic equilibrium. Thus, the rate

of oxide thickening can be given by [19];

dx

dt
=
k′

x
(3)

Where,
k′ = DυmVox(c

′′

υm − c
′

υm) (4)

and,
Vox= molar volume of the oxide
Using equation(3), the parabolic law can be derived through integration; noting that
x = 0 at t = 0,

x2 = 2k′t (5)

The cation-vacancy concentration of the oxide can be related to the oxygen partial
pressure of a system via [19],

cυm = const.p
1
n
O2

(6)

Considering both equation(5) and (6), the variation of parabolic rate constant with oxy-
gen partial pressure can be predicted [19],

k′α(p
′′

O2
) (7)

Wagner theory of oxidation For the Wagner theory of oxidation to hold valid, a list
of assumptions must be met [19] [6] [26];

1. The oxide layer is a compact, perfectly adherent scale

2. The migration of ions or electrons is the rate-controlling process

3. Thermodynamic equilibrium is established at both metal-scale and scale-gas in-
terfaces

4. The oxide scale shows only small deviation from stoichiometry and, hence, the
ionic fluxes are independent of position within the scale
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5. Thermodynamic equilibrium is established locally throughout the scale

6. The scale is thick in comparison to the distances over which space charge effects
(electrical double layer) occur

7. Oxygen solubility in the metal may be neglected

An independent activity gradient is established for both the metal and non-metal across
the scale. Consequently, metal ions and oxide ions will tend to migrate in opposing
directions across the scale. The migration of charged ions sets up an electric field across
the scale, transporting electrons across the scale from metal to atmosphere. Due to the
conservation of charge, the relative migration rates of cations, anions and electrons are,
accordingly, balanced and no net charge transfers will occur across the oxide layer as a
result of ion migration [19]. Functioning as charged particles, the ions will respond to
both chemical and electrical-potential gradients; providing the net driving force for ion
migration.
A particle, i, carrying a charge, Zi, in a position where the chemical-potential gradient

may be given by
∂µi
∂x

and the electrical-potential gradient
∂φ

∂x
, is acted on by a force

given by [19],
1

NA

(
∂µi
∂x

+ ZiF
∂φ

∂x
)Jparticle−1cm−1 (8)

Where,
NA = Avogadro’s number,
F = Faraday’s constant
The application of force to a particle i creates a drift velocity, vi(cms−1), proportional
to that of the acting force [19]. The particle mobility,Bi, is defined as the average drift
velocity per unit force, particle cm2J−1s−1. A negative sign will arise in the equation
because the drift velocity takes place in the positive direction for negative potential
gradients. The flux of particles may therefore be obtained as [19],

ji = Ciυi = −CiBi

NA

(
∂µi
∂x

+ ZiF
∂φ

∂x
) (9)

Where,
Ci = the concentration of i(molcm−3)

The mobility of a particle, i, may be related to the conductivity, Ki, and the self-
diffusion coefficient, Di, by comparing the flux of particles [eq] for limiting cases of
zero electrical-potential gradient and zero chemical-potential gradient to Ficks first law
and Ohms law respectively [19],

Jα
dc

dx
(10)

I =
V

R
(11)
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The relationship may then be used to surmise partial conductivity [19],

kBTBi = Di =
RTκi

Ci(ZiF )2
(12)

Where,
kB = Botlzmann constant
The mobility Bi, in equation (12) for partial conductivity may be superseded using the
relationship derived in equation (8), to produce a new relationship describing the flux
of cations, anions or electrons through the oxide layer [19],

ji = − κi
Z2
i F

2
(
∂µi
∂x

+ ZiF
∂φ

∂x
) (13)

Due to the vastly differing mobilities; electrons, cations and anions would move at
different rates through the oxide, setting up electric fields tending to oppose the inde-
pendence of the species.
The three species migrate at rates that are defined by the fundamental need to maintain
electroneutrality throughout the scale, such that there is no net charge across the oxide
scale. Neutrality can conceivably be achieved, due to the very high mobility of electrons
and or electronic defects. The Wagner theory of oxidation originally involved cations,
anions and electrons. The bulk of oxides show exceptionally high electronic mobility,
whereas the mobilities of anions and cations is generally far lower by many orders of
magnitude. Its therefore logical to simplify the relationship ignoring the migration of
the slower-moving ionic species. In the common event that both cations and electrons
are the mobile species within an oxide or sulphide species, corresponding fluxes may
be derived; where Zc and Ze are the charges on cations and electrons respectively [19].

jc = − κc
Z2
cF

2
(
∂µc
∂x

+ ZcF
∂φ

∂x
) (14)

je = − κe
Z2
eF

2
(
∂µe
∂x

+ ZeF
∂φ

∂x
) (15)

The requirement for electro-neutrality is given by [19],

Zcjc + Zeje = 0 (16)

Further rearrangement and substitution of equation (14) and (15),
∂φ

∂x
is eliminated and

Ze = −1, the flux of cations becomes [19],

jc = − κcκe
Z2
cF

2(κc + κe)
(
∂µc
∂x

+ Zc
∂µe
∂x

) (17)

The ionisation of a metal is represented by M = M zc + Zce, and thus at equilibrium
[19],

µm = µc + Zcµe (18)
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Therefore,

jc = − κcκe
Z2
cF

2(κc + κe)

∂µM
∂x

, (19)

Where, κc, κe and
∂µM
∂x

are instantaneous values at that location. Due to the likelihood
of these values changing, its necessary to integrate equation (19) [19].
jc will therefore be defined in terms of scale thickness, x, and the measurable metal
chemical potentials at the metal-scale interface, µ′M , and the scale-gas interface, µ′′M ,

jc

∫ x

0

dx = − 1

Z2
cF

2

∫ µ
′′
M

µ
′
M

κcκe
κc + κe

dµM (20)

Then,

jc = − 1

Z2
cF

2x

∫ µ
′′
M

µ
′
M

κcκe
κc + κe

dµMmol cm−2s−1 (21)

Similarly for the flux of electrons [19],

je = − 1

Z2
cF

2x

∫ µ
′′
M

µ
′
M

κcκe
κc + κe

dµMmol cm−2s−1 (22)

Additionally, if the metal concentration within the oxide is CMmol cm−3, then flux may
further be expressed as [19],

jc = CM
dx

dt
(23)

je = CM
dx

dt
(24)

2.2.4 Linear Rate Law

Kinetic behaviour determines the variation, in the rate of oxidation as a function of time.
Kinetic behaviour may be expressed by logarithmic, parabolic or linear behaviour, cre-
ating the three kinetics laws respectively [4].
The linear rate law describes the rate of oxidation being directly proportional to time,

x = k1t (25)

Where,
k1 = the linear rate constant
The result is instantaneous oxidation when a metal comes into contact with oxygen
[19]. The linear rate law can commonly be observed under conditions where a phase-
boundary process is the rate-determining step for the reaction.
Principally, diffusion through the scale is unlikely to be rate limiting in the initial stages
of oxidation; i.e. when the scale is thin [19]. Therefore, the reactions occurring at
the metal-scale interface can be considered fast, i.e., ionisation of metal with a cation
conductor, or, ionisation of a metal with anion conducting scales [19]. Scrutiny can
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therefore be accordingly diverted to the scale-gas interface.

Adsorption Adsorption can be classified into two categories known as either, phys-
iosorption or chemisorption. This classification will be based on the interaction be-
tween the adsorbate molecules and the adsorption surface and the resulting bond [27].
Chemisorption in oxidation is a process that occurs between the scale atoms and a
gas species; thereby making it extremely important when dealing with reactions at the
scale-gas interface. Chemisorption requires a high activation energy for the reaction to
occur. During the process of chemisorption, the reactant gas molecules will approach
an active site at the scale surface whereby they will become adsorbed onto the surface.
The result obtained is a monolayer of the adsorbate attached to the surface of the ad-
sorbent [27]. Active sites are categorised by their high surface energy, commonly due
to surface defects such as kinks or a mismatch of orientations [28]. The chemical bond
formed between the adsorbate and adsorbent is far stronger than that of the weak van
der waals bonds formed during physiosorption [27]. Particle size, initial concentration
and temperature will affect the rate of chemisorption.
The adsorbate, (in this case oxygen), strongly attracts electrons from within the oxide
lattice. The removal of electrons from the scale causes a deviation in the concentra-
tion of electron defects at the scale-gas interface. This process can be represented as in
equation [19],

1

2
O2(g)→ 1

2
O2(ad)→ O(ad)→e− O−(chem)→e− O2−(latt) (26)

Where, oxygen is the active oxidising species in the gas phase [19]. In the case of
high temperature these reactions do lead to constant rate kinetics and can therefore be
assumed to be rapid surface reactions.
In high temperature oxidation, indication of linear law may signify a catastrophic re-
action due to the cracking of the oxide scale, scale delamination or spallation. This
exposes a fresh surface of metal promptly increasing oxide formation [24].

Transition to Parabolic Oxidation As discussed, any initial scale developed is very
thin, allowing for the rapid diffusion of species through the scale. A virtual equilibrium
is established with constant-rate kinetics at the scale-gas interface; denoting the initial
stages of oxidation. This stage will occur for a period of time depending on the condi-
tions under which the reaction ensues. Nonetheless, as the reaction proceeds a constant
flux must be maintained. The flux of iron diffusing through the oxide is inversely pro-
portional to the oxide thickness. As the oxide thickens, the metal activity gradient must
fall but, it cannot fall below the value in equilibrium with the atmosphere [29]. Thus,
there must be a reduction in the metal activity gradient across the scale and, accordingly
an attrition in ionic flux and reaction rate. At this point the diffusion of iron ions must
become the rate-controlling step and the rate falls with time according to a parabolic
rate law [29].
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2.2.5 Parabolic Rate Law

Parabolic law predicts the rate of oxide formation is inversely related to time. The oxide
thickness is measured as the reaction parameter [19]. Thus, as time increases, the rate
of scale formation decreases. Metals whom follow parabolic law are beneficial due to
the increased path for the ionic diffusion of metal or oxygen [24]. As scale growth
continues, diffusing species must travel further and thus, they take longer to reach the
interface. Rate of oxide formation following parabolic kinetics may be written as [19]:

dx

dt
∞1 or

dx

dt
=
k
′

x
(27)

Integration of equation (27) then gives the measurement of scale thickness(x) [19],

x = k
′
t−1/2 (28)

Where,
k
′ = the scaling constant cm2s−1

The measurement of mass increase, (m), with time is given by [19],

(
m

A
)2 = k

′′
t (29)

Where,
A is the area of reaction,
k
′′ is the parabolic rate constant g2cm−4s−1

The measurement of metal surface recession, is given by [19],

l2 = 2kct (30)

Where,
kc is the corrosion constant defined by measuring the thickness of consumed

metal cm−2s−1

The rate and duration of oxidation employing parabolic law is highly dependent upon
factors such as specimen geometry and scale mechanical properties. Geometry plays a
critical role because as the reaction proceeds, the metal core gets smaller and hence, the
area of metal-scale interface grows smaller. Thus when the reaction rate is expressed
in terms such as mass gain per unit area, taking only the initial surface area will incur
small but significant errors.

2.2.6 Transport Mechanisms

The mechanism of oxidation may be simplified by dividing it into two stages. Firstly,
oxidation will proceed at a linear rate, followed by a parabolic rate of oxidation [30].
Secondly, diffusion-controlled oxidation of ionic species through the newly formed
oxide layer [30].
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Initial oxidation is often far lower than expected or predicted. The discrepancy may be
due to adsorbed structures, that will then form mutual phase domains. The adsorbed
atoms can also cause appreciable displacement of the substrate atoms, forcing the lattice
to adopt a new configuration [31]. In this instance the oxide is reconstructed to form
a new pseudo-oxide [31]. Due to the ionic nature of metal oxides, the transport of
species through the product cannot practicably be neutral. Several mechanisms may be
considered to explain the transport of ions through ionic solids, involving stoichiometric
and non-stoichiometric crystals.

2.2.7 Stoichiometric

Highly stoichiometric compounds correspond to an exact and fixed composition with a
small integer ratio among the atomic components [31]. The concept is related to Dal-
ton’s law of multiple proportions [32]. The atoms occupy precise crystal lattice points
where neither impurities nor defects can exist [31]. Non-stoichiometry epitomises a de-
viation from the well-defined stoichiometry, through the introduction of point defects
such as vacancies and impurities upon forming a solid solution. The excellent unifor-
mity and high efficiency of stoichiometric compounds makes them an excellent choice
for electronic and optic devices due to the perfect ordering of atoms [31].
The defect structure is uncertain for a large majority of oxide compounds due to the
requirement of further understanding of issues relating to the crystal structure. The is-
sue of understanding is related to; coordination sites for metal cations, ionic-covalent
bonding states, oxygen to oxygen interactions, degree of oxidation, effect of the size
ratio of metal to oxygen on crystal deformation, defect interactions, population of point
defects and their configurations associated with ordering and disordering, and solid so-
lution ranges [31].
The balance between ionic and covalent bonding depends on an individual oxide. The
variable energy states associated with defect generation make predicting the bond length,
lattice size and mode of deformation challenging. Oxides may show deviations from
stoichiometry; depending on the oxygen pressure, the transition metals form numerous
non-stoichiometric oxide phases with ions of differing valences resulting in varying
metal ion to oxygen ratio [31].
Simple consideration of the presence of interstitial impurities and oxygen vacancies is
not sufficient in confirming the defect structure of an oxide. A non-stoichiometric oxide
may have highly ordered defects at high concentrations in order to lower the free en-
ergy of the compound. Resulting interactions may also create clusters of point defects.
This has been proposed for Fe vacancies in the wustite phase where a superlattice can
form. Thus, its imperative to be aware of and to consider the quantity of impurities
or vacancies [31]. In a highly stoichiometric ionic compound, the predominant point
defects are Schottky and Frenkel defects [33].
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Schottky Point defects are the simplest of defects that can be found within a crystal
phase [33]. They do not possess lattice structure in any dimension and are thus defects
of zero dimensionality [34]. Ionic mobility is demonstrated due to the existence of
ionic vacancies. For electro-neutrality to be preserved, an equal number of vacancies
on cationic and anionic sub-lattices must be presupposed [19]. Since vacancies exist
on both sub-lattices, its expected that both anion and cations will be mobile within the
structure. This is known as a Schottky defect [19].

Frenkel Frenkel defects may be explained in the case were the anion lattice is ideal
and that only cations are mobile. The cation lattice contains cation vacancies and inter-
stitials in equal concentrations in order to maintain electroneutrality across the crystal.
The cation can thus travel across both interstitial and vacancy sites [19].
Nonetheless neither the Frenkel nor Schottky transport mechanism can explain the
mechanism by which electrons may migrate [19]. In order for the oxidation reaction
to proceed neutral atoms must migrate or both ions and electrons must migrate [19].
If migration is dominated by cations, scale formation develops at the scale-gas in-
terface. In the case of anion migration dominating, scale formation develops at the
metal-scale interface [19]. To ascertain how simultaneous migration of ions and elec-
trons occurs during the formation of oxides, its necessary to assume that the oxide is a
non-stoichiometric compound [19].

2.2.8 Non-stoichiometry

As previously discussed, non-stoichiometry implies that the metal to non-metal atom
ratio is not derived by a chemical formula. In a non-stoichiometry compound, a cation
or anion may exhibit variable valency on its sub-lattice. There is an increased likelihood
of a metal or a cation exhibiting variable valency [19]. Non-stoichiometric ionic com-
pounds may be classified as a semiconductor and thus may show negative or positive
behaviour as an n-type or p-type respectively.

Negative (n-type) semiconductors An n-type semiconductor is characterised by neg-
ative carriers. Negative carriers may arise, when there is an excess of metal or a
deficit of non-metal. The electrical conductivity is reliant upon the concentration of
conduction-band electrons. Thus, the measurement of electrical conductivity as a func-
tion of oxygen partial pressure serves to define the rate law and indicate the predomi-
nant defect [19].
In a non-metal deficit or a metal excess material, the negative carriers may be formed
due to the discharge and subsequent evaporation of an oxygen ion. The electrons from
the evaporated oxygen ion then enter the conduction band and a vacancy is created on
the anion lattice. The process can be represented as seen below [19],

OO = Vö + 2e
′
+

1

2
O2 (31)
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The vacant oxygen-ion site is surrounded by positive ions and the result is an area with
a large positive charge. The large positive charge acts as an energy trough which draws
in surrounding negative free electrons. Therefore, the vacancy and free electrons can
be associated according to [19],

Vö + e
′ → Vȯ (32)

Vȯ + e
′ → Vo (33)

Thus, there is a high possibility of doubly a charged, singly charged and neutral charged
vacancies existing. The relationship between the concentration of anion vacancies,
conduction-band electrons and the dependence of electrical conductivity, with regards
to oxygen partial pressure, may be derived as shown;
Doubly charged,

κ ∝ Ce′ ∝ p
−

1

6
O2

(34)

Singly charged,

κ ∝ Ce′ ∝ p
−

1

4
O2

(35)

Neutral (independent of pO2)
κ ∝ Ce′ (36)

The power of the oxygen partial pressure is negative in the case of n-type semiconduc-
tors.

Positive (p-type) semiconductors A p-type semiconductor is characterised by pos-
itive carriers. Positive carriers may arise when there is a deficit of metal or an excess
of non-metal. Semi-conduction in a p-type semiconductor arises from the formation
of vacancies on the cation lattice with electron holes, giving rise to conduction. The
formula may be written as M(1−δ)O, with δ, varying widely.
The ability of an electron hole to materialise lies within a metal ions capacity to em-
anate in multiple valence states. The closer neighbouring valence states are in terms of
ionisation energy, the easier its to induce a cation vacancy through the p-type formation
mechanism. In the case of a cation with energetically close valence states, its relatively
simple for an electron to transfer from a 2+ ion to a 3+ ion, thus reversing the charge
on the two ions. The 3+ site is then seen to offer a low-energy position for an electron,
designated as an ‘electron hole’ [35].
The formation of a metal-deficit p-type semi-conductor with cation vacancies and pos-
itive holes is shown in the process below [19];

Adsorption :
1

2
O2(g) = O(ad) (37)
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Chemisorption : O(ad) = O−(chem) + h· (38)

Ionization : O−(chem) = Oo + V + h (39)

Overall,
1

2
O2 = Oo + 2h ·+V ′′ (40)

If its assumed that Henry’s law is obeyed and that the overall reaction is the only guiding
mechanism by which defects form [19] [36],

C2
hCV ′′ = K15p

1

2
O2

(41)

Stoichiometry for electrical neutrality,

Ch = 2CV ′′ (42)

Then,

Ch = const.p
−

1

6
O2 (43)

Electrical conductivity is expected to vary proportionally to the electron-hole concen-
tration. Nonetheless a further possibility, is that a cation vacancy may bond with an
electron hole. In this case the formation of vacancies and electron holes, upon oxida-
tion is represented as [36] [19]:

1

2
O2 = OO + h ·+V ′ (44)

Where,
Ch is related to pO2 as shown below,

Ch = const.p
−

1

4
O2 (45)

The concentration of doubly charged vacancies will increase according to p
−

1

6
O2 and

singly charged vacancies will increase according to p
−

1

4
O2 . Thus, doubly charged vacan-

cies will correspondingly dominate at low oxygen partial pressures and singly charged
vacancies will respectively will dominate at high oxygen partial pressures.

Intrinsic semiconductors Intrinsic semiconductors are a subsidiary of the semicon-
ductor classification. Although they exhibit close stoichiometry, they show high elec-
trical conductivity independent of oxygen partial pressure. This behaviour is common
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when the concentration of electronic defects exceeds that of ionic defects [20]. Equilib-
rium of electronic defects is established upon the production of a ‘quasi-free’ electron
and an electron hole, when an electron is excited from a valence band to a conduction
band [20].

Null = h ·+e′ (46)

It should be noted that very few oxides are classified as intrinsic semiconductors [19].

Non-planar growth Initial oxidation mostly treats ideal cases and situations such as
adsorption, nucleation and film formation on different crystal faces on single crystals.
Further, oxide films have been assumed to have an even thickness and to be plane par-
allel [35].
Metals are predominantly polycrystalline and in turn the grains will have different ori-
entations. Hence, the film thickness will vary from one grain to another [35]. As an
oxide grows and develops into a scale, non-planar growth may develop.
Non-planar growths refer to features that are not confined within a single plane and
thus, they have a three-dimensional quality.
This may involve whiskers, columnar crystals, blades and platelets [35].
An oxide whisker is a single-crystalline oxide which possesses a high aspect ratio mor-
phology [37]. Growth of oxide whiskers is anisotropic and one directional. There are
multiple growth mechanisms which have been suggested for whiskers such as cata-
lysts [38] [39], fast ion diffusion through defects [26] [40], stress [41] and chlorine
atmospheres [37].
Numerous studies have shown that whiskers consist of the higher valence oxide in a
multi-layered scale such as Fe2O3 in the oxidation of iron [35].
It was reported that whiskers of a single crystal of Fe2O3 grew out of the oxide surface,
preferentially from a Fe3O4 grain boundary. The planar interface has been proposed
to serve as a short-circuit diffusion path, providing rapid internal diffusion of Fe [42].
Whiskers have also been shown to contain hollow cores [35]. These easy diffusion
paths facilitate rapid metal ion transport to the tip of the whisker and thus accounts for
growth observed at the tip [35]. The overall reaction rate is thought to be governed by
growth of a base film or scale.
In addition to whiskers, iron may exhibit other non-planar features such as an iron ox-
ide pyramids and pits. The growth mechanism for pyramids and pits is akin to that
of whisker formation. At intermediate temperatures lattice diffusion becomes a more
paramount transport mechanism and broadens the growth pattern of the whisker to
yield pyramidal crystals [35]. At high temperatures lattice diffusion is the predomi-
nant transport process. Screw dislocations with high tension serve to form growth pits.
Growth pits may only form when the availability of the oxidant at the surface is the
rate-determining process [35].
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2.2.9 Oxide Growth

When considering the oxidation of a complex alloying system such as steel, its impos-
sible to find an idealised situation that conforms to a single mode of rate control. The
following section will first consider the oxidation of a pure metal in order to simplify
the rate controlling steps.

2.2.10 Oxidation of a Pure Metal

Upon exposure to an oxidising atmosphere, a metal will experience an initial rapid
reaction. If the parabolic law is considered, the scale thickness must initially be extrap-
olated to zero and an infinite rate is predicted [19]. The preliminary stage of oxidation,
nonetheless, is not infinite and thus, the initial stages of oxidation must be governed by
a process other than ionic transport through thin oxide scales [19].
Firstly, consider the processing of gas molecules on the oxide surface [19]:

O2(g)→ O2(ad)→ 2O(ad) = 2O−(chem) + 2h· → 2O2−(latt) + 4h· (47)

Where, adsorption, dissociation, chemisorption and ionisation of oxygen would occur
respectively, a constant reaction rate would be established [19]. Notwithstanding, these
processes are so swift that the reaction rate is rarely observed. Commonly an oxide
is almost immediately of sufficient thickness for ionic diffusion through the scale to
be the governing step. At this point, a parabolic rate law is found to hold for a period
whose duration depends upon factors such as scale mechanical properties and specimen
geometry [12].
Specimen geometry is imperative because, as a reaction proceeds, the metal core de-
creases and so the area of metal-scale interface gets smaller. This becomes critical
when a reaction rate is expressed as mass gain per unit area, because taking the initial
surface area of the metal specimen to be constant can lead to considerable errors [12].
It has been shown that unless corrections are made for the reduction of the scale-metal
interface, the rate of reaction will fall below that of the predicted on the basis of the
parabolic rate law on the basis that the scale maintains contact with the metal [43].
At the oxidation reaction proceeds stresses are generated within the scale. In a system
where cations are mobile, growth stresses will arise as metal atoms diffuse outwards at
the metal-scale interface. The scale must relax during outward diffusion of the cations
in order to maintain contact with the metal. In the instance the scale does not relax,
voids will form at the metal-scale interface. On a planar interface relaxation may occur
readily. Nonetheless, on edges and corners, relaxation is not possible because forces
are restraining movement in the required two or three directions [19].
The geometry of the scale is stabilised at these non-planar interface and resists relax-
ation. Thus, in order to maintain contact with the metal, the scale must undergo creep
maintained at a rate determined by the rate of metal removal. The adhesion between
scale and metal is the maximum force exerted to cause scale creep whilst maintaining
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contact. Hence, unless scaling rate is low or the scale is quite plastic contact will be
lost as the reaction proceeds and the structural integrity of the scale will fail. As scale
continues to thicken, contact will be lost in any real situation involving corners [19].
As contact between the scale and metal is lost, the area across which cations can be
supplied is decreased and the cations have a longer diffusion distance. An increased
diffusion distance ultimately results in a reaction rate decline.
Upon loss of contact between the scale and metal; oxygen activity rises correspond-
ingly with a decrease of metal activity. As oxygen activity rises, the oxygen partial
pressure in equilibrium with the oxide inner surface rises and oxygen is adsorbed into
the pore, diffusing across the pore and forming a new oxide on the fresh metal surface.
Thus, a porous zone of scale is developed between the outer layer of compact scale and
the metal. The outward diffusion of cations is maintained through the porous scale with
oxide scale dissociating faster at grain boundaries than grain surfaces [12].
The above highlights the dangers of extrapolating data from small physical sample sizes
to produce predictive models for larger pieces or pieces with different geometries.

2.2.11 Internal Oxidation

Internal oxidation occurs when oxygen diffuses into an alloy and causes sub-surface
precipitation of the oxides of one or more alloying elements [35]. When inward dif-
fusion of oxygen ions in the alloys exceeds that of the outward diffusion of cations,
oxidation will take place internally in the alloy matrix [35]. Internal oxidation may
result in a rapid decline of physical properties within a material and unlike some exter-
nal oxides, will provide no protective action [44]. The process continues unhindered
until a critical mole fraction of oxide in the alloy is reached obstructing further oxygen
diffusion into the matrix [35].

The necessary prerequisites for internal oxidation are as follows [12];

1. ∆G◦(BOυ), the free formation of solute metal oxide < ∆G◦, the free formation
of the base metal oxide. Thus ∆G◦ for solute metal oxide must be more negative
than that of the base metal oxide.

2. ∆G for the reaction, B + υO = BOυ. Therefore, the base metal must have a
sufficient solubility and diffusivity for oxygen to establish the minimum required
activity of oxygen at the reaction front.

3. Solute concentration of the alloy must be lower than the transition

4. Surface layer must allow for the dissolution of oxygen into the alloy at the start
of oxidation.

Internal oxidation proceeds in the following manner. Oxygen arbitrates into the base
metal through the external surface, or at the alloy-scale interface; if an external scale
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is already present. The oxygen may then diffuse inward through the metal matrix es-
tablishing a reaction front. The critical activity product of aBavO (the nucleation of
precipitates), is established at this front through inward diffusion of oxygen and out-
ward diffusion of solute. Nucleation of an oxide precipitate will procced and the pre-
cipitate will grow until the reaction front drives forward and the supply of solute B is
depleted at the location. Subsequent precipitate growth occurs by Ostwald ripening.
The mechanism of internal corrosion however is dependent on local concentrations and
diffusivities of the oxygen and solute [44].
Ostwald ripening is the process of dissolution of small precipitates and deposition on
the larger precipitates. The driving force is the difference in solubility between the
small and large precipitates. Smaller precipitates have a higher radius of curvature
and are thus more soluble than that of larger precipitates with a lower radius of curva-
ture [45]. Ostwald ripening in this instance may be characterised by a constant volume
rate; diffusion-controlled ripening [46] [22].
The growth of internal oxidation zones is assumed to approximately follow parabolic
kinetics. The composition and structure of the internal oxide evolves as the reaction
proceeds and thus, the oxidation rate kinetics often deviate from simple rate equa-
tions [35]. Oxygen will dissolve in the alloy phase and the oxide will constitute the
least noble alloying component. The presumed process is governed by lattice diffu-
sion of reactants in the metal matrix. The study of internal oxidation is complex and
quantitative descriptions are arduous [35].

2.2.12 Kinetics of Internal Oxidation

The kinetics of internal oxidation may be derived for a planar specimen employing
the quasi-steady state approximation. The quasi-steady approximation necessitates the
assumption that the arbitrated oxygen concentration varies linearly across the zone of
internal oxidation. Due to the linear variation, oxygen flux through the internal oxida-
tion zone (IOZ) can be given by Fick’s first law [19],

J =
dm

dt
= DO

N
(S)
O

XVm
(molcm−2s−1) (48)

Where,
N

(S)
O is the oxygen solubility in A (atom fraction)

Vm is the molar volume of solvent metal or alloy (cm3mol−1)

DO is diffusivity of oxygen in A (cm3s−1)

Rebecca Dewfall 24



2 LITERATURE REVIEW 2.2 Oxidation

Figure 6: Concentration profiles

If counter-diffusion of solute B is assumed to be negligible, the amount of oxygen
accumulated within the IOZ per unit area of reaction front is given by [19],

m =
N

(O)
B υX

Vm
(molcm−2) (49)

Where,
N

(O)
B is the initial solute concentration

Flux may then be given by
dm

dt
=
N

(O)
B υ

Vm

dX

dt
(50)

Equating and rearranging equations (49) and (50),

XdX =
N

(S)
O DO

υN
(O)
B

dt (51)

Whereby upon integration, the penetration depth of the IOZ may then be found,

X =

[
2N

(S)
O DO

υN
(O)
B

t

]1

2
(52)

Rebecca Dewfall 25



2 LITERATURE REVIEW 2.2 Oxidation

Where the penetration depth has a parabolic time dependence,

X ∝ t

1

2 (53)

Nonetheless this is often an oversimplification as the solubility of the product is rarely
0. Furthermore, diffusion through the IOZ may not be assumed to be set equal to
bulk diffusion through the substrate lattice. Diffusion flux will be highly depend on
the interfacial transport mechanisms which will vary depending on morphology and
density of precipitates [44].

2.2.13 Precipitation

Precipitation of oxides with reactive solute metals is a phenomenon that occurs dur-
ing internal oxidation [47]. The formation of precipitates may increase the number of
crack initiation sites due to stresses generated upon its formation. At the outset, ox-
ide precipitates form as unstrained particles and further develop into regions of highly
strained precipitates during a morphological transformation [48] [49]. During precip-
itation growth dislocations and stacking faults may form around the precipitate due to
mismatch in lattice orientations. [50]. An increased strain energy within the alloy ma-
trix will thereby lead to embrittlement of the surface layer and deterioration of strength
and creep resistance [44]. Nonetheless, precipitation hardening may also occur if the
precipitates are finely distributed through the alloy matrix. Thus the importance of the
solubility product of internal oxides is integral in order to prevent the degradation of
the material and control of final properties [44] [30].
In order to understand the solubility product of oxides in a non-ideal solution the ther-
modynamics of reaction must first be understood. Consider the oxidation of a pure
metal, ∝ phase, at a constant temperature and pressure [19],

nB∝(s) +
υ

2
O2(g) = BnOυ(s) (54)

With the standard free energy change of reaction [19],

∆G0
BnOυ = G0

BnOυ − nG
0,∝
B − υ

2
G0
O2

(55)

Where,
G0
BnOυ

is the molar free energy of the oxide product,
G0,∝
B is the molar free energy of the pure metal,

G0
O2

is the molar free energy of oxygen,
∆G0

BnOυ
is take as a linear function of temperature.

Deeming the oxidised metal as a solute element in a multi-component alloy A-B-M,
where A represents a solvent more noble than B, and M is not involved in the reaction.
B may then act as a β phase producing an internal precipitate,
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nB
¯
β + υO

¯
= BnOυ (56)

with the underscore signifying a solid solute.
The standard free energy of change will then equal [19],

∆GBnOυ = µBnOυ − nµ
β
B − υµ

β
O (57)

Where,
µBnOυ is the chemical potential of the oxide precipitate,
µβB is the solute element of B,
µβO is the solute element of O.

The chemical potentials may be found respectively,

µBnOυ = G0
BnOυ +RT ln aBnOυ (58)

µβB = G0,β
B +RT ln aβB (59)

µβO = G0
O +RT ln aO (60)

Where,
aBnOυ is the activity of the oxide precipitate,
aβB is the activity of the solute element B,
aO is the activity of the element O

The molar free energy of oxygen, G0
O =

1

2
G(O2)0, and activity of oxygen, aO, can be

expressed in terms of oxygen partial pressure p(O2) in atm,

aO = (pO2)
1
2 (61)

Leading to the chemical potential of solute oxygen, µβO,

µβO =
1

2
G0
O2

+
1

2
RT ln pO2 (62)

Substituting the chemical potentials from equations (58), (59) and (60) into the standard
free energy equation, equation (57), yields,

∆GBnOυ = GBnOυ − nG
0,β
B −

υ

2
G0
O2

+RT ln
aBnOυ

(aβB)n(pO2)
υ
2

(63)

At equililbrium, the free energy of reaction is zero hence [19],

aBnOυ

(aβB)n(pO2)
υ
2

= exp

[
∆G0

BnOυ
+ n(G0,α

B −G
0,β
B )

RT

]
(64)

Rebecca Dewfall 27



2 LITERATURE REVIEW 2.2 Oxidation

If the oxide precipitate, BnOv, is considered as a pure stoichiometric compound, the
activity of element B is related to concentration through,

aβB = γβBNB (65)

Where,
NB is the mole fraction of element B,
γβB is the activity coefficient of B in regard to the specified standard state in β

phase.
The mole fraction of solute oxygen,NO, may be related to the partial pressure according
to,

γONO = (p
1
2
O2

) (66)

Thus the free energy of reaction at equilibrium may now be expressed as [19],

1

(γβBNB)n(γONO)υ
= exp

[
−

∆G0
BnOυ

+ n(G0,α
B −G

0,β
B )

RT

]
(67)

Considering the solubility product of the oxide precipitate,

Ksp(BnOυ) = (NB)n(NO)υ (68)

The free energy of reaction may be described as,

Ksp(BnOυ) =
1

(γβBNB)n(γONO)υ
exp

[
−

∆G0
BnOυ

+ n(G0,α
B −G

0,β
B )

RT

]
(69)

At definitive temperature, the exponential becomes a constant independent of the alloy
composition. The solubility product may also be considered a constant at specific tem-
peratures, implying that the solution obeys Henry’s law and both the activity coefficient
γβB and γO are constant. However, γβB and γO are both functions of alloy composition.
Thus, the effect of non-ideal behaviour on a solution of the solubility product, BnOυ,
is reliant on γβB and γO composition dependence [19].

Precipitate in a dilute solution In a dilute solution, the activity coefficient of solute
element B and O are expressed as a function of alloy composition in alloy (A-B-M)
[19],

ln γβB = ln γ0,β
B + εBBNB + εMB NM + εOBNO (70)

and
ln γO = ln γ0

O + εOONO + εBONB + εMO NM (71)

Where [19],
εij and εii are the first-order iteration parameters governed by B and O.
ln γ0,β

B and ln γ0
O are the activity coefficients of solute B and O at infinite dilution
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respectively.
At oxygen concentrations below 10−4, εOBNO and εOONO may be neglected.
Hence,

ln γβB = ln γ0,β
B + εBBNB + εMB NM (72)

and
ln γO = ln γ0

O + εBONB + εMO NM (73)

Thus, solute interactions of oxide precipitates must be governed by the interaction pa-
rameters εMB and εMO .
To quantify the impact of alloying element M, on the solubility product, a parameter
∝ is introduced. The parameter ∝ is a ratio between the solubility product with and
without alloying element M [19].

∝=
Ksp(BnOυ)A−B−M

Ksp(BnOυ)A−B
= exp[−(nεMB + υεMO )NM ] (74)

The closer value of ∝ to 1, the lower the impact of element M on the solubility. At 1,
M will have no consequence on BnOυ. At ∝< 1, M will reduce the solubility product,
enhancing precipitation of BnOυ in the alloy. When ∝> 1 M increases solubility thus,
suppressing the precipitation of BnOυ [19].

Magnetite precipitation Under certain cooling regimes, oxide scale of commercial
strip steels will thermodynamically decompose via a eutectoid reaction into iron and
magnetite [50]. It has been shown that magnetite tends to precipitate during thermody-
namic decomposition within the oxygen-rich area at the magnetite-wustite interface. It
has also been shown that magnetite may precipitate at the wustite substrate interface of
adherent oxide scales; this phenomenon produces a ‘magnetite seam’ [51]. The mag-
netite seam may be observed with a heavily serrated edge and rounded pores, imply-
ing that a row of continuous crystals have grown from the wustite-iron interface [50],
shown in figure7. Nonetheless the formation of magnetite at an iron-wustite interface
is thermodynamically highly improbable due to the higher stability of iron-rich wustite
over oxygen-rich regions [50].
Thus, to explain this phenomenon, the formation mechanism of magnetite precipitates
may be discussed. Regularly, the precipitation of magnetite occurs in epitaxy with
wustite as a consequence of oxygen penetration beneath the oxide or due to localised
decomposition of wustite [50]. Further mechanisms may include impurities, oxidation
at an interface by de-cohesion, stress-induced nucleation or nucleation due to the pres-
ence of carbon [50] [52].
The region just below the surface of a steel will be enriched in micro alloying elements.
The strain generated may lower the stability of the wustite phase, decomposing the
wustite phase more readily and acting as a nucleation site for the magnetite precipi-
tates [52].
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Figure 7: Typical structure of an iron oxide, showing a thin outer hematite layer, an
intermediate magnetite layer, a thick inner wustite layer with magnetite precipitates
and a magnetite seam at the scale-steel interface [53].

Precipitate morphology Many of the consequences of an IOZ are intimately related
to the morphology of oxide precipitates. Precipitate morphology may influence me-
chanical and magnetic properties of an alloy. When considering the morphology of
precipitates size, shape and distribution should be discussed.
Oxide particle size is determined by [26] [19],

1. The rate of nucleation as the internal oxidation front passes

2. The Ostwald ripening phenomena

Time will play a key factor in determining the size of precipitates. A precipitate will
grow through the arrival of oxygen and solute at its surface. The longer the period of
growth, the larger the precipitate. Nonetheless the longer the period of growth of a pre-
cipitate, the greater the depletion of solute within the surrounding area before the next
nucleation event. Due to this phenomenon, factors which favour high nucleation rates
will decrease precipitate size and those which favour high growth rates will increase
precipitate size [54].
If nucleation is governed by the velocity of an oxidation front (aka., the rate at which a
critical supersaturation front may be built) and growth is limited by time available for
growth of a precipitate, size is therefore inversely proportional to the front velocity,

r ∝ 1
−→υ

(75)

Considering a planar specimen and the differentiated equation for flux, the velocity of
a planar specimen may be given as [36],

−→υ =
dX

dt
=
N

(S)
O DO

υN
(O)
B

1

X
(76)
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Increasing temperature may have a negligible effect on nucleation rate however it has
a greater effect on growth rate so that particle size increases with increasing temper-
ature of internal oxidation [36]. As the penetration front increases, the velocity will
markedly decrease, whereby the surrounding area will become so depleted of solute
that no further nucleation will prevail. The decreased velocity of the supersaturated
front results in the growth of elongated or needle-like oxide precipitates. Additionally,
elongated precipitate formation is promoted by inward interfacial diffusion of oxygen
along metal-oxide interfaces.
Nucleation is also greatly influenced by the particle-matrix interfacial free energy.
Considering the classical free energy formation of a nucleus with radius r, neglecting
strain [19],

∆G = 4πr2σ +
4

3
πr3∆GV (77)

Where [19],
σ is the specific interfacial free energy,
∆GV is the free-energy change per unit volume of precipitate formation,
Nuclei with radius greater than r∗ will be prone to spontaneous growth. Differentiating
at point r∗ yields,

d∆G

dr
= 8πr∗σ + 4πr∗2∆GV = 0 (78)

Further solving for r∗,

r∗
−2σ

∆GV

(79)

The critical free energy of formation may then be calculated through simplification and
substitution of r∗,

∆G∗ =
16

3
π

σ3

∆G2
V

(80)

Using the ∆G∗ the absolute reaction-rate theory may be described as,

J = ωCOexp

(
−∆G∗

RT

)
(81)

Where,

CO is the concentration of reactant molecules,
ω is the frequency at which atoms are added to the critical nucleus.

The nucleation rate is therefore proportional to the exponential, exp
(
−∆G∗

RT

)
, which is

dependent on σ3. Thus, particle size will increase with increasing σ. The influence of
σ is also present in the coarsening of the particles where interfacial free energy is the
driving force.
Lastly, the relative stability of the internal oxide, ∆G◦, influences formation. The in-
creased stability lowers ∆GV , resulting in higher nucleation rates and smaller parti-
cles [36].
The size of internal oxide precipitates may therefore be determined by several fac-
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tors [36] [19].

To influence the formation of a larger precipitate:

1. A deeper front penetration, X

2. High solute concentrations, N (O)
B

3. Lower pO2

4. Higher temperatures, T

5. Higher particle-matrix interfacial free energies,

6. Low oxide precipitate stability

Transition to External Oxidation Internal oxidation is sustained until a critical value
of mole fraction in the alloy is reached [47]. The point at which the initial solute con-
centration reaches the critical value, the penetration velocity of the internal oxidation
zone will fall below the minimal threshold needed to sustain it. The outward diffusion
of solute is sufficient to produce an outer layer, halting internal oxidation [19].

2.2.14 Formation of External Scales

The formation of external scales is an extraordinarily broad subject area, making an
exhaustive literature review on the subject impractical. Thus, this section aims to com-
plete a short but detailed overview of the topic.
The composition of external scale formation will be dependent on that of the alloy’s
composition. Atmosphere will further influence scale composition, nonetheless, in or-
der to avoid convolution only regular atmosphere will be regarded here.
External oxidation is commonly accompanied, simultaneously by internal oxidation
[6]. As previously discussed, the transition from internal oxidation to external oxida-
tion is dependent on a critical volume fraction of internal oxide precipitates. Above this
critical volume fraction the oxide will transition to external oxidation.
In a simple binary alloy containing A-B, were B is the less noble element, oxides AO
and BO will form. After an initial reaction period the following cases may be consid-
ered [19].

• If the binary alloy composition is near that of pure A, AO will form almost ex-
clusively

• If a high concentration of B is present, BO will form almost exclusively.

• In the instance of an intermediate composition, both AO and BO will form.

In the latter case that both AO and BO form, a variety of alternative situations may arise
depending on the properties of AO and BO [19],
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• If the 2 oxides are completely miscible, they will form an oxide solid solution

• If the oxides are immiscible, they will separate

• If it lowers the energy of the system, the oxides may react to form another oxide
product such as ABO2

The complexity of the situation further increases with ternary and multi-phase systems.
The least noble element may be selectively oxidised at high concentrations. Nonethe-
less the number of possible reactions increases exponentially when this element is
present at lower concentrations. Thermodynamic software may aid in the prediction
of behaviour of such complex systems however its not always entirely accurate and
thus cannot be fully relied on [19].

2.2.15 Oxide Adherence

Regulating the adherence of an oxide layer to the underlying steel substrate is pivotal for
in determining the final use and ultimate quality of a steel product. In many instances
oxide adherence is essential for ensuring long-term performance and durability of a
steel product [55]. Adherent oxide layers can as a barrier protecting the underlying steel
substrate [56]. Protection from corrosion of Fe-Cr alloys is attributed to the formation
of a dense adherent chromia layer. Selective oxidation of alloying elements such as Cr,
Si, Al, Mn can produce adherent and protective oxide layers [55]. Nonetheless in other
instances adherent oxide layers can be extremely detrimental, creating surface defects
and decreasing the wettability of the steel surface for final coatings.
The adherence of the oxide to the underlying steel substrate is maintained by plastic
readjustment of the oxide scale [6]. Oxide morphology, including its thickness, rough-
ness and microstructure, will significantly influence the adherence of an oxide layer. A
well-developed oxide layer with a dense and uniform structure will adhere strongly to a
substrate compared to a porous or unevenly formed oxide [53]. Wustite and magnetite
demonstrate notable plasticity and maintain strong adhesion to steel, primarily because
of their chemical compatibility and robust inter-facial bonding with Fe. Nonetheless,
voids and cavities often develop via vacancy condensation within the oxide, leading to
potential failure. When the oxide/metal interface experiences critical vacancy super-
saturation, void formation can occur, followed by potential further condensation, ulti-
mately jeopardising the oxide’s integrity [56].
The geometry of a specimen significantly affects the adherence of an oxide layer. Fail-
ure of the oxide layer commonly occurs at corners or edges due to the geometric limita-
tions imposed by the three-dimensional structure of the scale. Stress concentrations lo-
calise at corners and edges due to deformation constraints. Plastic flow is hindered, and
stress distribution is disrupted, creating a high stress gradient [57]. Elevated stresses
adversely affect both the mechanical integrity of the oxide and its adhesion.
Thermal stresses and growth stresses will also negatively impact oxide adherence.
Thermal stresses are caused by the differential expansion and contraction between the
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oxide layer and underlying substrate [57]. The difference in thermal coefficients cre-
ates mismatched lattice strains at the interface, leading to the accumulation of internal
stresses. Consequently, voids, gaps, or discontinuities may form at the oxide-substrate
interface, ultimately causing the detachment of the oxide from the substrate [58]. Ad-
ditionally, as the oxide layer expands, internal stresses and void formation may further
compromise its integrity and adherence to the substrate.

2.2.16 Oxide Defects

Oxidation can give rise to a myriad of issues and defects throughout the manufacturing
stages of steel, encompassing casting, rolling, forging, heat treatment, and final product
coating. These defects, stemming from oxides on steel surfaces, can profoundly impact
material performance, reliability, and service life. From surface imperfections to inter-
nal structural weaknesses, the consequences of oxide-related defects reverberate across
the entire lifecycle of steel products, affecting their mechanical properties, dimensional
accuracy, and overall quality. Comprehensive understanding of oxide defects is im-
perative for effectively managing and mitigating oxidation-induced issues, which are
pivotal for maintaining the integrity and durability of steel components.

Inclusions Oxide inclusions are the incorporation of an oxide particle or cluster that
is embedded within a metal matrix. Inclusions can vary widely in terms of their size,
shape, and chemical composition, and they are typically formed during the production
or processing of steel [36]. They can originate from various sources, including im-
purities present in the raw materials used for steel making, degradation of refractory
materials used in furnaces or ladles during metal processing, or oxidation reactions oc-
curring during high-temperature processing stages [59]. In addition to acting as stress
concentration points within the metal matrix, oxide inclusions can also influence other
properties of the steel. For example, they can affect the mechanical properties, machin-
ability, and corrosion resistance of the metal [59]. Moreover, the presence of oxide
inclusions can impact the cleanliness and homogeneity of the steel, which are critical
factors in determining its overall quality and performance.

Internal Oxidation Internal oxide precipitates are formed when oxygen diffuses into
an alloy, causing selective oxidation of one or more alloying elements [35]. While
the formation of internal oxide layers is discussed in 2.2.12, their impact on steel per-
formance remains unexplored. These internal oxide precipitates or layers disrupt the
continuity of the steel matrix, compromising its structural integrity [60]. Stress concen-
tration occurs notably at the interfaces between the oxide and the surrounding metal,
further exacerbated by the relative brittleness of the oxide layers compared to the sur-
rounding matrix. These stress concentrations heighten the susceptibility to deforma-
tion, fracture, and fatigue failure within the steel matrix. Additionally, internal ox-
ide layers can induce inter-granular fracture by weakening the bond between adjacent
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grains, facilitating crack propagation along grain boundaries [60]. Moreover, the pro-
cess of internal oxidation results in sub-surface depletion of alloying elements, leading
to disparities in the mechanical properties of the steel matrix.

Blister Blister is a defect attributed to a localised loss of adhesion between the ox-
ide and underlying substrate. High temperatures will result in the swelling of surface
scale producing a bubble like feature [61]. Blisters can subsequently become embed-
ded in the steel substrate during hot rolling in the finishing mill. This defect, known as
rolled-in scale, poses significant challenges in various industries, leading to machinery
wear, decreased customer satisfaction, inferior surface finish, material loss, and reduced
profits. Despite its prevalence, many aspects of blister formation remain poorly under-
stood [62]. Therefore, this thesis aims to investigate blister formation mechanisms to
enhance comprehension of compositional effects.

2.2.17 Methods of Investigation

The study of high-temperature oxidation takes many forms, often with a predominant
focus on understanding the kinetics of oxidation. Beyond kinetics, investigations are
also conducted to explore oxidation mechanisms, aiming to clarify the nature of the
oxidation process.

Kinetics Thermogravimetric analysis (TGA) is a valuable technique that is often em-
ployed in oxidation studies to ascertain the kinetics of reaction [63]. During TGA, the
mass of a sample is continuously recorded against a specified time-temperature pro-
gramme. TGA is used to characterise materials that experience mass gain/loss related
to oxidation, decomposition, and dehydration [63]. As oxidation occurs, the sample
undergoes a chemical reaction resulting in weight changes. The rate and extent of mass
changes can be used to calculate several important parameters. The rate of oxidation
can be determined by analysing the gradient of the mass loss curve. Onset tempera-
ture can be deduced using TGA data, which is the temperature at which the oxidation
reaction expeditiously begins. Activation energy can be calculated using TGA data
through the Arrhenius equation, which relates the reaction rate to temperature and acti-
vation energy [64]. Activation energy provides critical insights into the energy barrier
required for oxidation. Furthermore, TGA data can be used to determine the reaction
order of the oxidation process, which describes the dependence of the reaction rate on
the concentration of reactants Burling.

Phase Identification In the past, conventional metallographic sample preparation and
examination have been used to identify phases present in the oxide scale. Optical and
scanning electron microscopy are typically used for identifying oxide phases, however
these methods are not an accurate way to correctly identify oxide phases as it is not
correlated to the crystal structure of the phases [6].
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Electron Backscatter Diffraction (EBSD) is a powerful microscopy technique used to
analyse the crystallographic structure and orientation of a materials microstructure [65].
EBSD involves directing a beam of highly focused electrons onto a sample surface,
causing a number of the electrons to be scattered and backscattered. Some of the elec-
trons will then be identified by a detector, which is typically composed of a phos-
phor screen and a charge coupled device camera. The electrons will produce Kikuchi
patterns which are the electron diffraction patterns [66]. The patterns contain a large
amount of information regarding the crystal structure of a phase such as d-spacing,
lattice parameters and crystal planes [67].
In steel alloys EBSD can easily distinguish hematite from the other crystalline struc-
tures in the oxide phase due to its trigonal crystal structure. Nonetheless Fe(BCC),
wustite and magnetite all have cubic structures. In such cases, the identification of
these phases hinges upon disparities in their lattice parameters [6]. EBSD is a pow-
erful and versatile tool enabling the identification of phases within oxidised materials
by analysing crystallographic orientations, distinguishing between different phases like
oxides, intermetallic compounds, and residual unoxidised material. EBSD also facili-
tates the characterisation of grain growth and morphological changes during oxidation,
offering insights into mechanisms such as coalescence and coarsening. Additionally,
it aids in texture analysis by revealing material anisotropy, which is crucial for under-
standing mechanical, thermal, and electrical behaviours of oxidised materials. EBSD’s
ability to identify phase boundaries and interfaces is essential for comprehending mi-
crostructural evolution and mechanical properties [65]. Nonetheless EBSD requires
meticulous sample preparation and a conductive surface. Oxide samples are usually
fragile and prone to degradation, making preparation for EBSD arduous and time con-
suming [6].
Energy-Dispersive X-ray Spectroscopy (EDS) and Wavelength-Dispersive X-ray Spec-
troscopy (WDS) are additional techniques that can be used in conjunction with EBSD
to provide a comprehensive overview of the composition, structure and properties of
an oxide. EDS detects X-rays emitted by a sample when it is bombarded by a focused
beam of electrons [68]. The incoming beam can energize an electron within an inner
shell, displacing it from its shell and generating an electron hole. Subsequently, an
electron from an outer shell may occupy this vacancy, emitting an X-ray in the pro-
cess. An energy dispersive spectrometer can measure the quantity and energy of these
emitted X-rays from a sample, allowing for the determination of its elemental composi-
tion [68]. WDS also relies on the emission of X-rays however a crystal will diffract the
wavelengths producing a diffraction pattern and the wavelength is then calculated using
Braggs law. WDS typically offers a higher spectral resolution (5 eV) compared to EDS
(over 100 eV) [69]. Nonetheless, WDS data collection is slower than EDS due to the
sequential monitoring of individual elements in WDS, while EDS can simultaneously
gather a spectrum of all elements present in the sample [69]. EDS is particularly useful
for elemental mapping and surface analysis, while WDS excels in accurate quantitative
analysis and resolving complex spectra in highly heterogeneous oxide samples.
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Rapid Alloy Prototyping Rapid alloy prototyping (RAP) is a versatile technique em-
ployed to swiftly evaluate the properties and characteristics of various alloy systems
by expeditiously generating and analysing a diverse range of alloy compositions. It
encompasses a spectrum of methodologies and approaches that enable the efficient ex-
ploration of new and innovative alloys. By systematically varying alloy compositions
and analysing resulting properties, RAP facilitates the rapid identification of correla-
tions between composition, microstructure, and material properties [70]. In contrast
to conventional trial-and-error methods, RAP significantly diminishes the time and ex-
penses associated with material development. It furnishes researchers with crucial data
and insights early in the materials development phase, empowering informed decision-
making regarding further investigation or optimisation of alloy compositions [70].
Bulk RAP involves the fabrication of alloy compositions in bulk form, featuring gradi-
ent compositions or systematic variations in alloying elements. This technique enables
the coverage of a broad spectrum of compositions in a single experiment. Combi-
natorial synthesis or high-throughput screening systems are commonly employed to
produce bulk RAP samples [70].
Powder rapid alloy prototyping (RAP), involves the synthesis of alloy compositions
in powder form, followed by compaction and additional processing. An advantage of
powder RAP lies in its ability to precisely regulate processing conditions, including
temperature, pressure, and atmosphere. This methodology offers flexibility in swiftly
exploring a diverse spectrum of alloy compositions while presenting opportunities for
customising microstructures and properties [71]. This thesis aims to explore the ap-
plication of powder RAP oxide studies related to silicon (Si), manganese (Mn), and
molybdenum (Mo), and their impact on oxidation rates and oxide morphology.
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3 Objectives

Oxidation within hot-strip mills severely impacts the surface quality of strip products,
resulting in numerous defects, cutbacks, customer rejections, and potential litigations.
The tertiary scale, generated prior to the finishing mill, is particularly concerning due
to the severity of defects it induces. This scale often fractures and becomes embed-
ded during rolling, leading to rolled-in scale defects. In low-alloyed steels, tertiary
scale typically comprises a multiphase, three-layered iron oxide structure. However, in
advanced high-strength steels with additional alloying elements like Mn, Si, and Mo,
oxide morphologies can vary, complicating the understanding of their effects on scale
formation and adhesion. To address this complexity, a rapid alloy prototyping (RAP)
approach is employed to assess the impact of common alloying elements on overall
scale formation, as detailed in Chapter 5. Subsequently, investigations into pertinent
industrial steel grades aim to comprehend oxidation rates and scale formation within
the hot-strip mill, leading to predictions of temperature regimes and oxidation rates to
optimise surface quality and throughput for hot rolling.
Blister formation, a prevalent issue stemming from tertiary scale, occurs due to ox-
ide growth, resulting in surface scale swelling at elevated temperatures. Despite be-
ing a catastrophic defect, the mechanisms underlying blister formation remain poorly
understood, motivating further investigation as outlined in Chapter 7. Furthermore,
the final morphology and composition of external scale are influenced by coiling tem-
peratures, while internal oxidation, suspected to exacerbate post-hot coiling, remains
under-explored. To address these gaps, plant trials in Chapter 8 aim to elucidate the
impact of coiling temperature on internal oxidation, crucial for strip steels’ mechani-
cal, magnetic properties, surface appearance, and processing characteristics. Through
these endeavours, a comprehensive understanding of oxidation effects in hot-strip mills
can be attained, paving the way for improved surface quality, productivity, and overall
performance of steel products.
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Aims
The fundamental ambition of this thesis is to assess the effects of chemical composi-
tion, temperature and elapsed time reaction on scale formation of ultra-advanced high
strength steels and high strength steels. The control of oxidation rates and oxide mor-
phology are focal points of interest along with the evolution and formation mechanisms
of scale morphology with time and temperature.

The following objectives of each chapter are as follows:

Chapter 5 - Oxidation of Rapid Alloy Prototyping Samples Chapter 5 aims to
determine the influence of Mn, Si and Mo on oxidation rates, morphology and oxide
thickness. The effect of Si on passivation and the critical temperature of oxidation are
of great importance. A principal goal is to determine the best RAP composition from
an industrial standpoint.

Chapter 6 - Oxidation of Industrial Steels Chapter 6 aims to assess the effect of
temperature on the rate of oxidation for 5 industrial steel grades. The steel grade with
the lowest rate of oxidation is of great interest and how the rate of oxidation is effected
by increasing temperature.

Chapter 7 - External Oxidation Blistering Chapter 7 aims to determine the forma-
tion mechanism of blister for 3 industrial steel grades. The effect of temperature and
time on blister formation along with the severity of the blister are of utmost importance.

Chapter 8 - Industrial Optimisation of Internal Oxidation Chapter 8 aims to in-
vestigate the effect of coiling temperature on internal oxidation of an electrical steel.
The depth of internal oxidation and the cleanliness after hot-band annealing are of
greatest concern.
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4 Materials and Experimental Methods

4.1 Materials

The materials utilised in this thesis encompass both new and innovative alloys, as well
as several relevant industrial steel grades. RAP samples were fabricated and subjected
to oxidation in Chapter 5. Meanwhile, industrial steel grades in their original state were
employed in Chapters 6, 7, and 8.

4.1.1 Materials for Chapter 5

Figure 8 schematically characterises the experimental process route used to produce the
RAP samples for this work. The 20g process route selected amalgamates powder selec-
tion, weighing and compaction to produce crucibles which are then melted to produce
an ingot. The ingot was then further heat treated and rolled to produce the final desired
product. A key limitation of the 20g process route is the inability to repeat oxidation ex-
aminations due to limited material availability. Each RAP sample takes approximately
1.5 hours to produce and will undoubtedly have slight variations making repeats diffi-
cult and time consuming. Thus, only one sample was oxidised and produced for each
composition.
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Figure 8: Process example for 20g RAP route

Weighing The elemental powders were weighed out on a high precision balance
(OHAUS Pioneer PA214CM) and blended to 20g using a stoichiometric mix to produce
the desired composition based upon wt %. With a precision of 1 mg on the balances,
it was found that the composition error attributed to the weighing balance would be
approximately 0.0067%, even for the lower 0.1 wt-% [72]. The error percentage for the
target and measured mass of each sample produced is located in the appendix.

Element Size (µm) Purity (%)
Fe 450 99.000
C 75 99.997
Mn 150 99.500
Si 150 97.500
Mo 103 99.900

Table 1: Powder
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Compaction The blended powders underwent dry compaction utilising a 25 kN Tinius-
Olson compression testing rig, applying a force of 20 kN. This process resulted in the
formation of a pellet measuring 12 mm in diameter and 20 mm in length. Dry com-
paction is a crucial step in rapid alloy prototyping, as it facilitates the consolidation of
the powder mixture into a solid form, ensuring uniformity and integrity of the sample
for subsequent processing and characterisation.

Casting The compacted pellets were carefully positioned within a 30 / 12 mm diame-
ter alumina crucible. Induction heating was then employed within an argon atmosphere
characterised by an exceptionally low oxygen content ranging from 1 to 10 ppm. This
controlled environment ensured minimal oxidation during the melting process. Induc-
tion heating allowed for the rapid and uniform heating of the pellets, ensuring thorough
melting and homogenisation of the alloy composition [72]. The molten alloy was sub-
sequently cast into solid samples. Final composition of the sample is checked using
OES.

Rolling After the casting process, the ingots undergo a crucial step of homogenisation
within a vacuum furnace, where they are subjected to 24 hours of treatment at 1200°C.
This extended duration ensures the uniform distribution of alloying elements and the
elimination of any residual stresses or inhomogeneities within the ingots. Subsequently,
the homogenised ingots are allowed to cool gradually within the furnace, promoting
controlled solidification and minimising the risk of thermal stresses.
For further processing, the cooled ingots are subjected to rolling operations using a cold
roller. Reduction to 80% of the original thickness is employed in this process, aiming
to achieve a final thickness of approximately 2 mm. However, it should be noted that
achieving a reduction to 2 mm thickness may not be feasible for all compositions due to
variations in material properties, such as brittleness. In such cases, adjustments may be
required in the rolling parameters to accommodate the specific characteristics of each
alloy composition. This meticulous process ensures the production of uniform, high-
quality samples suitable for subsequent characterisation and analysis in the context of
rapid alloy prototyping.

4.1.2 Materials for Chapter 6

Chapter 6 delved into the kinetics of six distinct steel compositions, as detailed in Table
2. These compositions were obtained directly from Tata Steel Europe. The steel sam-
ples underwent casting and hot rolling at Port Talbot, Tata Steel Europe as per standard
procedures and conditions. Samples were taken after hot rolling then cut and prepared
for further investigation.
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C Si Mn Al Cr
Interstitial Free 0.004 0.019 0.1 0.004 -
Low Carbon 0.047 0.019 0.23 0.036 -
3812 0.15 0.1 0.86 0.036 0.028
S63 0.08 0.15 1.14 0.026 0.37
DP800 Hyperform 0.155 0.4 2.032 0.589 0.028
B32 0.003 3.2 0.2 0.9 -

Table 2: Compositions of steel grades received from Tata Steel Europe for chapter 6
(wt%)

4.1.3 Materials for Chapter 7

Chapter 7 examined the occurrence of blister formation on three distinct steel compo-
sitions, detailed in Table 3. These compositions were procured directly from Tata Steel
Europe and underwent casting and hot rolling at Port Talbot, Tata Steel Europe, follow-
ing standard procedures. Following hot rolling, samples were extracted, sectioned, and
readied for further analysis.

C Si Mn Al Cr
3812 0.150 0.100 0.860 0.036 0.028
DP800 Hyperform 0.155 0.440 2.032 0.589 0.028
B32 0.003 3.200 0.200 0.900 -

Table 3: Composition of steels grades investigated within this chapter as recieved from
Tata Steel Europe (wt%)

4.1.4 Materials for Chapter 8

Chapter 8 explored the influence of coiling temperature on the development of internal
oxide precipitates in the steel composition detailed in Table 4. This steel was acquired
directly from Tata Steel Europe and underwent casting and hot rolling at Port Talbot,
Tata Steel Europe, adhering to standard protocols. Subsequently, hot-rolled coiled sam-
ples were obtained post-casting and hot rolling, while hot-band annealed samples were
extracted from the same coils after intermediate annealing and pickling at Surahammar
Bruks Sweden, Tata Steel Europe.

C Si Mn Al
B32 0.003 3.2 0.2 0.9

Table 4: Composition of B32 steel investigated within chapter 8, from Tata Steel Europe
(wt%)
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4.2 Experimental Methods

A variety of experimental methods were utilised in this thesis including, thermogravi-
metric analysis (TGA), field emission gun-scanning electron microscopy (FEG-SEM),
wavelength dispersive spectroscopy (WDS), electron dispersive spectroscopy (EDS)
and electron back-scatter diffraction (EBSD).

4.2.1 TGA

Experimental procedures involved oxidation experiments conducted with a thermo-
gravimetric analyser (TGA), shown in figure 9, comprising a vertical tube furnace
(55mm bore, 450mm in length, 120mm uniform hot zone) and a micro-balance. The
samples were loaded into the TGA, and the experiment involved subjecting them to
controlled heating and monitoring their weight changes over time. Data points were
recorded every 0.01 second reporting the mass and temperature. Temperature was
monitored using a thermocouple placed in the middle of the tube furnace but not in
direct contact with the sample. Specific heat treatments are noted in the individual
experimental chapter.

Figure 9: TGA furnace used for conducing oxidation experiments

Sample Preparation The samples were machined and ground to a 120-grit surface
using adhesive SiC paper to remove any previous oxidation. Sample size and geometry
of specimens is noted in the individual experimental chapter. A hole was machined into
the sample in order to hang them from the micro-balance in the TGA.

4.2.2 Characterisation

Sample Preparation Oxidised samples were cut in cross section and mounted in
resin. Samples were backfilled with resin to maintain the oxide structures during stan-
dard grinding and polishing. Final polishing was done with OPS Colloidal silica before
the surface was carbon coated with a depth of 10nm.

Rebecca Dewfall 44



4 MATERIALS AND EXPERIMENTAL METHODS 4.2 Experimental Methods

FEG-SEM Samples were observed using a JEOL JSM-7800F FEG-SEM. The JSM-
7800F FEG-SEM incorporates 4 detectors including upper electron detector (UED),
upper secondary electron detector (USD), backscattered electron detedctor (BED) and
a lower electron detector (LED) [73].

(a) JEOL JSM-7800F machine

(b) Schematic diagram of a FEG-SEM

Figure 10: FEG-SEM configuration

BED channelling contrast was used the most frequently for analysis of samples. The
low angled backscattered electrons allow for high contrast levels and contrast imaging
of the samples. The JSM-7800F has a magnification ability of up to X1,000,000 [73].
Oxide precipitates shape and size, oxide thickness, oxide morphology and porosity
considerations were some of the key features investigated using BSE.
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Phase proportions, grain orientations and oxide chemistry were measured using EBSD,
EDS and WDS respectively.

EBSD EBSD analysis was conducted using the JEOL JSM-7800F FEG-SEM. Tests
were conducted to determine the phase constituents of the oxide using Kikuchi diffrac-
tion patterns. The optimal working distance was established at 18mm, with a 120
Hough resolution and 4*4 binning. Samples were tilted to a 70° angle, and an aperture
of f/2 or f/3 was typically chosen. The step size ranged between 0.1-0.05 micron. A
voltage of 20-15 kV and a probe current of 15 pA were typically set.

Figure 11: Capture of EBSD control interface and setup during scanning
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(a) Wustite

(b) Magnetite (c) Hematite

Figure 12: Kikuchi patterns captured and saved for referencing during EBSD analysis

WDS/ EDS Electron dispersive spectroscopy (EDS) and wavelength dispersive spec-
troscopy (WDS) are both techniques that were employed in order to deduce the chem-
ical composition of the phase composition. EDS uses the energy of X-rays in order to
deduce the elemental constituents. WDS will utilise X-ray diffraction and Braggs law to
separate X-rays of different wavelengths in order to identify the elemental constituents.
EDS will measure all X-ray energies simultaneously whereas WDS will measure each
X-ray individually. WDS takes significantly longer than EDS to conduct. Nonetheless
the spectral resolution and detection limit of trace elements in WDS is far superior to
EDS. WDS can accurately identify oxygen wt% in an oxide in order to identify the
specific oxide phase.
Analysis using WDS required high signal and probe current. An aperture of f/2 was
used with a large probe current and high emission voltage. Background corrections
were also conducted relative to the corresponding intensity of the reference material.
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Figure 13: Schematic configuration of an EDS and WDS set-up

Rebecca Dewfall 48



5 OXIDATION OF RAP SAMPLES

5 Oxidation of RAP Samples

5.1 Introduction

The classic iron oxidation system is a complex multiphase system formed of wustite,
magnetite and hematite, producing multi-layered scales. Each phase will have inde-
pendent properties such as thermal coefficients, growth rate and mechanical properties
etc [6]. Furthermore, each additional alloying element will have different affinities for
oxygen and different mobilities in the oxide phases, so that oxide morphologies are spe-
cific to alloy chemistry [19]. Due to the complexity of the multiplex steel alloy oxide,
its hard to define the effect of each individual alloying element on the scale formation,
adhesion etc. especially when they are interacting with one another. An approach us-
ing rapid alloy prototyping (RAP) was selected to help discern the effects of common
alloying elements Mn, Si and Mo, on overall scale formation, using a wt% comparable
to that seen in high strength industrial grades.
Ordinarily, developing a new alloy is a slow, iterative process, involving high cost and
risk to a business. RAP offers a new methodology to efficiently produce and investigate
new alloys at low cost and low risk. RAP incorporates a production and processing
route from 20g up to 30kg, allowing for new imaginative alloy solutions to be tried and
tested. The 20g route is the lowest weight route and assimilates powder, weighing and
compaction. Compaction is required to reduce porosity before induction melting [74].
The samples are then melted using induction heating to produce a bar. They are then
homogenised at temperature and rolled to the desired thickness. The 20g route allows
for multiple samples to be produced quickly and comprehensively. Due to the length
scale, it will not conventionally match a hot strip mill route (HSM) nor a finishing
schedule reduction and due to the volume of material produced it does not allow for
repeatability in comparison to larger scale routes. Nonetheless the 20g route is optimum
for oxidation because it only requires a modest amount of material without the need for
mechanical testing.
Simple alloying chemistries containing Si, Mn and Mo were developed due to their
impact on oxidation and industrial relevance. For example, demand for electrical steels
is increasing exponentially as the world transitions to more electrically powered devices
with motors, generators, and transformers [75]. Electrical steels are used in the core of
electromagnetic devices due to ferromagnetic properties derived from large additions
of Si. The drawback is that high levels of Si lead to many deleterious surface defects
and additionally make the steel brittle and difficult to work. These surface defects are
largely contributed to the formation of fayalite, an oxide phase composed of iron and
silicon. The formation of oxide phases associated with Si along with Mn and Mo will
be investigated in this chapter and compared to industrial steel grades.
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5.2 Experimental Methodologies

5.2.1 Samples

Compositions The RAP compositions produced for this chapter are shown in table
5. The error percentage for the target and measured mass of each sample is located in
the appendix.

Sample Fe C Mn Si Mo
0.5Mn 99.4 0.1 0.5 -
2Mn 97.9 0.1 2 -
2Mn-0.5Si 97.4 0.1 2 0.5 -
2Mn-1Si 96.9 0.1 2 1 -
2Mn-2Si 95.9 0.1 2 2 -
0.5Mn-0.5Mo 98.9 0.1 0.5 - 0.5
2Mn-0.25Mo 97.65 0.1 2 - 0.25
2Mn-0.5Mo 97.4 0.1 2 - 0.5
2Mn-0.75Mo 97.15 0.1 2 - 0.75
2Mn-1Mo 96.9 0.1 2 - 1
2Mn-1Si-0.25Mo 96.65 0.1 2 1 0.25

Table 5: Composition of alloys produced and investigated via the 20g RAP route (wt%)

5.2.2 TGA

Sample Preparation Final sample size and geometry of specimens produced via the
20g RAP route, shown in table 6.

Width (mm) Length (mm) Thickness (mm)
0.5Mn 1.174 3.463 0.202
2Mn 1.2475 3.637 0.201
2Mn-0.5Si 1.12115 3.634 0.204
2Mn-1Si 1.3165 3.575 0.203
2Mn-2Si 1.316 3.63 0.276
0.5Mn-0.5Mo 1.172 6.139 0.146
2Mn-0.25Mo 1.161 6.992 0.139
2Mn-0.5Mo 1.203 6.177 0.142
2Mn-0.75Mo 1.141 6.125 0.148
2Mn-1Mo 1.117 5.961 0.150
2Mn-1Si-0.25Mo 1.176 5.915 0.156

Table 6: Sample size and geometry of specimens machined ready for TGA

Heat Treatment The samples were inserted into the furnace and subjected to con-
tinuous heating for 5 minutes and 30 seconds, with a heating rate of 3°C per second,
reaching a maximum temperature of 950°C. The heat treatment was designed to discern
how the RAP samples would kinetically perform at key temperatures used in a conven-
tional hot-strip mill for rolling. The air velocity during treatment was maintained at 10
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litres per minute. Following treatment, the sample was withdrawn from the furnace and
allowed to cool in ambient air. Due to the limited material availability and difficulty in
repeatability only one sample for each composition was oxidised and examined.

Geometry Effects Figure 14 displays a large, stitched BSE image of sample 2Mn-
0.5Si. The sample was hung in a tube furnace in a vertical position. The oxide on top
of the sample was extremely brittle, with large cracks travelling through the magnetite
layer. The top oxide was thinner and less adherent compared to that of the oxide on the
side of the sample. This was because the increased airflow coming through the top of
the furnace has resulted in greater oxygen diffusion at the top. The increased oxygen
diffusion has enriched the oxide resulting in a thick magnetite layer, making the oxide
extremely brittle. The reduced thickness of the top oxide was due to the geometry and
decreased surface area of the sample. All analysis has been conducted on the side of
each RAP sample to ensure consistency and accuracy.

Figure 14: 2Mn-0.5Si Geometry Effect
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5.3 Results and Discussion

The results and discussion in this chapter will be split and examined based on RAP
composition. The first section will discuss Mn-Si, the second section will discuss Mn-
Mo and the third section will discuss Mn-Si-Mo.

5.3.1 0.5Mn

(a) Oxide overview (b) Magnetite top layer

(c) Magnetite precipitates (d) Magnetite seam

Figure 15: 0.5Mn Oxide Morphology a) A detailed examination of the oxide through
thickness reveals three distinct regions: a dark outer layer identified as magnetite, a
thick light grey middle section of wustite with cuboid magnetite precipitates, and a frac-
tured magnetite seam connecting the bulk wustite to the steel matrix b) The outermost
oxide layer consists of magnetite attached to the bulk wustite, along with pro-eutectoid
magnetite precipitates and vertical lines of porosity extending from the wustite into
the outer magnetite layer c) The bulk of the oxide matrix, comprised of wustite with
varying sizes of magnetite precipitates d) A magnetite oxide seam attached to the steel
substrate, featuring large voids and a lateral crack

Morphology The oxide morphology of the 0.5Mn sample as seen in figure 15, presents
as a typical iron oxide consisting of 3 well established oxide layers (refer to literature
review figure 7). The oxide thickness was very consistent throughout the sample and
was found to be around 148µm. This was considerably higher than any of the other
RAP compositions later investigated. The oxide was very continuous and adherent in
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nature with a distinct magnetite seam throughout. The thickness of the magnetite seam
in figure 15d was 2.63µm and the magnetite top layer, seen in figure 15b, was 11.26µm.
Micro-voids and porosity were present within the magnetite seam in figure 15d, creat-
ing a line of weakness to which a crack can be seen traversing through. In figure 15a
the bulk oxide can be observed to begin detaching at the magnetite seam due to this
traversing crack however remains altogether adherent.
Precipitation of magnetite developed predominantly in the top half of the oxide. In
figure 15c there was a considerable variance in precipitate size, with the largest reach-
ing over 2µm across and the smallest being 5nm. There was no discernable internal
oxidation.

(a) WDS Points (b) Reference Image

Figure 16: WDS Spectra and reference image for RAP composition 0.5Mn- WDS anal-
ysis was performed on a cross-section of the oxide, moving from the outer edge towards
the oxide/metal interface to assess its composition in relation to depth (Highlighted cells
EDS)

WDS WDS spectra of RAP sample 0.5Mn was conducted concurrently throughout
the sample. Spectra 14 in figure 16, shows the base matrix was not dissimilar to that
of the anticipated composition using RAP. This demonstrates that the 20g RAP route
was successful in producing the required alloy composition. Spectra 1 and 2 are within
the oxide top band and have a higher oxygen wt.% than any other spectra. The high O
concentration and dark contrast of the backscatter image therefore confirm that this was
the anticipated magnetite phase. The precipitates in spectra 5, 6 and 8, also have a high
oxygen wt.% of roughly 29wt.%. This in addition to the contrast of the backscatter
image affirm the presence of pro-eutectoid magnetite precipitates.
Within these magnetite phases there was no presence of Mn, however its present within
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the wustite phase. Spectra 4 and 7, taken inside the top region of the wustite phase,
show 0.75 and 0.72 wt.% Mn respectively. Spectra 9 and 10, taken towards the middle
of the wustite phase, show a slightly lower volume at 0.55wt.%, nonetheless this was
still notably higher than that of the base alloy composition. Towards the base of the
wustite phase the presence of Mn was further increased at 1.64wt.%. The presence
of Mn within the wustite phase was possible because of the fast outward diffusion of
Mn [76]. MnO and FeO both have a halite crystal structure with 6 bonds to oxygen,
forming a mixture of edge and corner sharing octahedra bonds [77]. Thus Mn2+ may
displace the Fe2+ from FeO forming a (Fe1-x,Mnx)O solid solution, with 0 < x < 1.
The Mn cations dissolved in Wustite will segregate predominately at the scale surface
accounting for the increased concentration of Mn towards the base of the Mn [47].
The concentration of oxygen fluctuates throughout the thickness of the wustite. The
Fe:O ratio of wustite intrinsically declines as it approaches the outer interface adjoining
with magnetite [78]. This increase of oxygen throughout the wustite phase can be
observed in spectra 11, 10 and 7 as it increases from 25.64, 26.99 and 27.19 wt.%
respectively. The intrinsic stoichiometry gradient also highlights a reduction in the
volume of wustite with an increasing distance from the iron substrate [78].

5.3.2 2Mn

Figure 17: Oxide morphology overview for 2Mn, highlighting the porosity present
within the columnar wustite grains - Oxide is broadly in-adherent with the underlying
substrate, small internal oxide precipitates are present within the steel close to the metal/
oxide interface (dark spots in internal oxidation zone)

Morphology Its immediately apparent that the oxide morphology of 2Mn, in figure
18a, differs greatly from that of 0.5Mn in figure 15. The additional Mn has produced a
substantially thinner oxide of 43.84µm, over 3x thinner than that of the previous sam-
ple. The magnetite top layer was also substantially thinner at 4.98µm in comparison to
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11.26µm. The magnetite seam was found to be inconsistent throughout the sample but
once again was of a considerably lesser thickness. There were no magnetite precipitates
present however the overall percentage of magnetite forming the oxide morphology was
slightly higher due to the decreased thickness of the oxide. The wustite phase consisted
of distinctive columnar grains that varied in both width and length.

(a) WDS point scan measurements (b) WDS point scane reference
images

Figure 18: WDS spectra and reference image for RAP composition 2Mn - WDS analy-
sis was performed on a cross-section of the oxide, moving from the outer edge towards
the oxide/metal interface to assess its composition in relation to depth (Highlighted
cells EDS)

WDS WDS analysis confirms the presence of wustite in spectra 3-9. The oxygen
content increases throughout the wustite from 25.07wt.% to 26.16wt.% in a stoichio-
metric gradient as the wustite approaches the outer magnetite layer. The higher Mn
content has resulted in a greater volume of Mn in the wustite increasing the value of x
in (Fe1-x,Mnx)O. An increased presence of MnO has been found to increase the ther-
modynamic stability of the wustite phase [79].
Another pre-eminent difference was the formation of internal oxides in 2Mn, notable
in figure 5.3.2. The internal oxide morphology of 2Mn was identified as spherical in-
tragranular, with the size ranging from 50nm to 300nm. The depth of oxidation varied
sporadically but was approximated at 4 µm. The density of the internal oxide precipi-
tates was very sparse, and the composition composed entirely of MnO. The formation
of internal oxide particles was expected due to the higher potential of Mn against Fe.
Thermodynamics dictates that the increased reactivity of Mn will result in selective ox-
idation of Mn, producing internal oxides until a supersaturation limit was reached and
oxidation transitions from internal to external [80].
A further distinction between the oxide in 2Mn and 0.5Mn was the large volume of
porosity, discernible in figure 18a. Several micro-voids were visible in 0.5Mn however
they are of far greater volume in 2Mn. The voids differ in size growing the largest
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within the magnetite phase. The average size of these pores was found to be 0.03µm
however they can be seen to grow as large as 0.5µm and start to coalesce towards the
bottom of the wustite phase. The porosity within the magnetite phase was predom-
inantly due to vacancy defects where iron interstitials will convert to iron vacancies.
Porosity may develop due to the displacement of iron from the region [78] whereby
the iron was displaced due to its large distance from the bulk steel. Magnetite con-
sumption in the sublayer may also result in porosity, where cationic lattice diffusion
of iron ions Fe 2+/3+ may arise in conjunction with oxygen diffusion through neutral
vacancies [78]. The porosity within the wustite phase was also thought to be due to
consumption. Evidence of wustite consumption was visible through the wustite phase
in spectra 3-9, where the oxygen concentration increases resulting in a stoichiometric
gradient and a cation-deficient environment. The porosity observable in figure 18 mate-
rialises in a columnar fashion with an increased presence towards the columnar wustite
grain boundaries. This was thought to be due to the increased ease of lattice diffusion
at the grain boundaries.
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(a) Inverse pole figure-X Map

(b) EBSD phase map- Magnetite present at wustite columnar grain
boundaries

(c) Highlight of outer oxide showcasing thin
outer hematite layer

Figure 19: Electron back-scatter diffraction of RAP composition 2Mn- The inverse
pole figure X-map and EDS phase map with clearly defined columnar wustite grains, a
top magnetite layer and a thin outer hematite layer
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EBSD The EBSD phase map in figure 19b identified a thin hematite layer, approxi-
mately 1µm in thickness. Seams of magnetite are evident, running along the columnar
wustite grain boundaries. Magnetite along the grain boundaries was evidence of oxy-
gen enrichment, this may occur due to the increased ease of lattice diffusion at the grain
boundaries. The presence of oxygen enrichment further supports the consumption of
wustite (FeO) along the grain boundaries resulting in porosity, discussed previously in
figure 18a. The magnetite and hematite layer consists of equiaxed grains unlike the
wustite. The wustite grains exhibit columnar growth due to impingement of growth
(see Appendix 127). Initially the grains will grow in random directions from the iron
substrate however once they start impinging on one another growth direction in the
vertical direction becomes preferential [81]. The wustite crystals in figure 19a are ran-
domly oriented.

Blister Phenomena 2Mn was found to produce a very brittle and non-adherent oxide.
Figure 20 show a very typical blister morphology. The surface morphology of 2Mn
oxide was extremely rough in comparison to that of 0.5Mn. A relationship between
deep internal oxidation and rougher surfaces has previously established by [82]. Blister
and its formation mechanisms will be discussed in depth in chapter 7.

Figure 20: Blister formation on 2Mn

5.3.3 2Mn-0.5Si

Morphology The influence of introducing 0.5wt.% Si into the 2wt.% Mn alloy is
depicted in Figure 21a, where it manifests as a characteristic iron oxide structure com-
prising three distinct oxide layers. Si is commonly incorporated into steel alloys to
enhance their magnetic properties and impart oxidation resistance [83]. The incorpo-
ration of Si modifies the microstructure of steel, influencing its mechanical properties,
such as strength and ductility [52].
The oxide morphology appears similar to that of 0.5Mn however there was one key
difference. The oxide morphology in 0.5Mn may be referred to as a type-I morphol-
ogy [52], where the scale contains primarily retained wustite and pro-eutectoid mag-
netite precipitates slightly beneath the magnetite layer. The oxide morphology of 2Mn-
0.5Si was referred to as a type-II scale, containing magnetite precipitates adjacent to
the magnetite seam and slightly beneath the magnetite layer [52].
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(a) Oxide Overview

(b) Triple Point Grain Boundary

Figure 21: Through thickness oxide morphology for RAP composition 2Mn-0.5Si - A
thick external oxide with clearly defined magnetite seam at the oxide/ metal interface,
cuboid magnetite precipitates and large columnar wustite grains

The scale thickness was 117.80µm, the second largest of any of the RAP compositions.
This may seem surprising due to the addition of Si, which commonly decreases oxida-
tion, however upon retrospection the volume of Si was presumably too low and thus it
is therefore postulated that a complete passivation layer was not formed (see Appendix
129 for Si EDS ). The increased volume and thickness of the scale in 2Mn-0.5Si was re-
markably more than that of 2Mn. It is presupposed that Si may of tied up a considerable
volume of the Mn in a Mn2SiO4 phase. Mn possesses a unique ability to rapidly vary
its valency state, allowing for high redox flexibility [52] [84] [85]. It has been found
to tremendously accelerate the internal oxidation of alloys, allowing for fast diffusion
along grain boundaries.
Several spherical internal oxides were observed, however they were not continuous in
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nature and only went as deep as 1µm. The sporadic and intermittent internal oxides only
served to moderately hinder cation diffusion. The incomplete passivation layer would
have allowed for the selective dissolution of Fe to dominate, leading to an increase
overall of oxidation kinetics. This effect was comparable to that observed in stainless
steel, when an incomplete passivation layer results in an increase of oxidation [86].
The magnetite seam and top layer were 3.22µm and 15.05µm, respectively. The top
layer of magnetite was the thickest of all the RAP compositions by a considerable mar-
gin. The considerable porosity within the upper half of the oxide was believed to be due
to the consumption of wustite and thermal stress cracking upon cooling. The porosity
within the top 15-20µm of wustite was composed of a considerable number of micro-
voids. Below this region the pores are far larger and appear to have coalesced, forming
large pores and cracks in an almost banded structure. This band of porosity appears to
repeat roughly every 6µm until it extends to the middle of the wustite phase, often sur-
rounded by magnetite. Further into the wustite an increase in the number and density
of magnetite precipitates was observed.
Figure 21a shows the interface between 3 wustite grain boundaries, commonly known
as a triple point. The magnetite precipitates do not cross over into the neighboring grain,
stopping at each of the grain boundaries. This was because the epitaxial growth of the
proeutectoid magnetite precipitates was hindered at grain boundaries (see Appendix
128). The magnetite precipitates in 2Mn-0.5Si exhibit a classical faceted structure.

5.3.4 2Mn-1Si

Figure 22: Oxide morphology for RAP composition 2Mn-1Si, highlighting brittle
amorphous region located towards oxide/metal interface

Morphology The oxide morphology displayed by 2Mn-1Si, in figure 22, has a dis-
tinctive and distinguishable morphology compared to that of the previous RAP com-
positions. The bulk of the oxide was no longer formed of columnar wustite and was
instead composed of a large porous magnetite phase with an amorphous phase between
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the substrate and magnetite. There was still a distinctive magnetite top layer separated
from the underlying magnetite by a harsh line of porosity and cracking. The magnetite
above this region displays equiaxed grains, its accordingly presumed that the magnetite
within this region developed first, and the remainder formed from the decomposition of
the wustite phase resulting in the large volume of porosity. A small volume of retained
wustite was still present towards the surface of the substrate. The retained wustite con-
tained many micro-voids, and a small number of faceted magnetite precipitates. The
presence of micro-voids and precipitates suggests that consumption of the phase began
but was not completed; this could be due to several reasons. One plausible explanation
was that the distance from the surface was too considerable, so the diffusion of oxygen
was not great enough. Another was that the amorphous phase beneath has precipitated
out a large volume of iron, creating an iron rich oxide band (see Appendix 131).
The amorphous phase present between the substrate and magnetite/ iron oxide was be-
tween 9-10 µm thick. Using EDS, the amorphous phase was found to be an amalgama-
tion of Fe, Mn and Si oxides (see Appendix 130). The amorphous phase contains both
a light and dark spinel, as seen in figure 22. The lighter spinel phase contained higher
levels of iron and lower levels of Mn and Si. In both phases, the Si wt.% was found to
be double that of the Mn wt.%. It was identified that the amorphous phase transitioned
to more of the darker spinel phase as it approached the substrate. The composition of
the amorphous phase will be discussed in the next RAP composition, 2Mn-2Si, with
WDS data.
A continuous layer of internal oxidation formed beneath the oxide, penetrating the un-
derlying substrate approximately 6.4µm. The total thickness of the external oxide was
52.99µm, a significant reduction compared to 2Mn-0.5Si.its therefore inferred that the
RAP composition 2Mn-1Si produced a complete passivation layer, drastically reducing
the external oxidation. A clear link can be established, through which greater internal
oxidation will result in lesser external oxidation. Nonetheless it should be noted that
a maximum internal oxidation depth will exist for each composition due to oxygens
ability to diffuse through the substrate.

EBSD The EBSD maps shown in figure 23, struggled to characterise the amorphous
oxide phase, owing to the porosity and brittleness of the phase. Nonetheless the re-
mainder of the oxide was sufficiently characterised and showed a number of interesting
trends.
The RAP composition 2Mn-0.5Si, contained a very prominent magnetite seam, how-
ever the phase map clearly displays that none was present within 2Mn-1Si, shown in
23b. The formation of a magnetite seam requires a gap between the steel substrate and
outer oxide. The gap allows for the inward diffusion of oxygen whilst limiting the sup-
ply of iron at the interface, resulting in a proportion of higher oxides [87]. The absence
of a magnetite seam may therefore be attributed to the increased adherence of the oxide
to the substrate. Furthermore, both Si and Mn will be selectively oxidised before Fe
and a richer supply of Si and Mn cations are available due to the close proximity of the
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(a) Inverse pole figure-X map- Fe-BCC located at the top of the
figure with the oxide located beneath

(b) EBSD phase map highlighting the complexity of the oxide pro-
duced for RAP composition 2Mn-1Si- Fe-BCC located at the top of
the figure with the oxide phase present underneath

Figure 23: Electron back-scatter diffraction phase and IPF map for RAP composition
2Mn-1Si- showcasing an extremely convoluted oxide morphology with multiple oxide
phases

substrate surface.
Above the amorphous phase, the IPF map 23a shows a small band of equiaxed mag-
netite grains, with a limited volume of grains transforming into hematite. The equiaxed
grains show no preference of orientation, each appearing random. Its conjectured that
this band of small equiaxed grains was the original steel surface. Large magnetite grains
are displayed towards the middle of the phase map and once more, exhibit no predilec-
tion towards a specific orientation. Several of the large grains contain small islands of

Rebecca Dewfall 62



5 OXIDATION OF RAP SAMPLES 5.3 Results and Discussion

retained wustite, noted previously in figure 22.
The EBSD phase map also identified a very definite hematite layer. The grains are
very compacted and show an orientation preference between the 101̄0 and 001̄0 plane.
The thickness of the hematite layer was approximately 3.5-5µm, far thicker than the
hematite layer in 2Mn of 1µm. The increased thickness may be attributed to a number
of factors, such as the formation of fayalite, found in both the amorphous and internal
oxide phase. Fayalite has a lower thermal conductivity than that of the other oxide
phases present [88].its plausible to assume that a lower thermal conductivity will bring
about a reduction in the cooling rate of the surface, thus resulting in a rise of surface
temperature for a prolonged period [88]. The formation of fayalite will also suppress
the outward diffusion of Fe ions resulting in a richer oxide. Both of these factors in
conjunction with one another will result in a thick hematite layer forming as the outer
most scale.
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5.3.5 2Mn-2Si

(a) The 4 Distinct Oxide Regions of 2Mn-2Si

(b) Interface between the Lower Magnetite and
the Amorphous Region with Retained Wustite

(c) Internal Oxide; Speherical intragranular,
Film-like Intergranular, Pertrubed Intragranular
Dendrites

Figure 24: Through thickness oxide morphology for RAP composition 2Mn-2Si

Morphology Figure 24 features the oxide morphology of sample 2Mn-2Si. The scale
was profoundly convoluted, displaying 4 very distinctive regions, similar to those ob-
served in 2Mn-1Si. The 4 distinct regions will now be categorised as;

1. Upper Magnetite

2. Lower Magnetite

3. Amorphous
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4. Internal Oxide

Region 1 and 2 formed a significant proportion of the oxide and was composed
of giant magnetite grains. The thickness of the magnetite region for 2Mn-2Si was
considerably lower than that of 2Mn-1Si at approximately 27µm and 42µm respectively.
The base of this region may be interpreted as the original steel surface; thus, region
1 and 2 can be treated as outer oxidation. Note, that this was separate to external
oxidation, which was designated as scale above the substrate surface. Outer oxidation
was therefore scale that has formed above the original substrate surface. Within region
1 of the magnetite there was no distinguishable wustite nor a distinctive top layer and
there was a much lower volume of retained wustite. This was most likely due to the
thinner oxide accelerating the rate of diffusion, increasing the number of higher oxides
resulting in a more complete transformation of the wustite.
The islands of retained wustite within region 2 are smaller and more sporadic than those
seen in 2Mn-1Si. Figure 24b reveals one of these small islands of retained wustite
with a small proeutectoid magnetite precipitate forming within the center. The diffuse
interface of the magnetite into the wustite was faceted (planar) producing rough and
jagged edges [36]. The rough and jagged edges are a result of the low mobility of the
coherent phase (magnetite). The growth of faceted phases was broadly characterised
by the lateral movement of ledges across faceted interfaces [36].
The thickness of the amorphous phase in region 3 was very similar for both 2Mn-
2Si and 2Mn-1Si at approximately 11µm and 10µm respectively (see Appendix 132).
Even though both amorphous regions have a similar thickness, the characteristics they
display are somewhat different. A stoichiometric gradient was visible in 2Mn-1Si with
a transition from a lighter spinel to a darker spinel phase. This gradient was also visible
within 2Mn-2Si however the transition occurs earlier on with a lower percentage of the
lighter spinel phase present at the interface. The amorphous region of 2Mn-1Si was
extensively more porous than that of 2Mn-2Si. The increased presence of the darker
spinel was presumed to be due to the increase of Si.
The internal oxidation region was found to be similar for both 2Mn-2Si and 2Mn-
1Si, with an average of approximately 6µm and a maximum penetration depth of 9µm.
Nevertheless the density of the internal oxide zone was far greater for 2Mn-2Si with
extensive grain and sub grain boundary oxidation.
The oxide thickness of 2Mn-2Si was only 43.5µm, substantially thinner than 2Mn-1si
and the lowest of all 11 RAP compositions.Its postulated that the increased density of
region 4 extensively hindered cation movement.

WDS The oxygen content in spectra 1-5, designated as oxide phase 1, was markedly
higher than that of oxide phase 2 in spectra 6-8. The Fe:O ratio affirms that oxide phase
1 was magnetite and oxide phase 2 was wustite. Thus, the predominant oxide in region
1 was magnetite and region 2 was magnetite with small, retained islands of wustite.
Mn had a significant presence within the magnetite and wustite phase, however there

Rebecca Dewfall 65



5 OXIDATION OF RAP SAMPLES 5.3 Results and Discussion

(a) WDS reference image, highlighting internal oxidation zone with spherical intragranular,
film-like intergranular, pertrubed intragranular dendrites

(b) WDS point scan measurements

Figure 25: WDS spectra and reference image for RAP composition 2Mn-2Si- WDS
analysis was performed on a cross-section of the oxide, moving from the outer edge
towards the oxide/metal interface to assess its composition in relation to depth (High-
lighted cells EDS)

were no appreciable levels of Si. The presence of Mn in wustite has previously been
discussed in 5.3.2 where Mn2+may displace the Fe2+ from FeO forming a (Fe1-x,Mnx)O
solid solution, with 0 < x < 1. The dissolution of Mn within the magnetite phase was
slightly more convoluted forming a spinel ferrite complex. It has a MnFe2O4 structure
where the ionic distribution of spinels is commonly written as (Mn1-xFex)[MnxFe2-x]O4,
with 0 < x < 1. The parentheses () designate elements sitting within a tetrahedral site
and the square brackets designate elements sitting within an octahedral site [89]. The
fast outward diffusion of Mn, coupled with the thin outer oxide and the formation of
iron oxide compounds resulted in a continuous dispersion of Mn throughout the outer
oxide.
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Region 3 contained very discernable levels of Si, unlike region 1 and 2. The region
was composed of both a lighter and darker spinel phase creating a conglomerated
amorphous structure. The darker spinel possessed an exceedingly larger quantity of
Si compared to the lighter spinel, with the wt.% of Si within the darker spinel almost
a magnitude of fivefold greater. Spectra 10,13-14 also show an enhanced presence of
Mn within region 3, notably within the darker spinel. The increased levels of Si and
Mn within the darker spinel were in conjunction with a sharp decrease of Fe content.
The suggested structure for the amorphous phase was Mn2SiO4 + α-Fe + SiO2 with the
darker spinel containing a lower volume of α-Fe.
Region 4 was composed of a continuous layer of internal oxidation beneath the amor-
phous region. The internal oxide within 2Mn-2Si was denser and more compacted than
that of 2Mn-1Si. The denser internal oxide displayed by 2Mn-2Si would have been far
more impervious to Fe ions, producing a thinner external oxide. WDS spectra 17 was
captured in amidst the internal oxide and consisted of fundamentally pure Fe. Spectra
20 was a globular oxide 0.5µm in diameter with a dark center around 0.1µm. The dark
center was conjectured to be pure SiO2, with an outer shell of MnSiO3. Since SiO2 is
more thermodynamically stable than MnO, it can be conjectured that SiO2 formed first
then as Si was consumed the local Si/Mn activity ratio decreased [82]. Once the ratio
was sufficiently low the formation of MnSiO3 became thermodynamically favourable,
with Mn in solution reacting at the surface of pre-existing SiO2 forming a multilayer
shell [82]. The center appears darker due to the elemental weight difference between
Mn and Si.
Spectra 18 shows that the film like inter granular oxide has a very similar composition
to that of the spherical intra-granular oxide. Both 2Mn-2Si and 2Mn-1Si displayed
film-like inter-granular and spherical intra-granular oxides however 2Mn-2Si addition-
ally displayed extremely fine perturbed intra granular oxides. These remarkably fine
dendritic structures are not commonly observed, and their formation is dependent on
inter-facial instability. In figure 25a the fine dendrites appear to be pointing down into
the substrate suggesting a preferred growth direction due to the underlying crystal ori-
entation.

Figure 26: Sub-surface depth WDS analysis (Measurements were conducted in cross
section from the edge surface towards the center)
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Sub-Surface Depletion Figure 26 displays the elemental wt.% vs depth into the sub-
strate (after internal oxidation). A distinct Si/Mn-depletion zone was formed beneath
the oxide within the subsurface region. Si levels were found to recover by 10µm into
the substrate and then remained constant throughout, however they were slightly lower
than estimated at the 2wt.% baseline. Mn levels did not recover until 20µm and then
proceeded to further increase past the baseline until 30µm. The increased subsurface
depletion of Mn compared to Si was postulated to be due to the increased ability of Mn
to diffuse through grain boundaries.
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5.3.6 0.5Mn-0.5Mo

Figure 27: Through thickness oxide morphology for RAP composition 0.5Mn-0.5Mo-
Oxide morphology displaying a thick magnetite seam with porosity, a thick outer mag-
netite layer and porous columnar wustite layer with cuboid magnetite precipitates.

Morphology The oxide morphology displayed by 0.5Mn-0.5Mo in figure 27, presents
as a typical iron oxide consisting of 3 well-established oxide layers. There are however
a considerable number of key differences compared to previous samples. The oxide
thickness was found to reach up to 50µm but was very inconsistent throughout the sam-
ple. This was in stark contrast to sample 0.5Mn, which had an exceptionally consistent
and thick oxide layer of 148µm. Furthermore 0.5Mn was profoundly adherent to the
substrate in comparison to 0.5Mn-0.5Mo, which was non-adherent throughout.
0.5Mn-0.5Mo had a ubiquitous magnetite seam and magnetite top layer of 6.12µm and
14.46µm respectively, predominately greater than 0.5Mn. The percentage of the oxide
composed of magnetite was extremely high at 50%, extensively more than any other
sample that displayed a typical iron oxide morphology. Pro-eutectoid magnetite pre-
cipitates were present throughout the breadth of the sample with a variance in size (see
Appendix 134). The precipitates were found to be largest towards the centre of the
oxide, presumably due to the thermodynamics of formation of the magnetite seam and
magnetite top layer preferentially adsorbing excess oxygen. Significant porosity was
visible inside of the magnetite seam and wustite phase. Its presupposed that the poros-
ity within the magnetite seam was due to wustite decomposition and the volatility of
the MoO3 phase [90].
Using EDS, a thin band of Mo was identified at the oxide/ metal interface and within
any subsurface cracks, however Mo was not detected through the bulk of the oxide.Its
hypothesised that the presence of Mo resulted in embrittlement, inducing sub-surface
cracking. It was evident that the Mo/Fe ratio increased drastically at the interface com-
pared to that of the metal and oxide. Formerly it has been reported that Mo increases
the activation energy for oxidation and suppresses the inward diffusion of oxygen [91].
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This may attribute for the large volume of porosity within the wustite phase with an
increased activation energy favouring the growth or iron rich oxides through consump-
tion of wustite [35].
It was presupposed that the low affinity of O for Mo and low diffusivity has resulted in
a concentrated band at the interface [92]. This concentrated band has remarkably hin-
dered the inward diffusion of O, drastically decreasing the rate of oxidation and overall
oxide thickness. The addition of 0.5Mo resulted in a thinner, richer and more brittle
oxide.

(a) Inverse pole figure-X map

(b) EBSD phase map

Figure 28: Electron back-scatter diffraction phase and IPF map for RAP composition
0.5Mn-0.5Mo

EBSD The EBSD phase map in figure 28a identified a thick magnetite seam and mag-
netite top layer. No outer hematite layer was detected however small grains of hematite
were observed on the underside of the magnetite seam. The minute hematite grains av-
eraged 0.3µm in size and were conjectured to of formed after the break-away of the ox-
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ide from the substrate. The break-away will result in enhanced inward diffusion of oxy-
gen with a limited supply of cations. This will drive the decomposition of the wustite
phase into magnetite, producing a magnetite seam [6]. When the thermodynamic drive
is high enough, the same phenomena will result in the magnetite decomposing into
hematite. Previously it has been shown that wustite and magnetite growth was highly
dependent on the outward diffusion of metal ions whilst hematite is highly reliant on
the inward diffusion of oxygen [93]. The low prominence of hematite is a result of the
low diffusion coefficient of iron and oxygen within the hematite phase [52] [94] [19].
The IPF map in figure 28a shows an orientation relationship has been established be-
tween the magnetite precipitates and magnetite seam with the underlying wustite. For
the orientation relationship to have been established the magnetite seam and precipi-
tates must have developed due to the decomposition of the wustite phase, thus retaining
the original wustite orientation. The small grains of hematite did however exhibit a sep-
arate orientation to that of the magnetite seam. The individual wustite grains displayed
no preferential growth or orientation and neither did the magnetite top layer.
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5.3.7 2Mn-0.25Mo

(a) Oxide morphology overview (b) Magnetite precipitates and magnetite outer
edge interface

(c) Lines of porosity through wustite and mag-
netite precpitates

(d) Magnetite precipitates halted at wustite
grain boundary

Figure 29: Through thickness oxide morphology for RAP composition 2Mn-0.25Mo-
Thick in-adherent external oxide layer with cuboid magnetite precipitates and lines of
porosity

Morphology The oxide morphology for 2Mn-0.25Mo was displayed in figure 29.
The oxide was overtly thicker than many of the previous RAP samples at 117µm. The
minor alloying addition of 0.25Mo appears to have exponentially increased the oxide
thickness. This effect was analogous to that observed for 2Mn-0.5Si, where a low al-
loying addition of 0.5Si acutely increased the oxide thickness due to an incomplete
passivation layer. 2Mn-0.25Mo had many discernable characteristics compared to pre-
vious samples, especially 2Mn. The oxide thickness of 2Mn was only 45µm, 50% less
than that of 2Mn-0.25Mo. Furthermore, 2Mn displayed spherical intra-granular MnO
particles, 4µm into the substrate, whereas 2Mn-0.25Mo did not display any internal ox-
idation. Its presupposed that the intra-granular MnO particles limited cation diffusion
and thus reduced the oxide thickness of 2Mn. The absence of an internal oxide region
suggests that the addition of 0.25Mo hindered the inward diffusion of oxygen, prevent-
ing the formation of any internal MnO particles. Due to the increased oxide thickness of
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2Mn-0.25Mo, its inferred that limiting the outward diffusion of cations was of greater
consequence than hindering the inward diffusion of anions. Nevertheless even though
2Mn-0.25Mo was a thicker oxide it was not found to blister or produce a discernibly
rough surface like 2Mn.
2Mn-0.25Mo also had a thicker oxide compared to 0.5Mn-0.5Mo. This was postulated
to be due to the lower Mo/Fe ratio at the interface of 2Mn-0.25Mo. The addition of Mo
alters the defect structure of the oxide and affects the overall ion transport properties.
The oxidation resistance of an alloy can be increased by doping of a metal ion with a
higher valency state than the metal ion in the base oxide [95]. The higher valency state
reduces lattice defects and thus slows and suppress growth [95]. 0.5Mo proved to be
a sufficient quantity drastically reducing and compacting the oxide. Thus, the addition
of 0.25Mo was not sufficient to reduce oxide thickness through doping versus 0.5Mo.
Furthermore, Mn has also been shown to enhance lattice diffusion [79], the increased
Mn content within 2Mn-0.25Mo may of further counteracted the effect of the Mo.
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(a) WDS reference image for points 1-9

(b) WDS measurements (c) WDS reference image for
points 10-11

Figure 30: WDS spectra and reference images for RAP composition 2Mn-0.25Mo-
WDS analysis was performed on a cross-section of the oxide, moving from the outer
edge towards the oxide/metal interface (Highlighted cells EDS)

WDS The oxygen in spectra 1-3, 5, 7 and 8 was markedly higher than that of the
oxide in spectra 4, 6 and 9. The Fe:O ratio affirms that spectra 1-3, 5, 7 and 8 were a
magnetite phase and 4,6 and 9 were a wustite phase. The magnetite phases are easily
distinguished by the darker contrast in the BSE image in figure 30a. Residuals of Mn
were present within the wustite phase. The presence of Mn within the wustite phase
further substantiates the claim that Mo does not hinder the diffusion of the cations.
The base of the oxide has a large volume of porosity and cracking, with the richer
magnetite phase surrounding the diffusion pathways. Only trace elements of Mo were
seen throughout the oxide however a substantial volume was found within the oxide
seam at the interface. The lighter regions of the oxide seam, observed in figure 30c,
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contained higher volumes of Mo. Its presupposed that a secondary beta phase has
formed however its incomplete and was formed in tandem with an iron oxide.

(a) Inverse pole figure-X map

(b) Electron back-scatter diffraction phase map

Figure 31: EBSD for RAP composition of the oxide produced for 2Mn-0.25Mo

EBSD The EBSD phase map in figure 31b identified a definite magnetite top layer
but no continuous magnetite seam. The phase map was in accordance with the BSE im-
ages in figure 29, which also did not display a continuous magnetite seam. Nevertheless
the phase map has become confused in specific grains between the magnetite phase and
the wustite phase. A number of grains were incorrectly registered as magnetite, whilst
the BSE image shows a long columnar wustite grain with magnetite precipitates. The
increased porosity observed within wustite grains of 2Mn-0.25Mo may have resulted
in poor indexing of the diffraction patterns. The indexing of the magnetite precipitates
was still relatively strong thus its possible the phase map identified the entire grain as
magnetite. Furthermore, wustite and magnetite are both cubic structures with similar
kikuchi bands leading to further confusion.
The IPF map in figure 31a showed no preferential growth or orientation for the wustite
grains or magnetite top layer, suggesting equiaxed cooling. The samples were air
cooled after heating allowing for stress dissipation and relaxation. The IPF map re-
vealed an orientation relationship between the magnetite precipitates and the underly-
ing wustite phase, this was also observed in 0.5Mn-0.5Mo.
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5.3.8 2Mn-0.5Mo

(a) Oxide morphology overview

(b) Lines of porisity present at magnetite grain
boundaries

(c) Magnetite precipitates within wustite

Figure 32: Through thickness oxide morphology for RAP composition 2Mn-0.5Mo

Morphology Figure 32 features the oxide morphology of sample 2Mn-0.5Mo. The
external scale morphology was remarkably similar to 2Mn-0.25Mo but moderately
thinner at 93.7µm. The magnetite top layer was 7.89µm with equiaxed grains. Lines of
porosity were present within the magnetite top layer, concentrated at the grain bound-
aries. The porosity was exceptionally uniform and consistent. Interestingly some of
the lines of porosity within the magnetite top layer continued down into the wustite
phase beneath. Many of these lines of porosity did not sit at the grain boundaries of
the columnar wustite phase (see Appendix 135). The porosity in this instance was most
likely due to internal stresses caused by volumetric changes during growth, micro-void
formation was then initiated to counterbalance the resulting compressive stresses [78].
Micro-void coalescence will initiate at grain boundaries or around inclusions. Its there-
fore conjectured that the intra-granular micro-voids, seen in figure 32c, suggest that Mn
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acted as an inclusion, initiating micro-void formation.
Intragranular micro-void coalescence within wustite grains was also heavily observed
within 2Mn but not within 2Mn-0.5Si. This further supports the assumption that the
addition of 0.5Si in 2Mn-0.5Si tied up a large majority of the Mn.
The pores located towards the base of the wustite phase were moderately larger than
those observed closer towards the outer scale interface. At the oxide/ metal interface,
iron cations move from the substrate into the wustite layer, creating an opposite flux of
cation vacancies into the substrate [35]. The process of vacancy injection will then lead
to pores [78]. Porosity was also observed within the magnetite seam but was assumed
to be due to wustite consumption. Many of the pores coalesced forming cracks parallel
to the substrate surface. The average pore size for both 2Mn-0.5Mo and 2Mn-0.25Mo
was 0.08µm.
Magnetite precipitates were found continuously distributed throughout the top region
of the wustite phase. Many of the precipitates were formed around micro-voids. Voids
have an exponential effect on oxidation whereby they act as additional oxygen path-
ways. Micro-voids may increase the oxygen content of the oxide encompassing them,
forming magnetite precipitates. As the precipitates grow, they may then begin consum-
ing the wustite phase, which will then produce further voids. The precipitates were
approximately 0.7µm in size for both 2Mn-0.5Mo and 2Mn-0.25Mo.
The thickness of 2Mn-0.5Mo was lesser than 2Mn-0.25Mo but still greater than 2Mn
and 0.5Mn-0.5Mo at 93.7µm.Its postulated that the addition of 0.5Mo proved more ef-
fective than 0.25Mo due to a greater formation of the secondary Mo phase. The larger
addition of Mo will also have a greater effect on the defect structure of the oxide. 2Mn-
0.5Mo had a thicker oxide than 0.5Mn-0.5Mo due to the increased Mn content which
enhanced lattice diffusion.
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(a) WDS reference image

(b) WDS point scan measurements

Figure 33: 2Mn-0.5Mo WDS analysis - WDS analysis was performed on a cross-
section of the oxide, moving from the outer edge towards the oxide/metal inter-
face(Highlighted cells EDS)

WDS The oxygen content in spectra 2,3 and 8 was in accordance with the Fe:O ratio
for magnetite. Mn was detected within the magnetite unlike 2Mn-0.25Mo. The disso-
lution of Mn through the magnetite phase will produce (MnxFe1-x)[MnxFe2-x]O4, with
0 < x < 1. The oxygen content in spectra 4,5,9 and 11 was in agreement with the Fe:O
ratio for wustite. The Mn content within the wustite phase was larger than that detected
for 2Mn-0.25Mo forming (Mnx, Fe1-x)O. Spectra 9 revealed wustite below the band
of magnetite towards the base of the oxide. The wustite indicates the oxide may have
been attached to the substrate below when the band of magnetite formed, suggesting
the transformation was primarily due to the large voids at the base.
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5.3.9 2Mn-0.75Mo

(a) Reference image of detached oxide for RAP composition 2Mn-0.75Mo

(b) Fractured oxide (c) Enlarged pores (d) Bulk oxide morphology

Figure 34: Oxide morphology for 2Mn-0.75Mo

Morphology Figure 34 shows a large, stitched BSE image of 2Mn-0.75Mo. A large
vertical crack was shown traversing through the full thickness of the oxide, creating an
open pathway to the substrate below. The crack was intra-granular, indicating that the
mechanical failure occurred during cooling [6]. The lack of oxidation on the exposed
substrate below further supported this. The effects of the cracking were observed for
380µm adjacent to the fracture point either side. The oxide was richer with greater
volumes of porosity through the thickness. Towards the vertical crack the magnetite
top layer was moderately thicker, with lateral cracking and increased porosity. The
increased ease of oxygen diffusion within this region would have resulted in rapid en-
richment of the oxide and increased mixed flux ion transport at the wustite magnetite
interface. Thus, the increased growth stresses and wustite consumption would have
resulted in large voids coalescing into lateral cracks. Several catastrophic vertical frac-
tures were noted throughout the sample (see Appendix 136). The oxide was found to
be exceedingly brittle compared to previous RAP samples.
The bulk of the oxide resembled figure 34. Magnetite precipitates were located towards
the base of the oxide unlike 2Mn-0.5Mo and 2Mn-0.25Mo. Nonetheless this was pre-
sumably due to the diminished oxide thickness. Precipitates were similar in size to
previous samples at 0.84µm. Pores were mainly present within the wustite phase and
0.06µm in size.
The oxide thickness was 57µm, a sizeable reduction compared to 2Mn-0.5Mo and 2Mn-
0.25Mo. Minor traces of Mo were detected throughout the oxide thickness using EDS
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and a thin band was detected at the oxide/ metal interface. The addition of 0.75Mo
compared to 0.5Mo increased the critical temperature of oxidation to 719°C and halved
the total weight gain. The mechanical behaviour of the oxide was also altered and the
scale was in-coherent with the substrate. In summation it was postualted that 0.75Mo
proved effective in reducing oxidation, producing a more compact scale, and producing
a brittle, non-adherent scale.

5.3.10 2Mn-1Mo

Figure 35: Through thickness oxide morphology for RAP Composition 2Mn-1Mo-
Wustite with large cuboid magnetite precipitates, lines of porosity and large coalesced
voids located in a seam of magnetite

Morphology 2Mn-1Mo had the largest addition of Mo of the RAP samples. The ox-
ide morphology was profoundly akin to 2Mn-0.75Mo however slightly thinner at 45µm.
Large void coalescence was present continually throughout the sample, pointedly near
the base of the oxide in a lateral formation, shown in figure 35. Chains of intra-granular
micro-voids were observed through columnar wustite grains, with inter-granular micro-
voids present in the magnetite top layer. The average pore size was only 0.03µm, the
lowest of all the Mo additions. Porosity was more pronounced in 2Mn-1Mo and 2Mn-
0.75Mo compared to the lower Mo additions.
The oxide was very brittle and contained many fractures (see Appendix 137). The
areas located within a specific vicinity of these fractures experienced oxygen enrich-
ment, similar to the effect observed in figure 34c for 2Mn-0.75Mo. These areas were
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converted almost entirely into magnetite and were noticeably thinner. In areas with in-
creased magnetite, lateral bands of cracking were observed, pre-eminently just below
and or within the magnetite top layer. The oxide appeared very brittle and non-adherent
in nature, with large areas completely detached. Nonetheless, a porous band of oxide
remained strongly attached to the substrate, approximately 6µm in thickness. Due to
WDS on 2Mn-0.25Mo, shown in figure 33, its presupposed that the band was com-
posed of some form of Mo oxide and an iron oxide.Its presumed the porosity of the
phase would be due to volatile Mo species at high temperatures. The evaporation of a
Mo species within the secondary oxide phase would create large pores and pinholes,
producing a porous brittle structure. The evaporation of the Mo species would trigger
the fast outward diffusion of Fe and Mn producing a spinel phase [91]. The appearance
of the porous oxide was strikingly similar to the amorphous phase observed in 2Mn-1Si
and 2Mn-2Si which contains a spinel structure.
In summation the addition of 2Mn-1Mo effectively and assuredly reduced the oxide
thickness compared to other 2Mn-Mo additions. A critical volume of Mo was required
to significantly reduce the oxide thickness, approximated at 0.75Mo. An inverse rela-
tionship has been established, with the affirmation that oxide thickness was decreased
with an increase of Mn:Mo ratio. 0.5Mn-0.5Mo with a 1:1 ratio produced the small-
est oxide thickness. 2Mn-1Mo with a 2:1 ratio produced the second smallest oxide
thickness.

EBSD The quality of patterns for 2Mn-1Mo was relatively poor. The oxide was
brittle and difficult to prepare, making mapping arduous. The IPF map, shown in figure
36a, shows a lateral intra-granular fracture. There was no orientation preference for the
wustite or magnetite top layer however a relationship may once again be established
between the magnetite precipitates and the underlying wustite phase. No hematite top
layer was detected nor a magnetite seam.
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(a) Inverse pole figure-X map

(b) Phase map

Figure 36: Electron back-scatter diffraction IPF-X and phase map for RAP composition
2Mn-1Mo
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5.3.11 2Mn-1Si-0.25Mo

Figure 37: Through thickness oxide morphology for RAP composition 2Mn-1Si-
0.25Mo- A convoluted multi-phase oxide morphology displaying 4 distinct regions,
an internal oxidation zone with dendritic and precipitate internal oxides, an amorphous
and brittle oxide region, a porous magnetite and wustite section and a outer oxide layer

Morphology 2Mn-1Si-0.25Mo was the concluding RAP composition. The oxide
morphology displayed in figure 37, was considerably convoluted, with 4 very distinc-
tive regions, similar to those displayed in 2Mn-1Si and 2Mn-2Si. The 4 distinct regions
may once again be categorised as;

1. The upper magnetite region

2. The lower magnetite region

3. The amorphous region

4. The internal oxidation region

Region 1 was composed of equiaxed magnetite grains, forming a top layer 8.7µm
thick. The top layer was very compact with minimal defects. The small voids observed
were different compared to the distinctive inter-granular micro-voids observed in the
Mn-Mo additions, appearing sporadically.
Region 2 encompassed a significant proportion of the total oxide thickness, at approx-
imately 31µm. The oxide closely resembles that of region 2 in 2Mn-1Si. Islands of
retained wustite are present throughout the thickness of the region, surrounded by a
complex of large magnetite grains. Nonetheless, the islands of retained wustite were
more evenly dispersed compared to 2Mn-1Si and there was no large band of wustite
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present towards the base of the region. This suggest that there was less of a stoichiomet-
ric gradient through the magnetite phase, implying a more homogenous transformation
of the wustite phase. Another crucial difference was the appearance of micro-voids,
notably towards the top right of region 2. These micro-voids were only seen partially
in the base of region 2 in 2Mn-1Si and were not seen at all in 2Mn-2Si. Its postulated
that these intra-granular micro-voids have formed due to Mn inclusions. This would
suggest that the Mn within 2Mn-1Si and 2Mn-1Si was acutely more constrained and
tied up than within 2Mn-1Si-0.25Mo.
The amorphous phase within region 3 had an intricate and complex microstructure.
The thickness was moderately larger than that reported for 2Mn-2Si and 2Mn-1Si, at
approximately 13µm. The amorphous region appears to be a complex conglomerate
of spinel phases with a high volume of porosity. A dark and light spinel phase were
present, comparable to the ones viewed in 2Mn-2Si and 2Mn-1Si. However, an addi-
tional spinel phase with a lighter appearance was observed within 2Mn-1Si-0.25Mo.
The lighter contrast of the phase, with the use of BSE, suggests the lighter spinel incor-
porated the heavier Mo element (see Appendix 138).
Region 4 was composed of a layer of internal oxidation directly beneath the amorphous
region. The internal oxidation of 2Mn-1Si-0.25Mo was lower than that reported for
2Mn-2Si and 2Mn-1Si, at approximately 4.6µm and 6.3µm respectively. The internal
oxidation in region 4 contained film-like inter-granular and spherical intra-granular ox-
ides.
The oxide thickness was 51µm, a considerable reduction compared to 2Mn-1Si and
2Mn-0.25Mo which were 59µm 117µm respectively.
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5.3.12 Mn-Si Kinetics

Figure 38: Mass Gain Evolution for RAP compositions containing Mn-Si

Thermo-gravimetric Analysis Figure 38 displays the total mass gain as a function
of temperature for RAP samples containing Mn-Si. Throughout this thesis, the y-axis
on any figures for thermo-gravimetric analysis (TGA) will be referred to as (mg/cm2),
which stands for mass gain per unit area.
The thermogram allows for the calculation of the critical temperature of oxidation, de-
fined as the temperature at which oxidation of the sample begins [96]. The thermogram
for all 5 samples was split into two very distinct sections, with a nil segment and an ex-
ponential one. The onset of the exponential segment was distinguished by rapid weight
gain of the sample, occurring at the critical temperature of oxidation. All the samples
display parabolic behaviour, with the integral limitation of the oxidation kinetics due to
a diffusion process.
The total mass gain for all 5 compositions was relatively negligible for the first 500°C
then abruptly starts to increase for 0.5Mn at 510°C and 2Mn-0.5Si at 561°C. The in-
crease of mass was due to the formation of the wustite phase, which has a formation
temperature of 560°C. The rapid gain of weight for 0.5Mn at 510°C therefore implies
that the addition of 0.5Mn has lowered the wustite formation temperature causing rapid
weight gain at a lower critical temperature. 2Mn-0.5Si shows a steady weight gain until
it approaches 800°C where it aggressively starts to increase. This rapid increase could
be due to an increase in kinetic energy, which may enhance the rate of diffusion and/or
a phase transformation. 0.5Mn and 2Mn-0.5Si had a total weight gain of 6.39mg/cm2

and 5.12 mg/cm2 respectively. 0.5Mn had both the biggest weight gain and the greatest
oxide thickness among the five samples, with 2Mn-0.5Si having the second largest.
As expected, the addition of Mn and Si, in the correct additions, has drastically en-
hanced oxidation resistance. 2Mn, 2Mn-1Si and 2Mn-2Si remained impervious to ox-
idation for an additional 200°C with only negligible oxidation observed until 700°C.
The critical oxidation temperatures were 758°C, 813°C and 790°C for 2Mn, 2Mn-1Si
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and 2Mn-2Si respectively. This was in concurrence with a drastic decrease of the total
mass gain. Thus, an inverse trend can be established whereby an increase of critical
temperature results in a decrease of mass gained.

(a) Temperature weight gain chart per increment of temperature bar chart

(b) Mass gain per increment of temperature (mg/cm2)

Figure 39: Weight gain for RAP compositions Mn-Si, displaying weight gain for each
individual increment of temperature

Mass Gain The total weight gained per increment of temperature, for the Mn-Si RAP
samples, are displayed in figure 39. Mass gain was the greatest for all samples between
900-950°C, with the exception of 2Mn-1Si in which 850-900°C saw the largest mass
gain. The 900-950°C temperature band saw double the mass gain compared to the 850-
900°C band for Samples 2Mn, 2Mn-0.5Si and 2Mn-2Si. Both 2Mn-1Si and 2Mn-2Si
only saw negligible weight gain until the 850-900°C temperature band.
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5.3.13 Mn-Mo Kinetics

Figure 40: Mass Gain Evolution for RAP compositions containing Mn-Mo

Thermo-gravimetric Analysis Figure 40 displays the total mass gain as a function
of temperature for RAP samples containing Mn-Mo. Throughout this thesis, the y-axis
on any figures for thermo-gravimetric analysis (TGA) will be referred to as (mg/cm2),
which stands for mass gain per unit area. All the samples display parabolic behaviour,
with the integral limitation of the oxidation kinetics due to a diffusion process.
The mass gain curves of the 2Mn-xMo compositions are all very similar in appearance
however 2Mn-0.75Mo and 2Mn-1Mo had a higher critical temperature of oxidation.
The addition of Mo above 0.75wt.% was found to drastically increase the critical tem-
perature of oxidation from 586°C to 719°C for 2Mn-0.5Mo and 2Mn-0.75Mo respec-
tively. The total mass gain was also halved for 2Mn-0.75Mo.
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Figure 41: Weight gain for RAP compositions Mn-Mo, displaying weight gain for each
individual increment of temperature

Mass Gain The total weight gained per increment of temperature, for the Mn-Mo
RAP samples, are displayed in figure 41. The Mo additions experienced exponential
gain between 900-950°C, often more than doubling in mass gain. The increased mass
gain between this period was likely due to the increased ease of lattice diffusion with
the increase of temperature.
2Mn-0.25Mo appears to be an anomaly displaying a peculiarly low weight gain al-
though the oxide thickness was extremely large. The average thickness of the oxide
was 117.16µm, the third highest, and far thicker than 2Mn-0.75Mo which displayed a
similar mass gain. Possible explanations are an extremely high porosity resulting in
a low-density oxide. Although the oxide contained porosity it was not thought to be
of great enough volume to account for the exceptionally low mass gain. Its therefore
conjectured that oxide predominantly grew during cooling once it was removed from
the furnace.
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5.3.14 Summary

Figure 42: Mass gain as a function of temperature after continuous heating for 5 mins

Rate of Oxidation The TGA curve for the 11 RAP compositions investigated are dis-
played above; with the total mass gain operating as a function of temperature. Through-
out this thesis, the y-axis on any figures for thermo-gravimetric analysis (TGA) will be
referred to as (mg/cm2), which stands for mass gain per unit area. The thermogram can
help ascertain the influence of an alloying element on the thermodynamic and kinetic
properties of the alloy. The critical temperature of oxidation was once again defined as;
the temperature at which oxidation of the sample begins with a transition from a nil to
an exponential segment.
The total mass gain for the 11 samples was negligible for the first 500°C then abruptly
started to increase for 0.5Mn and 2Mn-0.5Si as previously discussed. The critical
temperature of oxidation was also relatively low for 0.5Mn-0.5Mo and 2Mn-0.5Mo
at 561°C and 587°C respectively. The mass for 0.5Mn-0.5Mo differs from the other
compositions with a staggered oxidation curve. After a small initial volume of mass
gain, the curve plateaus, holding just below 0.2mg/cm2 until 720°C. The sample once
again gains weight between 720°C -780°C, then plateaus until 860°C whereafter the
trend continues. One possibility to explain this phenomenon was break-away; the com-
position was found to be extremely porous and brittle, its plausible that the oxide may
have fractured/ broken away in sections allowing for rapid oxidation until a passive
layer was reformed. Another plausibility could be due to an increase in kinetic energy,
which may enhance the rate of diffusion and/or a phase transformation. Despite the
early onset of external oxidation in 0.5Mn-0.5Mo, due to the low critical temperature
of oxidation, the mass gain was still considerably less than that of 0.5Mn and 0.5Mn-
0.5Si.
The final RAP composition, 2Mn-1Si-0.25Mo had the lowest weight gain of 0.41mg/cm2

and the highest critical temperature of oxidation at 864°C. This further supports the in-
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verse trend identified in figure 38 whereby an increase in the critical temperature of
oxidation results in a decrease of total mass gained.

Figure 43: Temperature weight gain per increment of temperature

Mass Gain The total mass gain per increment of temperature was displayed in figure
43. Mass gain was the greatest for all samples between 900-950°C apart from 2Mn-
1Si. The mass gain for Si additions above 1wt.% was negligible between 0-800°C, with
sizeable mass gain not observed until 850-900°C.
2Mn-1Si-0.25Mo experienced the lowest total mass gain, with a relatively thin and
adherent oxide. Although 2Mn-1Si-0.25Mo had the lowest mass gain it was not the
thinnest. Thus, the results of the TGA weight gain should not be considered in isola-
tion. The oxide was extremely porous, principally within the amorphous region. The
high volumes of porosity would of formed a low-density oxide, accounting for the low
mass gain and relatively thick oxide. 2Mn-2Si was the thinnest oxide but had a mass
gain over 2x larger than 2Mn-1Si-0.25Mo. The higher mass gain of 2Mn-2Si may be
due to the greater depth and density of the internal oxide region, which would have
resulted in mass gain during formation and hindered external oxide growth. 2Mn-2Si
also had a lower volume of porosity compared to 2Mn-1Si-0.25Mo of 18% and 29%
respectively. 2Mn-1Si was of a similar thickness to 2Mn-1Si-0.25Mo however had
a mass gain almost 3x greater. Similar to 2Mn-2Si, 2Mn-1Si had a lower volume of
porosity compared to 2Mn-1Si-0.25Mo at 15% and a thicker band of internal oxidation.
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Figure 44: Samples after heat treatment and air cooling

Topography Post heat-treated samples are shown in figure 44. 2Mn underwent se-
vere blistering with large blisters observed across the surface. An industrial standpoint
would deem the topography of 2Mn to be extremely unfavourable, with the blister
potentially resulting in rolled in defects. The formation of blister will be discussed
comprehensively in chapter 7. Both 0.5Mn-0.5Mo and 2Mn-0.25Mo also blistered in a
number of regions, however to a much smaller extent than 2Mn.
The increasing additions of Mo produced an increasingly brittle oxide with low me-
chanical stability. 2Mn-0.75Mo was observed to fracture in multiple places with 2Mn-
1Mo experiencing the greatest area of failure with much of the oxide removed exposing
the underlying metal. The additions of Si above 1wt.% produced very adherent oxides.

Morphology and Thickness The oxide thickness for the RAP compositions were
scaled to size and displayed in figure 45. BSE images were used to represent the dif-
ferences in oxide morphology. The graph illustrates the stark contrast between the
developed oxide morphology for each composition. The additions of Si above 1wt.%
produced convoluted and intricate oxide morphology’s whilst the Mn and Mo additions
produced a relatively simple and quintessential iron oxide. The increasing Mo additions
drastically reduced the oxide thickness from 117µm to 45µm and substantially raised
the critical temperature of oxidation, shown in table 7. The thickness of the magnetite
top layer did not experience any considerable modifications and no internal oxidation
was observed.
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An internal oxide region approximately 6µm in thickness was observed for 2Mn-1Si
and 2Mn-2Si, however their morphologies and density of oxidation differed. Both pro-
duced internal oxides containing intra-granular and inter-granular oxidation. 2Mn-2Si
produced a greater density of spherical intra-granular oxides and extremely fine per-
turbed intra-granular oxides. The extremely fine dendritic structure was conjectured to
be the growth front of the oxide.

Oxide Thickness
(µm)

Magnetite Top Layer
(µm)

Internal Oxide
Depth (µm)

Weight Gain
0-950°C (mg/cm2)

Critical Temperature
(°C)

0.5Mn 148.2 11.3 0.0 10.0 510.0
2Mn 44.8 5.0 1.0 3.6 758.0
2Mn-0.5Si 117.8 15.1 0.0 9.6 561.5
2Mn-1Si 59.4 9.2 6.4 2.2 813.5
2Mn-2Si 43.5 11.9 6.2 2.1 790.3
0.5Mn-0.5Mo 46.0 14.5 0.0 2.8 561.4
2Mn-0.25Mo 117.2 9.1 0.0 2.0 636.7
2Mn-0.5Mo 93.7 7.9 0.0 4.7 586.6
2Mn-0.75Mo 57.3 7.0 0.0 1.8 719.3
2Mn-1Mo 45.1 9.9 0.0 1.6 712.8
2Mn-1Si-0.25Mo 55.6 8.7 4.6 0.8 854.0

Table 7: Analysis of RAP samples
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Figure 45: Scaled images used to show oxide thickness
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5.4 Conclusions

RAP was used to investigate the formation of oxides associated with Mn, Si and Mo.
The oxide thickness was shown to vary significantly depending on the alloying addi-
tions, ranging from 45µm to 148µm. The addition of 2Mn-2Si formed the thinnest
external oxide and 0.5Mn formed the thickest external oxide. A pronounced magnetite
top layer was present for all samples ranging from 5µm to 15µm in thickness.

• TGA analysis showed an inverse relationship between oxide thickness and the
critical temperature of oxidation.

• 0.5Mn and 2Mn-0.5Si both exhibited external oxide layers over 100µm thick,
with moderately low critical oxidation temperatures of 510°C and 560°C respec-
tively.

• External oxide development was delayed in 2Mn-1Si-0.25Mo which exhibited
the highest critical oxidation temperature at 854°C resulting in a substantially
reduced oxide thickness of 56µm.

• Internal oxidation was observed within Si additions above 1wt.%, with a depth
of approximately 6µm when paired with Mn.

• No measurable internal oxidation was recorded for the Mn-Mo additions.

Manganese

• Mn was present within the wustite phase and magnetite phase of all samples,
often producing a negative stoichiometric gradient from the interface to outer
oxide layer.

• Sub-surface depletion of Mn was detected near the oxide/ metal interface for
10µm, with a similar phenomenon observed with the Si compositions.

Silicon

• The addition of Si produced a complex and intricate oxide composed of many re-
gions; however, a minimum fundamental addition of 1wt.% was requisite. Below
1wt.% it was found that an incomplete passivation layer was produced.

• The addition of 0.5Si in 2Mn-0.5Si was found to increase oxidation, seemingly
due to an incomplete passivation layer resulting in the selective dissolution of
Fe. The oxidation rate was drastically accelerated, and the critical temperature of
oxidation was lowered.

• The addition of 1Si in 2Mn-1Si raised the critical temperature of oxidation from
521°C to 813°C and dramatically reduced the oxide thickness. The resulting
scale was a complex porous oxide with 4 distinct regions:
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1. The upper magnetite region

2. The lower magnetite region

3. The amorphous region

4. The internal oxidation region

• The amorphous region was composed of 2 distinct spinel phases, with the lighter
spinel containing a lower volume of Si and the darker spinel containing a higher
volume.

• A transition was noted from light to dark spinel as the oxide/ metal interface was
approached. WDS analysis was used to highlight the stoichiometric gradient of
Si through the amorphous region.

• The addition of Si promoted porosity in the external oxide, decreasing the density
of the scale. Thus, the results of TGA weight gain should not be considered in
isolation.

Molybdenum

• Mo was combined with 2Mn in increasing additions from 0.25-1 wt%. An inverse
relationship was established whereby increased Mo content resulted in a decrease
of oxide thickness from 117µm to 45µm.

• Oxide thickness was also decreased with an increase of the Mn:Mo ratio; 0.5Mn-
0.5Mo had the highest ratio of 1:1 and produced the thinnest oxide. A higher
Mn:Mo ratio was also found to decrease the adherence of the oxide to the under-
lying substrate.

• A considerable raise in the critical temperature of oxidation was detected between
2Mn-0.5Mo and 2Mn-0.75Mo, rising from 586°C to 719°C. The significant in-
crease in critical temperature of oxidation was also accompanied by a decrease in
oxide thickness from 94µm to 45µm. Additions above 0.75Mo produced a def-
inite porous band of oxide at the scale/ metal interface, hindering the growth of
oxide.

• 2Mn-1Mo produced the most advantageous scale from an industrial standpoint.
The oxide was non-adherent and light, resulting in low yield loss, with a criti-
cal temperature of oxidation above 700°C. Furthermore, 2Mn-1Mo experienced
a depressed weight gain between 900-950°C; a key critical industrial working
temperature.

2Mn-1Mo produced the best oxide scale morphology from an industrial
standpoint of the 11 compositions examined.
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6 Oxidation of Industrial Steels

6.1 Introduction

The hot rolling of steels represents a crucial step to achieve a finished product of high
surface quality. The ever increasing demands to increase throughput and quality of ma-
terial produced by hot-strip mills has resulted in very specific regimes and scheduling
rules [97].
The phenomena of oxidation at high temperature was due to the thermodynamic in-
stability of a base metal or alloy. Under most conditions pure metals and alloys are
thermodynamically unstable. Thus, due to the high processing temperatures of hot-
strip mills oxidation was both inevitable and toilsome to govern.
Oxidation within hot-strip mills lowers the surface quality of strip products and may
result in numerous defects; producing cutbacks and potential customer rejections along
with possible customer litigations.
Tertiary scale produced prior to the finishing mill was of the utmost importance be-
cause of the severity of defects it may cause. Tertiary scale was at risk of fracture and
becoming embedded during rolling in the finishing mill resulting in rolled-in scale. The
mechanical behaviour of scale was still poorly understood [97].
Oxidation will occur because the atoms at the surface of a respective base metal have
fewer respective neighbours than those within the bulk of the metal matrix [6]. The
atoms at the surface of the metal are thence highly reactive and will react to produce a
more thermodynamically stable product. The reactant product will be unique for each
steel grade and composed of a multitude of phases.
Thus, in order to keep productivity and quality of a hot-strip mill as high as possible
its essential understand the effects of chemical composition, temperature and elapsed
time reaction on scale formation. Thermodynamic investigation of a number of key
industrial steel grades characterised by distinct chemical compositions was conducted
within this chapter in order to gain a better understanding of the kinetics and of the
reactant products formed. An increased emphasis of analysis was placed on DP800
due to its importance in industry and in-order to better understand the oxidation rates
observed.
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6.2 Experimental procedures

6.2.1 Steel compositions

This chapter endeavours to investigate various steel grades characterised by distinct
chemical compositions to discern the influence of composition on oxidation rates. No-
tably, these steel grades are known to suffer from detrimental defects resulting from
oxidation during processing at Tata Steel. Table 8 shows the compositions of the indus-
trial steel grades investigated within this chapter. All material was sourced and provided
by Tata Steel Europe.

C Si Mn Al Cr Typical use
Interstitial Free (IF) 0.004 0.019 0.1 0.004 - Drawability Applications
Low Carbon 0.047 0.019 0.230 0.036 - Low Cost Application
3812 0.150 0.100 0.860 0.036 0.028 Tinplate and Tubes
S63 0.080 0.150 1.140 0.026 0.370 High Strength Steel
DP800 Hyperform 0.155 0.440 2.032 0.589 0.028 Automotive
B32 0.003 3.200 0.200 0.900 - Electrical Steel

Table 8: Composition of steels grades investigated within this chapter (wt%)

6.2.2 TGA

Heat Treatments for IF, Low Carbon, 3812, S63 and B32 The heat treatments were
designed to discern how the industrial steel grades would kinetically perform at key
temperatures used in a conventional hot-strip mill for rolling. Each sample was sequen-
tially inserted into the furnace. To prevent oxidation, they were all purged with argon
and heated in an argon atmosphere. Once the target temperature was reached, the sam-
ples were held at that temperature under argon for 5 minutes. Following this, oxygen
was introduced into the furnace at a rate of 10 litres per minute. After a duration of 600
seconds, the samples were extracted from the furnace and allowed to cool in ambient
air. Temperatures investigated include 800°C, 900°C, 1000°C, 1100°C and 1200°C for
all compositions. S63 underwent additional testing at 1050°C, 950°C, 850°C, 700°C
and 500°C. B32 underwent additional testing at 1120°C, 1140°C, 1180°C and 1200°C
and was held for 700s to investigate the formation of fayalite.
One continuos heat treatment was conducted on interstitial free (IF) steel in order to
discern the critical temperature of oxidation and to serve as a comparison for the RAP
compositions investigated in chapter 5. The sample was inserted into the furnace and
subjected to continuous heating for 5 minutes and 30 seconds, with a heating rate of
3°C per second, reaching a maximum temperature of 950°C.
Sample geometry was 65mm x 25mm x 2mm for all samples. Due to the large number
of heat treatments and time constraints no repeats were conducted.

Heat Treatments for DP800 DP800 underwent more extensive testing compared to
the other industrial steel grades examined, owing to its significant industrial relevance
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and its critical role as a key ultra-advanced high-strength steel.
Several isothermal heat treatments were carried out on DP800 samples. To prevent
oxidation, all samples were flushed with argon and heated in an argon atmosphere.
Upon reaching the desired temperature, the samples were maintained at that tempera-
ture under argon for 5 minutes. Subsequently, oxygen was introduced into the furnace
at a flow rate of 10 litres per minute. After the specified duration, the samples were re-
moved from the furnace and air-cooled. Temperatures investigated at 5mins and 12mins
include 800°C, 900°C, 1000°C, 1100°C, and 1200°C. One pro-longed isothermal heat
treatment was conducted at 800°C for 2 hours.
One continuos heat treatment was conducted in order to discern the critical tempera-
ture of oxidation. The sample was inserted into the furnace and subjected to continuous
heating for 5 minutes and 30 seconds, with a heating rate of 3°C per second, reaching
a maximum temperature of 950°C.
For short oxidation tests lasting 10 seconds or less, the sample geometry size was
approximately 10mm x 10-20mm x 2mm. Temperatures investigated at 10s include
800°C, 850°C, 900°C, 950°C and 1000°C. All other heat treatments followed dimen-
sions of 10mm x 60mm x 2mm. Due to the large number of heat treatments and time
constraints no repeats were conducted.
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6.3 Results and Discussion

The results and discussion will be split into 2 sections for this chapter on industrial
grades of steel. Part 1 will discuss the results obtained using characterisation techniques
and part 2 will discuss the results obtained using TGA.

6.3.1 IF

(a) Oxide overview

(b) Magnetite precipitates and magnetite top
layer

(c) Porosity located at oxide-surface interface

Figure 46: Oxide morphology of IF steel

An interstitial free (IF) steel was heat treated and investigated in order to use as an
industrial standard reference due to its low alloying chemistry. The IF steel underwent
a continuous heat treatment for 5 minutes, with a heating rate of 3°C per second; the
same as the RAP samples. The oxide morphology of the post heat treated IF steel
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Wt%
Region Fe O

1 Oxide Top Band 72.6 27.4
2 Oxide Matrix Top 71.6 25.9
3 Oxide Matrix Bottom 74.5 25.5

Table 9: WDS point scan measurements on IF Steel

displayed in figure 46. The oxide was very simplistic, producing a thick adherent scale
consisting of 3 well established oxide layers. The sample was profoundly like that
of RAP sample 0.5Mn figure 5.3.1, which contained the lowest volume of alloying
additions from chapter 5. The oxide thickness was very consistent throughout and was
found to be around 141µm.
The IF steel contained significant porosity appearing in lateral bands towards the base of
the oxide and vertical intra-granular bands throughout the wustite phase. The formation
of these pores was discussed previously in 2Mn-0.5Mo figure 5.3.8, with the lateral
bands of porosity conjectured to form due to vacancy injection and the intra-granular
pores due to internal stresses. The average pore size was recorded at 0.117µm.
Magnetite precipitates were found consecutively distributed through the top 50 µm of
the wustite phase, averaging at 0.387µm in size. The observed precipitates in the IF
steel were on average smaller than the precipitates observed in 0.5Mn and less numer-
ous. Another distinction between the 2 was the magnetite seam. A clear and definite
magnetite seam was present throughout the 0.5Mn sample while the IF steel did not
contain one. As previously discussed in 2Mn-0.5Si figure 21, magnetite seams gener-
ally form after a gap develops between the steel substrate and outer oxide. The absence
of a magnetite seam in the IF steel may be attributed to the close adherence of the oxide
to the steel. Its conjectured the well adhered interface has resulted in an iron oxide rich
in cations; evidenced by the diminished presence of magnetite precipitates and lack of
a magnetite seam.
A distinct magnetite top layer was observed, as with all the RAP samples. The mag-
netite top layer was 7µm in thickness, substantially thinner than the RAP compositions
with an oxide thickness above 100µm. The WDS analysis confirms the presence of the
magnetite and wustite phases.
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Figure 47: Continuous heating curve of IF steel

The total mass gain as a function of temperature for the IF steel is displayed in figure
47. The critical temperature of oxidation was 518°C, slightly lower than the established
wustite temperature of formation of 560°C [98]. IF steel has a low addition of Mn at
0.1wt.%. MnO has been shown to stabilise the wustite phase, potentially lowering the
critical temperature of oxidation for wustite. This phenomena was also observed in
0.5Mn which had a critical temperature of oxidation of 516°C [79]. The total weight
gain at 950°C was 8.4mg/cm2.
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6.3.2 DP800

DP800 A number of isothermal heat treatments were conducted to deduce the oxide
formation of a dual phase steel. The samples produced an exceptionally low rate of
oxidation. The morphology and topography of the samples was investigated.

Figure 48: DP800 samples after heat treatment and air cooling

Topography of heat treated samples Post heat treated samples are shown in figure
48. At higher temperatures breakaway of the oxide was observed. Above 1000°C the
oxide began to blister severely and spallation of the surface occurred. The lifetime of
the oxide at 1000°C was extremely short with failure noted from heat treatments as
short as 10s. An industrial standpoint would deem the topography of the surface at
1000°C to be unfavourable due to the risk of rolled in scale. At 800°C the scale was
smooth and adherent providing an optimal surface for rolling even after 2hrs of heating.
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6.3.3 DP800 10s

(a) Oxide morphology at 800°C after 10s (b) Oxide morphology at 850°C after 10s

(c) Oxide morphology at 950°C after 10s- Blis-
ter

(d) Highlight of oxide morphology at 950°C af-
ter 10s showcasing IOZ

(e) Highlight of oxide morphology at 1000°C
after 10

(f) Highlight of oxide morphology at 1000°C
after 10s showcasing IOZ

Figure 49: Oxide morphology of DP800 after 10s

A number of DP800 samples were heat treated under isothermal conditions for 10secs
at varying temperatures. Samples were ground and polished prior to heat treatment to
remove any pre-existing oxides. External and internal oxidation was apparent within
all heat-treated samples; evident within figure 49.
The sample oxidised at 800°C produced a moderately thin and continuous external
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Figure 50: EDS scan conducted on blister formed on DP800 at 1000°C for 10s

oxide of 1µm (see Appendix 139). The external oxide thickness was recognised to
increase with temperatures to 1.5µm at 850°C, 2.6µm at 900°C, 3.0µm at 950°C and
26.4µm at 1000°C (see Appendix 140). A summary of the oxide thickness was dis-
played in table 10.
The external oxides contained no magnetite precipitates and had little or no porosity.
At 950°C several blisters were observed through the oxide. The oxide morphology for
1000°C varied greatly compared to the lower temperatures and was markedly thicker.
The external oxide segregated into multiple regions splitting throughout the thickness
and creating blisters, shown in figure 50. The oxide was found to fracture and split
around a spinel phase that was not present at lower temperatures. Using EDS, the
spinel phase was predominantly found to be from Si and Al (see Appendix 141). The
spinel phase observed in figure 49f, tended to be located at the interface between the ex-
ternal oxide and the internal oxide. Its conjectured that this spinel phase was previously
internal oxidation that grew and was dragged by the moving interface [99].

Figure 51: Internal oxidation depth measurements for DP800 after 10s heating pro-
duced using image J

Internal oxidation was detected within all of the heat-treated samples. At 800°C the
depth of internal oxidation was more than twice the thickness of the external oxide. The
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internal oxidation permeated the substrate deepest along the grain boundaries, forming
a film like inter-granular oxide, visible in figure 51. A lateral band of spherical intra-
granular oxides were present close to the interface but did not penetrate the subsurface
as far as the inter-granular oxidation at the grain boundaries. This phenomenon may be
explained due to the increased ease of diffusion at grain boundaries. The oxygen may
travel faster along these grain boundaries resulting in a greater concentration of solute
oxygen further into the alloy.
At 850°C the oxidation also permeated the substrate deepest along the grain boundaries.
The average depth of internal oxidation was twice that of 800°C at 5.6µm compared to
2.7µm. The external oxide was also thicker at 850°C but not by a substantial amount.
At 900°C and 950°C the oxide shifted to more of a globular morphology and increased
in permeation depth to 7µm and 7.2µm respectively. The largest oxides were noted at
the grain boundaries however intra-granular oxides were also present throughout the
thickness of the IOZ.
The oxide morphology shifted again at 1000°C to an almost completely spherical mor-
phology with a considerably reduced permeation depth of 1.73µm. In contrast the exter-
nal oxide was staggeringly thicker at 26.4µm; almost 10 times more than 950°C which
had a thickness of 2.95µm.

Temperature
(°C)

Oxide Thickness
(µm)

Internal Oxidation
Depth (µm)

10s

800 1.01 2.72
850 1.52 5.63
900 2.64 7.02
950 2.95 7.22
1000 26.42 1.73

Table 10: Oxide thickness measurements for DP800 samples heat treated for 10s

6.3.4 DP800 5mins

Figure 52: Internal oxidation depth measurements for DP800 after 5mins heating pro-
duced using image J

Internal oxidation was observed for all the DP800 samples heat-treated for 5 minutes.
The internal oxidation was coarser and on average permeated deeper into the substrate
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than that of the previous 10 second heat-treated samples. Correspondingly, the external
oxide was significantly thicker at 5 minutes, increasing from 1µm to 9.7µm for 800°C,
2.64µm to 11.5µm for 900°C and 26.4µm to 41.5µm for 1000°C. A summary of the
oxide thickness was displayed in table 11.
The increase in external oxide thickness was significantly greater than the increase in
internal oxidation. This was in agreement with Wagners [100] proposal that a criti-
cal volume fraction of internal precipitates will govern the transition from internal to
external oxidation and internal oxidation will reach a maximum penetration depth.
During the initial stages of linear growth oxygen diffusion was the key driving factor.
Internal precipitates will rapidly start to form and eventually begin to inhibit the inward
diffusion of oxygen [101]. Nuclei will then start to coalesce and grow laterally forming
a dense layer of oxide [99]. This effect was observed for 800°C at 10 seconds, where the
internal precipitates at the interface can be seen to form sideways with some coalescing.
Deeper into the IOZ, oxidation only follows the grain boundaries. Once the critical
volume fraction of precipitation occurs, oxygen diffusion becomes blocked and scale
formation will transition almost entirely to external. Internal oxidation will reach a
maximum permeation depth due to the decrease of solute oxygen with the increasing
depth of the IOZ. Thus, the driving force for oxide precipitation at the internal reaction
front will decrease with depth into the IOZ [47]. At 800°C for 5 minutes the internal
oxidation was extremely coarse, and the external oxide moderately thicker affirming
Wagner’s proposal.
The IOZ behaved differently for 1000°C at both 10 seconds and 5 minutes compared to
the lower temperatures investigated. The IOZ and precipitates were smaller than those
of 900°C and 800°C. It was inferred that the higher temperature resulted in an increase
ease of diffusion for both anions and cations. The result was a thinner but thicker lateral
band of internal precipitates, shown in figure 52.

(a) Small blister produced after heating at
900°C 5mins

(b) detachment of oxide scale after heating at
1000°C 5mins

Figure 53: Internal oxidation zone of DP800 after heating for 5mins
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Time Temperature
(°C)

Oxide Thickness
(µm)

Internal Oxidation
Depth (µm)

5min
800 9.70 6.41
900 11.53 7.72
1000 41.50 2.28

Table 11: Oxidation thickness measurements for DP800 samples heat treated for 5mins

6.3.5 DP800 1200°C for 12mins

The oxide morphology for a DP800 sample, isothermally heat treated at 1200°C for
12 minutes, was displayed in figure 54. The subsequent oxide was an extraordinarily
intricate and complex multi-phase scale. Due to the profoundly convoluted nature of
the oxide will be categorised into 4 distinctive regions. The 4 regions will now be
categorised as;

1. Upper External Oxide

2. Lower External Oxide

3. Interface

4. Internal Oxidation Zone (IOZ)

The upper external oxide includes the outer magnetite layer and the adjacent wustite
with small magnetite precipitates, shown in figure 54c. The lower external oxide was
the area below figure 54c. The thickness of the oxide greatly surpassed all other DP800
samples, averaging at 331µm, a catastrophic volume of oxidation.
In region 1 the outer magnetite layer was approximately 120µm, with an increased
thickness towards less adherent areas. An additional outer oxide layer, supposed to be
hematite due to the dark contrast in the BSE image, was measured at 24µm. The mag-
netite precipitates within the wustite zone varied in morphology and size. The larger
precipitates had a flower like formation and the smaller precipitates a classic square
face. The larger precipitates are likely the result of localised nucleation through the de-
composition of wustite during the cooling process [102]. The large precipitates formed
roughly 30µm below the magnetite top layer favouring, higher growth rates and lower
nucleation rates. The flower like precipitate in the centre of figure 54c has a number of
dendritic arms growing outwards into the wustite. The oxidation temperature was be-
low that of the liquidus temperature suggesting the dendritic morphology of this larger
precipitate was a solid-state transformation [26]. The similar cubic crystal structures
of wustite and magnetite would result in low inter-facial energies and fast kinetics,
ensuring a smooth interface. Thus, the solute diffusion of the magnetite from the su-
persaturated wustite would produce a precipitate shape similar to that of the dendrites
found in solidification [103].
Region 2 was a complex amalgamation of many phases. Fayalite was observed through-
out the region and was often encompassed by magnetite. Fayalite would have been
liquid at the oxidation temperature of 1200°C; liquid fayalite phase was evident at the
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metal/ scale interface and travelled upwards through the external oxide towards the
outer environment. Due to the encompassing magnetite surrounding the fayalite phase,
its presumed that during the liquidus stage the fayalite acted as an oxygen highway,
rapidly enriching the surrounding oxide and helping form the large magnetite islands
observed within the lower external region. Figure 54c shows further evidence of this
phenomena in the bottom right hand corner of the BSE image; with dendritic magnetite
growing outwards into the wustite from the fayalite phase.
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(a) Through thickness oxide morphology (b) Lower external oxide

(c) Upper external oxide

(d) Multiphase region (e) Interface and IOZ

Figure 54: Oxide morphology of DP800 steel after heating for 12mins at 1200°C- Thick
convoluted oxide containing multiple oxide phases
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Figure 55: EDS map conducted on the internal oxidation zone of DP800 after heating
at 1200°C for 12mins
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Figure 56: EDS map conducted on DP800 interface region between oxide and substrate
after heating at 1200°C for 12mins

Region 3 was a convoluted formation of many different oxides. The interface was an
extremely brittle region with the external oxide shearing off and becoming completely
in-adherent throughout most of the sample. The brittleness within this region was at-
tributed to the formation of oxides with Al. The EDS and WDS measurements in
figures 56 55, show the presence of Al throughout the interface, notably in the darker
oxide and internal oxide precipitates. The presence of Al was not detected at any dis-
cernable levels within the external scale.
A complex eutectic was formed between the fayalite and Al rich oxide, with the Al
rich oxide producing a dendritic structure within the liquid fayalite background matrix.
Its conjectured that the formation of the eutectic phase resulted in large in-coherencies
between the eutectic and the surrounding the oxides. The large in-coherencies resulted
in break away and mechanical failure of the oxide scale. The EDS maps show regions
of entrapped iron completely encompassed by the surrounding oxides. The regions
of entrapped iron were surrounded by both magnetite and the fayalite eutectic. The
remaining oxide attached to the substrate was patchy and approximately 6µm in thick-
ness.
An internal oxidation zone formed beneath the inter-facial region. The depth of internal
oxidation was substantially greater in comparison to that of the DP800 samples oxidised
at lower temperatures. The morphology of the internal oxide precipitates was closely
related to that of the samples oxidised at 1000°C.
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(a) WDS reference image for points 1-13

(b) WDS reference image for points 12-22

(c) WDS point scan measurements

Figure 57: WDS analysis conduced on DP800 heated at 1200°C for 12mins (High-
lighted cells EDS)

At temperatures examined below 1000°C oxidation was primarily inter-granular, how-
ever above this threshold it transitioned to intra-granular. The internal oxide precipi-
tates were smaller at higher temperature, favouring higher nucleation rates with lower
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growth rates. The more uniform dispersion and size at high temperature was probably
a result of the increased flux of anions. At high temperatures the entropy of the system
was increased, and both the anions and cations may move with increased freedom. This
was due to heightened kinetic energy and thus transport of ions was not solely limited
to areas of high inter-facial energy such as grain boundaries. WDS and EDS analysis
show that the internal oxide precipitates are primarily a mixture of Mn and Al oxides.
In figure 57, WDS spectra 1-7 prove that region 1, the upper external oxide, was entirely
composed of iron oxides. Spectra 8 and 11 show the presence of fayalite within the
lower external oxide, primarily alongside magnetite. The compositional structure of
the fayalite was (Fe 1-x, Mnx)2SiO4.
Spectra 17-20 were used to identify the different compositions of the internal oxide
precipitates. The BSE image in figure 57b shows 3 different internal oxide precipitates;
darker, lighter and a combination of the two. The darker precipitates in spectra 17 and
18 were primarily found deepest into the substrate and contained a large wt% of Al
and Mn. The lighter precipitates were observed closest towards the inter-facial region
primarily towards the fayalite. It was assumed that the precipitates close to the interface
were depleted of Al, Si and Mn due to the formation of richer phases, such as fayalite
depleting the local area. Spectra 19 and 20 highlight this phenomenon, where spectra
19, closest to the eutectic fayalite phase, was reduced but spectra 20 still contained a
large wt% of Al. The result was a number of fully depleted internal oxide precipitates
and some partially depleted precipitates.
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6.3.6 DP800 800°C 2hrs

The morphology of a DP800 sample oxidised at 800 for 2hrs was displayed in figure
58. Even with an extended period of oxidation the scale was substantially thinner than
that of the sample oxidised at 1200°C for 12mins at 22.41µm and 331.3µm respectively.
The internal oxidation was primarily focused along the grain boundaries similar to that
of the previous samples oxidised at 800°C for 10s and 5mins. The lower half of the
external oxide has seemingly coarsened, producing a porous amorphous structure.
WDS spectra 6 and 7 in figure 59 indicated the presence of Si, Al and Mn within the
amorphous region. The amorphous region darkened as it approached the metal/ scale
interface, illustrating an increase in Si, Al and Mn content. Several lateral cracks were
observed within the darkened amorphous region rich in Si.
The WDS results indicated that the top region of the external oxide was entirely com-
posed of magnetite. The grains also appeared equiaxed and relatively even in size
compared to the frequently observed columnar wustite grains. This indicates that oxide
growth was hindered.

Figure 58: Oxide morphology after heat treating for 2hrs at 800°C
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(a) WDS point scan reference image

(b) WDS point scan measurements

Figure 59: WDS analysis conducted on DP800 heated at 800°C for 2hrs (Highlighted
cells EDS)
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6.3.7 DP800 TGA

Figure 60: Mass gain curve of DP800 steel at 800°C, 900°C, 1000°C, 1100°C, 1200°C

Figure 60 illustrates the results obtained in thermogravimetric analysis (TGA) for DP800.
Samples were oxidised over a temperature range of 700-1200°C for 600s. The rate of
oxidation can clearly be observed to increase with increases of temperature. At higher
temperatures the first stage of oxidation was characterised by a distinct linear regime
whereby the growth was directly proportional to time. The limiting constituent within
a linear regime was the reaction rate, which may be defined by the amount of oxygen
delivered at the outer scale surface in unit time [62]. At 1100°C and 1200°C the linear
regime was distinctly pronounced before a second stage of oxidation occurred with a
transition to a parabolic regime. As the oxide growth transitions to a second stage of
oxidation with a parabolic regime, the limiting constituent will become the diffusion
of cations through the oxide layer. The diffusion of cations will become increasingly
hindered as the oxide thickness increases. The oxidation below 1000°C was almost
non-existent. The lack of oxidation below this temperature was conjectured to be due
to the presence of internal oxide precipitates at the metal scale interface [104]. This
was in agreement with the reduced oxide thickness’s observed below 1000°C at both
10s and 5mins in figure 52. The increase in oxidation rate at 1000°C and above was
surmised to be a result of the decreased internal oxidation depth, allowing for an in-
crease in oxide thickness and weight gain.
The weight gain at 1200°C was almost five times greater than that of 1100°C, at
24.5mg/cm2 and 4.58mg/cm2 respectively. The substantially enhanced weight gain at
1200°C was thought to be due to a complete transition from a solid to a liquid fayalite
phase, allowing for rapid oxidation.
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6.3.8 Low Carbon TGA

Figure 61: Mass gain of Low C steel at 800°C, 900°C, 1000°C, 1100°C, 1200°C

The effect of temperature on oxidation for a low carbon steel was investigated due
to its broad range of applications. Low carbon steels are commonly used for various
reasons: they offer excellent weldability, enhanced machinability, high ductility, cost-
effectiveness, and in certain environments, they provide better resistance to corrosion
due to their reduced carbon content [105].
The TGA results for the low C steel differed remarkably to that of the DP800. The
results displayed in figure 61, show a 2 stage oxide growth behaviour, similar to that of
the DP800 at 1100°C and 1200°C. The weight gain even at 1200°C for the low C steel
was still substantially greater than the DP800 sample at 35.1 mg/cm2 and 24.5 mg/cm2
respectively. Thus even with the liquid fayalite phase enhancing oxidation of the DP
steel the low alloying additions within the low C steel allowed for greater movement of
cations and a greater rate of reaction. The DP800 steel wholly outperformed the low C
steel.
At the lower temperatures of 800°C and 900°C the oxide transitions from stage one
linear to stage 2 parabolic behaviour almost immediately, in approximately 10seconds.
The parabolic regime quickly tailed off, with a substantially lower weight gain per unit
of time in comparison to the linear regime; this phenomenon was consistent across
all temperatures. The linear regime was significantly extended at higher temperatures,
estimated at 70s, 100s and 140s for 1000°C, 1100°C and 1200°C respectively.
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6.3.9 3812

Figure 62: Mass gain curve of 3812 at 800°C, 900°C, 1000°C, 1100°C, 1200°C

The mass gain per unit surface for the 3812 steel grade is reported in figure 62. This
steel grade is specifically chosen for its relevance in various industries, including pack-
aging, construction, and automotive sectors. With its corrosion-resistant properties and
versatility, it serves as a benchmark for understanding oxidation behaviour in practical
applications [105]. The TGA results appear very similar to that of the low C results,
with a 2 stage oxide growth. The linear behaviour in stage one at 800°C and 900°C was
very short and not distinctly pronounced, similar to that of the low C steel. Nonetheless
the weight gain of 3812 at 800°C and 900°C was significantly lower than that of the
low C steel at 2.07 mg/cm2 and 5.97 mg/cm2, compared to 3.56 mg/cm2 and 10.38
mg/cm2 respectively.
The largest volume of weight gain for 3812 was observed between 800°C and 900°C,
with an increase greater than 2.5x in mass. The volume increase of mass gained be-
tween temperatures decreased linearly with increases in temperature; meaning that the
mass gain difference between 1100-1200°C was less than the volume gain between
1000-1100°C.
The 3812 steel performed well and had the second lowest mass gain of all of the steel
grades at 1200°C. The samples did experience significant detachment of the oxide scale,
thought to be due to the higher C content of the steel. This will be discussed in chapter
7, when discussing blister formation mechanisms.
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6.3.10 S63

Figure 63: Mass gain curve of S63 at 500°C, 700°C, 800°C, 850°C, 900°C, 950°C,
1000°C, 1050°C, 1100°C, 1200°C

The weight gain for the high strength steel (HSS) grade S63 was shown in figure 63.
The samples displayed a typical 2 stage oxide growth with both linear and parabolic
behaviour. In stage one, at temperatures below 950°C, the period of linear oxidation
was short, akin to that of the low C steel and 3812. At 500°C the sample was almost
completely devoid of any mass gain, due to the low kinetic energy. At 700°C oxidation
did occur; however the rate of reaction was extremely slow and only a small amount of
mass was gained by 500s.
At higher temperatures the linear oxidation period was extended. At 1100°C the total
mass gained at 500s was 21.89mg/cm2, higher than that of both 3812 and DP800. At
1100°C the transition to parabolic behaviour was very sharp with an almost immediate
change at 80s, however at 1050°C the transition occurs gradually over a period and the
total mass gained was far higher.
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6.3.11 B32

(a) Mass gain curve for B32 scaled up

(b) Mass gain curve for B32 at 1200°C and 1100°C

Figure 64: Mass gain curves for B32

The TGA results for the high silicon steel are displayed in figure 64. This high Si
steel grade, commonly known as B32 steel grade, exhibits unique behavior compared
to other steel grades. Specifically engineered for applications requiring magnetic prop-
erties, such as in electrical transformers and motors, high silicon steels like B32 are
designed to minimise energy loss through eddy currents. Therefore, understanding
their oxidation behavior is crucial for ensuring long-term performance and reliability
in electrical applications [23].
Figure 64a will be used to discuss temperatures below 1100°C and figure 64b to dis-
cuss the results for 1200°C. At the lower temperatures of 1000°C, 900°C and 800°C
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the onset of oxidation was delayed, due to a passivation period. The total volume of
oxidation was extremely low and the mass gain was under 0.5 mg/cm2. The passivation
period was due to the formation of a passivation layer, composed of a thin adherent sil-
ica layer. The thin silica layer hindered the diffusion of iron ions, limiting the reaction
rate and preventing an early onset of oxidation. A similar phenomena was observed for
the DP800 TGA results, with oxidation suppressed below 1100°C due to the formation
of internal oxide precipitates. Nonetheless the effect of the passivation layer was far
more prominent for B32 because of the increased Si and Al content.
The effect of the passivation layer was absent after 1100°C, due to the transformation
of the fayalite phase from a solid to a liquid. The author conjectures that this liquid
fayalite phase rapidly increased the ease of diffusion for cations; expeditiously advanc-
ing the formation of the external and internal oxidation. The external oxide repeatedly
consumed the internal oxide, resulting in the microstructure containing liquid fayalite
dispersed intermittently throughout the external oxide. This was observed within the
DP800 microstructure and was further discussed for B32 steel in chapter 7.

Figure 65: Mass gain curves for B32 above 1120°C

The TGA results for B32, close to the liquid fayalite temperature reported in literature
[106] [107], are shown in figure 65. The mass gain and rate of oxidation was lowest
at 1140°C but was still inordinately more than temperatures at 1100°C and lower. The
weight gain at 1000°C for 500s was only 0.88 mg/cm2 and for 1140°C 40.37 mg/cm2.
This incredible difference highlights how considerable the increase in oxidation was
once the liquid fayalite temperature was approached. There was a large amount of noise
recorded for 1120°C however it had decidedly the greatest mass gain of any samples
examined at 104.91 mg/cm2 for 500s. The noise may conceivably be due to localised
regions of failure within the sample, resulting in breakaway of the oxide and exposing
a fresh underlying surface.
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6.3.12 Comparison of Industrial Steel Grades

Figure 66: Comparison of the mass gain at 500s for DP800, LC, 3812, S63 and B32 at
800°C, 900°C, 1000°C, 1100°C and 1200°C

The Weight gain at 500s for each steel composition are plotted in figure 12. The steel
grades all displayed different oxidation rates and mass gain attributed to the difference
in chemistries. All alloying compositions displayed the largest mass gain and a rapidly
accelerated rate of oxidation at 1200°C.

800 900 1000 1100 1200
DP800 0.0 0.1 3.9 4.6 24.5
LC 3.6 10.4 19.2 32.0 35.1
3812 2.1 6.0 10.5 18.2 30.8
S63 1.5 4.3 15.6 21.9 36.8
B32 0.1 0.1 0.2 2.2 107.0

Table 12: Mass gain measurements at temperature for each steel grade

B32 and DP800 experienced the most prominent mass gain at 1200°C, especially when
considering the mass gain at lower temperatures. The low rates of oxidation at lower
temperatures were surmised to be due to the comparatively high alloying content of
the samples. The total alloying content was 4.3wt% and 3.1wt% with Si at 3.2wt%
and 0.44wt% for B32 and DP800 respectively. The passivation effect and depressed
oxidation rates at temperatures below 1200°C, was stronger for B32 due to the greater
Si content. It should be noted that the high Mn in DP800 would have also played
a crucial role in suppressing oxidation, however previous work in chapter 5 shows it
would not have as large an effect.
At 1200°C the effect of the passivation layer was negated, and oxidation was rapidly
accelerated due to the melting of the fayalite phase. The liquid fayalite was evident
in the BSE image in figure 67d with the darkest elemental contrast. Dendritic arms of
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FeO formed within the liquid fayalite phase. The liquid phase was clearly evident at the
metal/scale interface and travels all the way through the external scale towards the outer
surface. The mass gain for B32 at 1200°C was more than triple all other compositions,
including those with very low total alloying content. Thus Si not only stops providing
oxidation resistance at higher temperatures but may in fact expeditiously accelerate
oxidation.

(a) DP800 (b) 3812 (c) S63

(d) B32

Figure 67: Microstructure examples of steel compositions analysed using TGA -
a)DP800 1200°C for 12mins b) 3812 900°C for 5mins c) S63 900°C for 5mins d)
B32 high temperature sample

The DP800 had the lowest mass gain at 1200°C performing best out of all the com-
positions. In Figure 67d the microstructure of DP800 contains a conspicuous region
of internal oxidation. A high wt% of Mn and Al was found within the internal oxide
precipitates using WDS; figure57c, spectra 17 and 18. Al2O3 and MnO have a melt-
ing point of 2072°C and 1840°C respectively; significantly higher than that of fayalite
at 1200°C. Due to the high melting temperature of the internal oxide precipitates the
IOZ continued to provide resistance to cation movement at 1200°C reducing oxidation.
Figure 67b and 67c show no IOZ.
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6.4 Conclusions

A thermodynamic study of industrially pertinent steel grades was conducted in order to
understand the kinetics of reaction and the resulting product of formation. The compo-
sition of the steel was discovered to have a considerable impact on the rate of oxida-
tion. An emphasis was placed on the characterisation and analysis of DP800 in order
to understand the low rates of oxidation observed. Temperature was found to have an
extremely significant impact on the rate of oxidation and internal oxidation depth of
DP800.

DP800 Internal Oxidation

• Internal oxidation was present at 800°C-1000°C after isothermal heating for 10s.
950°C showed the greatest depth of internal oxidation at 7.22µm with the lowest
depth recorded for 1000°C at 1.73µm.

• A clear shift was noted in both morphology and thickness of the internal oxide at
1000°C to smaller more spherical precipitates. The morphology below 1000°C
was primarily inter-granular nucleating along grain boundaries however this tran-
sitioned to intra-granular at higher temperatures. The precipitates were also sub-
stantially smaller on average; supposedly favouring higher nucleation rates and
lower growth.

• The decrease in internal oxidation at 1000°C was coupled with the promotion
of a thick external oxide layer; almost 10 times larger than the other samples
investigated.

• Internal oxidation depth was marginally greater for 5mins compared to 10s. At
5mins the internal oxidation zone was far coarser and more consistent; 900°C
showed the greatest depth of internal oxidation with the lowest recorded at 1000°C.

• shows itnernal oxidation grows rapidly then doesnt develop much more

DP800 Oxide Morphology

• At 1200°C the DP steel showed an extremely thick and convoluted oxide mor-
phology composed of 4 distinct regions. The increased thickness and complexity
of the oxide scale was due to a liquid fayalite phase which rapidly enhanced
oxidation.

• At temperatures below 1200°C the external scale was composed of a brittle, pre-
dominantly magnetite oxide.

TGA

• LC, 3812 and S63 samples showed substantial oxidation at 900°C and above.
Oxidation curves displayed 2 step oxidation growth with a linear and parabolic
region. Oxidation rates increased with increases of temperature
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• DP800 showed no appreciable oxidation below 1000°C due to an internal ox-
ide layer limiting external oxidation growth. Between 1100-1200°C a massive
increase in the rate of oxidation was seen for DP800 due to liquid fayalite. Nev-
ertheless the total rate of oxidation was still substantially lower than the total
oxidation for the other 4 alloys. DP800 had the lowest total weight gain.

• B32 had the lowest mass gain at temperatures below 1100°C, however at 1200°C
it was triple that of all other samples investigated.

• High Si content will stop providing oxidation resistance at higher temperatures
and will then begin to expeditiously accelerate oxidation.
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7 External Oxidation Blistering

7.1 Introduction

Oxide scale growth is an inevitable byproduct of the high temperature processing of
steel. Blister is a phenomenon that occurs due to oxide growth, where high temperatures
result in the swelling of surface scale producing a bubble-like feature, shown in figure
68. Blisters can subsequently become embedded in the steel substrate during hot rolling
in the finishing mill. This rolled in scale defect causes havoc within industry, not only
with wear on machinery but loss of customer satisfaction, poor surface finish, loss of
material and profit.

Figure 68: Large complex blister observed on a high Si steel after heating at 1180°C
for 30s

Even though blister was a highly prevalent issue there is still much that is not known or
understood. The classic iron oxidation system is a complex multiphase system formed
of wustite, magnetite and hematite producing multi-layered scales. Each phase will
have independent properties such as thermal coefficients, growth rate and mechanical
properties. Furthermore, each additional alloying element will have different affinities
for oxygen and different mobilities in the oxide phases, so that oxide morphologies are
specific to alloy chemistry. Therefore, blister regimes can be unique to each steel grade
resulting in a diverse range of formation mechanisms [83] [53].
Blister has been reported to have both a nucleation and growth process where the scale
detaches from the substrate and blisters after a very short period. There was some
debate over the exact mechanisms of nucleation and growth of Blisters. Two main
mechanisms have formerly been proposed for blistering. One relating to growth stresses
and the other relating to formation of gases at the steel oxide interface [61] [108] [109]
[110] [62].
Matsuno related blister to an imbalance in adhesive forces, growth forces and the relief
of internal stresses during isothermal oxidation [58]. Pilling and Bedworth postulated
that stress within scale was a result of the volume dilatation of metal to its oxide [111]
[112]. The Pilling-Bedworth Ratio (PBR) considers the volume of metal consumed
and the volume of oxide formed. If the PBR > 1, the oxide was under compression and
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the metal in tension, and vice versa for PBR < 1. The iron oxidation system PBR >

1, therefore, during oxide growth, compressive stress was present in the scale. In this
situation, the compressive stress may form blisters if the critical value necessary to lift
the scale was reached [58]. The PBR will only give an indication of the sign and not
the magnitude of stress of the system.
Kondo has suggested that compressive stress was not a main factor for blister initiation.
It was reported that the pressure of the CO, CO2, and N2 gas generated at the interface
between the scale and matrix was sufficient to produce a blister. The outer hematite
layer helps to increase gas pressure due to its low permeability and porosity and thus,
creating a pressure build up large enough to detach the scale from the substrate [108].
Mechanical stresses, such as those reported by Robertson et al. [4] and Basabe [62] can
also result in scale detachment and blister formation. Its more likely that blistering was
a combination of these factors resulting in different formation mechanisms for various
alloy grades.
In both cases above, once nucleated the steel substrate exposed inside of the blister is
further oxidised in the reducing atmosphere of the blister. However, the atmosphere
within the blister was highly dependent upon the porosity of the blister crown and was
often unique to each steel grade due to variations in alloying chemistry. Each additional
alloying element will have different affinities for oxygen and different mobilities in the
oxide phases. Of particular interest are Si and Al that produce brittle complex internal
oxides and spinel structures [110].
This chapter 7 aims to determine the formation mechanism of blister for 3 industrial
steel grades. The effect of temperature and time on blister formation along with the
severity of the blister are of utmost importance.
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7.2 Experimental Procedure

7.2.1 Composition

Table 13 shows the compositions of the industrial steel grades investigated within this
chapter. Material was sourced and produced by Tata Steel Europe

C Si Mn Al Cr
3812 0.150 0.100 0.860 0.036 0.028
DP800 Hyperform 0.155 0.440 2.032 0.589 0.028
B32 0.003 3.200 0.200 0.900 -

Table 13: Composition of steels grades investigated within this chapter (wt%)

7.2.2 TGA

Blister Regime Heat Treatment for 3812 The oxidation tests were selected to sim-
ulate hot rolling conditions with a freshly descaled surface and the approximate for-
mation of secondary and tertiary scales in a finishing mill stand. Each sample was
sequentially inserted into the furnace. To prevent oxidation, they were all purged with
argon and heated in an argon atmosphere. Once the target temperature was reached,
the samples were held at that temperature under argon for 5 minutes. Following this,
oxygen was introduced into the furnace at a rate of 10 litres per minute. Times and tem-
peratures investigated include 4s at 900°C, 10s at 800°C, 900°C, 1000°C and 1100°C,
30s at 800°C, 900°C, 1000°C, 1100°C and 1200°C, 60s at 800°C, 900°C, 1000°C,
1100°C and 1200°C and 600s 800°C, 900°C, 1000°C, 1100°C and 1200°C. An image
was captured of the samples after they were immediately extracted from the furnace;
figure 69. The blisters appear as dark spots within figure 69 due to the detachment of
the oxide scale. Sample geometry was 65mm x 25mm x 2mm for all samples. Due to
the large number of heat treatments and time constraints no repeats were conducted.
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Figure 69: Samples by heat treatment and time after immediate removal from the fur-
nace

DP800 Several isothermal heat treatments were carried out on DP800 samples. To
prevent oxidation, all samples were flushed with argon and heated in an argon atmo-
sphere. Upon reaching the desired temperature, the samples were maintained at that
temperature under argon for 5 minutes. Subsequently, oxygen was introduced into the
furnace at a flow rate of 10 litres per minute. After the specified duration, the samples
were removed from the furnace and air-cooled. Temperatures investigated at 5mins
and 12mins include 800°C, 900°C, 1000°C, 1100°C, and 1200°C. Temperatures in-
vestigated at 10s include 800°C, 900°C and 1000°C. One pro-longed isothermal heat
treatment was conducted at 800°C for 2 hours.

B32 Blister heat treatments were conducted by V.Basabe on a 3.2wt.% electrical steel
[62]. A blister regime was then produced and samples were characterised in this thesis.

7.2.3 Characterisation

Focused Ion Beam (FIB) Milling A Carl Zeiss CrossBeam 550 FEG-SEM was
utilised for FIB-milling, a process that employs a focused ion beam to precisely mill
materials. This technique facilitated the creation of a cross-sectional view of a blis-
ter dome, allowing for in-depth analysis. Gallium ions were used for milling due to
their high ionisation energy and minimal damage to the sample. Following the milling
process, cross-sectional analysis was conducted, which involved examining the struc-
ture and composition of the sample in detail. Additionally, Energy Dispersive X-ray
Spectroscopy (EDS) examination was performed to further analyse the elemental com-
position of the sample. The detailed parameters utilised during these processes are
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meticulously documented in the figures presented throughout this chapter.
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7.3 Results and Discussions

7.3.1 3812

Modes of Blister Previously V.Basabe reported that there are two key modes of blis-
tering [62]. In Mode 1 it was ascertained that the stresses produced by oxide growth
would increase with increasing oxide thickness. Therefore, in Mode 1 the incubation
time for blister formation was shortened by increasing the temperature [62].
In Mode 2 increase in temperature would result in an oxide with high ductility and
high porosity. The high oxide ductility and/or porosity would accommodates for the
intrinsic stresses from oxide growth [62]. Thus, Mode 2 was the inverse of Mode 1
and incubation time was increased with temperature. Upon observation both of these
modes could be affiliated with the results produced from 3812.

(a) A model used to describe the two key
modes of blistering

(b) Blister regime for 3812 - Blisters produced upon heating

Figure 70: Blister time temperature graph for 3812
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Blister Regime The resulting blister regime after being heat treated for steel grade
3812 is depicted in figure 70. At temperatures below 1000°C blister was associated
with mode 1; above it was associated with mode 2. The nose of the blister curve was
found to at 10s for 900°C. Blister did not occur above 900°C for 10s, thus it was inferred
that the blister had shifted to mode 2 at 1000°C and thus a longer incubation time was
required. For the temperature 900°C, figure 69 shows the blisters were most severe
at 60s, with many of the blisters conglomerating together to form a larger detached
region. At 900°C for 600s the only one large blister formed towards the top of the
sample. Nonetheless upon cooling, many smaller blisters formed across the sample.
At 1000°C the formation of blisters was within mode 2, with the increase of temperature
resulting in greater ductility and longer incubation times. The blisters were highly
pronounced and distributed across the length of the sample. The blisters at 1000°C
were larger than those at 900°C, with a number of them amalgamating together. At
30s there was a greater presence of blisters towards the edges of the sample with some
very small blisters forming towards the centre of the sample. The blisters towards the
centre were far smaller and more spherical in shape. At 60s the blisters were more
uniform and evenly distributed across the sample, displaying a more random shape. It
was inferred that the smaller blisters towards the centre of the sample at 30s had only
just begun to nucleate and were juvenile in their development.
Blister was also present at 1100°C in mode 2, however only at 30s and 60s. Figure
69 shows that the blisters, similar to 1000°C had an increased prominence towards the
bottom edge of the sample, presumably due to the geometry of the sample. At 30s there
were many individual blisters with a number of them amalgamating together.
At 60s this effect became more pronounced, with the blisters presumably merging to
create one large in-adherent region at the bottom of the sample. At 600s there were no
discernable blisters upon removal from the furnace. It was conjectured that similar to
60s, the oxide had become detached from the substrate however due to the increased
heating time the effect was more pronounced and the entire oxide lifted away. The
oxide at 600s remained attached at the edges but fractured towards the top right hand
corner, exposing the surface beneath.
No blisters upon heating were detected at 1200°C, nevertheless upon cooling a multi-
tude of blisters were observed across the sample, similar to those observed at 900°C.
These blisters will be refereed to as blisters upon cooling and will be designated as
mode 3. This is a new and unreported phenomena and will be discussed later on in the
chapter.

Rebecca Dewfall 132



7 EXTERNAL OXIDATION BLISTERING 7.3 Results and Discussions

7.3.2 30s heating

Figure 71: Blister formed upon heating at 900°C for 30s

900°C Figure 71 shows the cross section of a large blister that formed during heating
at 900°C for 30s. The blister was 559µm across in diameter with a crown thickness
of approximately 16µm. This crown thickness was found to be consistent with other
blisters throughout the sample. The bulk of the oxide was 25-30µm thick and the oxide
beneath the blister was 3-4µm thick. The oxide beneath the blister appeared to be
composed of magnetite with some minor regions containing wustite. The BSE image
in figure 71 shows the lighter wustite phase closest to the substrate with the wustite
remaining very well adhered. The blister regime in figure 70b found that blister would
nucleate after 10s at 900°C.
It was postulated that after the initial blister nucleation the exposed steel surface within
the blister would then begin to oxidise. The blister would produce a reducing envi-
ronment [61], limiting the oxygen to the exposed surface and resulting in slow scale
growth of the exposed surface. The blister crown itself would be restricted in growth
after uplift, due to the increased distance required for cations to migrate.
The morphology of the blister crown was notably dissimilar to that of the bulk of the
oxide. The bulk of the oxide was primarily composed of columnar wustite grains with
a distinctive top layer of equiaxed magnetite and hematite grains. Nonetheless, the
blister crown was composed almost entirely of equiaxed magnetite grains with small
regions of retained wustite. The right hand side of the BSE image in figure 71 clearly
portrays the transition of the blister crown to the bulk of the oxide. Its inferred that the
restricted movement of the cations and surplus of anions resulted in the formation of
an oxygen rich scale, with any wustite within the initial blister crown being reduced
almost entirely to magnetite. The bulk of the oxide would of simultaneously continued
to grow producing a thicker classic oxide scale.

Figure 72: Blister formed upon cooling at 1200°C for 30s
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1200°C Figure 72 shows the cross section of a blister formed at 1200°C for 30s upon
cooling. The blister had many fundamental differences compared to the blister formed
upon heating at 900°C. One pre-eminent difference was the crown thickness which was
over four times greater than 900°C; in excess of over 70µm. The blister was also far
greater in diameter and had an eminently different morphology. The morphology of the
blister crown at 1200°C was predominantly wustite with many smaller magnetite pre-
cipitates dispersed throughout (see Appendix 142). The magnetite precipitates varied in
size ranging from sub-micron to over 16µm and were faceted in nature (see Appendix
143). The bulk of the oxide that remained well adhered did not contain any magnetite
precipitates greater than 1µm. Its conjectured that the multiple fractures and cracking
observed through the blister acted as oxygen highways, accelerating oxidation through
the crown as the sample further cooled.
Another key dissimilarity was the difference between the blister crown thickness and
the bulk oxide thickness. The thickness of the bulk oxide at 1200°C was approximately
75µm, around the same as that of the blister crown. At 900°C the bulk oxide was 10µm
thicker than the blister crown, due to the early nucleation of the blister stunting any
further through thickness growth while the remaining bulk oxide continued to grow un-
hindered. The comparable thicknesses between the blister crown and oxide at 1200°C
further supports that the blister formed upon cooling after the oxide had predominantly
completed growth.
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7.3.3 60s heating

(a) Overview of blister crown before milling-
Triple point crack extending from the center of
the blister dome

(b) Overview of the blister crwon after FIB-
milling

(c)

Figure 73: FIB milled cross section of a blister formed upon heating at 900°C for 60s

900°C The heat treatment at 900°C for 60s resulted in a substantial number of large
cavernous blisters. Figure 73 features one of these blisters after being milled by FIB in
order to examine the cross sectional area of the crown. It was not possible to determine
the bulk oxide thickness using this technique however the blister crown was determined
to be approximately 18µm. A large triple point crack was detected on the apex of the
blister, presumably forming during the uplift of the blister due to tensile stresses. The
cross section shows a considerable number of inter-granular cracks along the oxide
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grain boundaries in addition to some smaller pores located towards the base of the
oxide. The EDS map of the milled region detected a thin lateral band of Mn, roughly
1-1.5µm thick at the base of the oxide (see Appendix 144).

Figure 74: Blister formed upon heating at 1000°C for 60s

1000°C Figure 74 shows a blister that formed at 1000°C for 60s. It was determined
that the blister had nucleated upon heating, however the blister crown was substantially
thicker than that formed at 900°C at 35µm and 18µm respectively. The increased thick-
ness of the blister crown was presumed to be due to the higher temperatures and the
transition from mode 1 to mode 2. The bulk oxide was approximately 90µm thick and
had a magnetite seam of 4µm. A thin oxide developed within the blistered region and
had a thickness of 3µm.
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(a) Oxide overview

(b) Oxide overview

(c) Blister crown (d) Large lateral crack through wustite grain

Figure 75: Blister formed at 1100°C for 60s

1100°C At 1100°C for 60s several blisters were observed to nucleate upon cooling
however the large majority formed upon heating. The blister produced in figure 75
had a crown thickness of 73µm and a bulk oxide thickness of approximately 101µm.
The ratio between the blister crown thickness and the bulk oxide was far greater at
1000°C; thus it may be inferred that the oxide reached the required growth stress for
blister nucleation far earlier on in oxide development. The blister crown was composed
of a thick outer magnetite layer and an inner layer of retained wustite and magnetite
precipitates. Figure 75a showed that as the distance from the bulk oxide increased
the proportion of retained wustite within the blister crown decreased. A number of
lateral fractures through the wustite phase were observed as seen in figure 75d. The
fractures were located within the bulk oxide close to the blister crown and presumed
to of occurred during uplift of the blister crown. Figure 75d revealed the fracture front
travelling upwards through the wustite phase and halting at the outer magnetite. The
fracture initiated at the point of blister nucleation during the uplift of the blister crown.
The bulk oxide was composed predominately of large columnar wustite grains with an
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assortment of magnetite precipitates and a 10µm thick outer magnetite layer.

(a) Oxide overview

(b) Blister crown

(c) Apex of the blister crown

Figure 76: Blister formed upon cooling at 1200°C for 60s

1200°C The cross section of the oxide and blister formed at 1200°C for 60s was
displayed in figure 76. The crown thickness of the blister was approximately 77µm and
the bulk oxide thickness within the vicinity of 81µm. The blister crown was of a similar
thickness to the blister produced at 1100°C, however the blister at 1200°C contained
a far greater volume of retained wustite. The large volume of retained wustite was
due to the blister lifting during cooling, allowing for a very short period of wustite
decomposition. The blister shape was not well distinguished in comparison to those
produced at 1000°C and 900°C. The blister produced at 1200°C for 60s was profoundly
similar to that produced at 1200°C for 30s, with both presupposed to nucleate via the
same formation mechanism during cooling.
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7.3.4 600s heating

Figure 77: Blister formed upon heating at 900°C for 600s

900°C Figure 77 depicts a large blister produced at 900°C after 600s. The blister
was 1021µm across in diameter with a crown thickness of 38µm, more than double that
of the blister produced at 900°C after 60s. The blister crown was composed of brittle
equiaxed magnetite grains with some of the grains appearing to have fallen out during
preparation of the sample (see Appendix) 145. The bulk oxide was formed primarily
of large columnar wustite grains and recorded at 101µm in thickness.
A substantial difference at 600s was the large volume of porosity noted throughout the
wustite phase of the oxide. Lines of porosity were noted throughout the wustite phase
but were heavily concentrated within areas of close proximity to the blisters. Stud-
ies have shown that porosity will dramatically increase with increases of time in the
wustite phase. Pores are thought to of been heavily generated due to the consumption
of wustite in order to further enable the growth of magnetite and hematite [78]. Porosity
was also thought to of been heavily generated due to internal stressed generated during
volumetric changes triggered by growth. Microvoid formation may of then been ini-
tiated to counterbalance these compressive stresses [112] [78]. The average pore size
was 0.5µm although many of the pores had coalesced.
The thick layer of wustite beneath the blister crown was surmised to of formed once
the antecedent blister had nucleated, lifting the blister as the oxide beneath continued
to grow. The oxide layer beneath the blister crown was 91µm in thickness.
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(a) Phase Map

(b) IPF-X Map

Figure 78: EBSD of the Bulk Oxide at 900°C for 600s

900°C EBSD Bulk Oxide The EBSD phase map in figure 78a identified a classical
3 phase iron oxide system. A number of exceedingly fine hematite grains were de-
tected on the underside of the magnetite seam. The presence of fine hematite grains
was indicative of oxide break-away from the underlying substrate, resulting in a lim-
ited supply of cations. The limited supply of cations will increase the thermodynamic
drive for the decomposition of wustite into magnetite and subsequently magnetite into
hematite [98].
The IPF map in figure 78b revealed that the magnetite seam did not display a particular
orientation preference nor did the columnar wustite grains. Nonetheless an orienta-
tion relationship could be established between the pro-eutectoid magnetite precipitates
and the underlying wustite crystal. In order to establish such a relationship the mag-
netite precipitates must have developed due to the decomposition of the wustite phase
and thus retained the underlying crystal orientation. The fine hematite grains showed
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no oritentation relationship with the magnetite seam. Additionally the outer hematite
layer and top magnetite layer shared no obvious orientation relationship. A large hori-
zontal fracture through the magnetite top layer has enhanced the oxidation process and
resulted in a number of hematite grains nucleating within the oxide phase.

(a) Phase Map

(b) IPF-X Map

Figure 79: EBSD of the Blister Crown at 900°C for 600s

900°C EBSD Blister Crown The EBSD phase map for the blister crown was shown
in figure 79a. The oxide morphology was distinctly different to that of the bulk oxide
and was found to be principally composed of magnetite. A small intermittent band of
retained wustite grains were present along the base of the oxide. The retained wustite
grains did not have the classical columnar shape commonly observed for wustite and
seen within the bulk oxide. The IPF map in figure 79b shows an orientation relation-
ship between the retained wustite grains and a number of the respective neighbouring
magnetite grains.
A number of minute cracks formed along the grain boundaries of the magnetite phase.
The hematite phase map shows that the hematite grew along the cracks with a number
of small hematite nuclei precipitating through the magnetite grains.
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(a) Large scale overview

(b) Bulk oxide (c) Blister crown

Figure 80: Blister formed upon heating at 1000°C for 600s

1000°C The oxide morphology for the blister produced at 1000°C for 600s was dis-
played in figure 80. The blister examined was 993µm across in diameter and had a
crown thickness of 40µm. The oxide produced was very in-adherent.
The bulk oxide thickness was 103µm and was very close to that produced at 900°C,
however the morphology was found to differ quite dramatically. At 1000°C, magnetite
was the primary phase and made up the largest volume of the bulk oxide. Thus, in spite
of the similar oxide thicknesses, the scale at 1000°C was decidedly richer in oxygen.
The magnetite phase differed in thickness throughout the bulk oxide but was approxi-
mated at 46µm. The darker phase visible above the magnetite phase in figure 80b was
conjectured to be hematite. The thickness of the hematite phase was recorded at 7.8µm
and was relatively constant throughout the bulk oxide.
The oxide beneath the blister ranged from 4-18µm in thickness and was detached from
the bulk oxide. Upon close inspection it was found that the oxide consisted of a two
layer scale.
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(a) Oxide morphology

(b) Magnetite precipitates to-
wards outer edge

(c) Magnetite precipitates to-
wards center of oxide

(d) Magnetite precipitates to-
wards interface

Figure 81: Oxide morphology formed at 1100°C for 600s

1100°C Figure 81 features the oxide produced at 1100°C for 600s. The oxide mor-
phology presents as a typical iron oxide consisting of well established oxide layers.
The oxide thickness was profoundly greater than that of any of the prior bulk oxides in-
vestigated at approximately 264µm. The extensive majority of the oxide was formed of
wustite however a continuous and significant magnetite top layer of 24µm was detected
and a magnetite seam of 6µm.
Precipitation of magnetite developed predominantly throughout the top half of the
wustite phase. The magentite precipitates formed in 3 specific lateral bands. The first
band appeared roughly 10µm below the magnetite top layer and many of the precipi-
tates were sub-micron. The band of sub-micron precipitates was shown in figure 81b
and was around 10µm in thickness. It was postulated that the sub-micron precipitates
were hindered in growth due to the close proximity to the magnetite top band. The
magnetite top band would adsorb a large quantity of the excess oxygen that would help
promote the magnetite precipitate growth. Beneath the sub-micron layer a region of
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substantially larger magnetite precipitates evolved. Many of the precipitates within this
region were greater than 5µm in diameter. The large precipitates within this region
had dendritic arms and less of cuboid structure indicating they had grown sizably since
nucleation. Below the larger magnetite precipitates, towards the middle of the wustite
phase, the magnetite precipitates once again decreased in size .
The long heating period at 1100°C produced a thick oxide that did not blister. The
resulting oxide was very fragile and in-adherent. Due to the large volume of retained
wustite it was conjectured that the oxide detached during cooling.

Figure 82: Oxide morphology for 1200°C for 600s

1200°C The oxide produced at 1200°C for 600s did not blister and was the largest
by a substantial factor. The thickness of the oxide displayed in figure 82 was approxi-
mately 526µm and the top magnetite layer was 41µm. The morphology was very similar
to that of the oxide created at 1100°C.

7.3.5 Formation Mechanisms

Whiskers Figure 83 depicts a whisker formed within a blister at 1000°C after 60s.
The blister dome was ion beam milled in cross section, exposing the interior of the
blister and surprisingly unveiling a number of oxide whiskers. The whiskers varied
in size ranging from 6-30µm in length and around 3µm across in width. The oxide
whiskers protruded from the sample surface towards the reducing atmosphere retained
within the blister [109] [40]. The whiskers often had a kinked and seemingly random
shape, developing more of a grooved outer face as they grew larger. Pyramid structures
were repeatedly observed on whiskers that were smaller in length. Often the whiskers
appeared to have seemingly erupted from the underlying surface (see Appendix 146).
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(a) Overview of oxide whisker

(b)

Figure 83: Whisker formed on sample heated at 1000°C for 60s within a blister envi-
ronment
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Figure 84: EDS point scan of oxide whiskers developed within blister environment

The growth direction of the whiskers was assumed to have originated from a preferen-
tial plane. A number of formation mechanisms for whisker growth have been proposed
through literature but the underlying mechanism was still not well understood for many
materials [113]. One key formation mechanism proposed was the anisotropic growth
rate of a preferred crystallographic direction leading to an elongated crystal [51]. This
mechanism requires a nucleation source and a whisker growth rate limited by a gas-
solid interface reaction [51]. Initiation sites may be sources of stress such as screw
dislocations at the substrate surface. Outwards scale growth of the whisker will then
occur in order to diffuse the stress at the substrate surface [114] [113]. EDS analysis
found the whiskers to be composed of iron oxide with a Fe:O ratio akin to wustite.
The source material of the whisker was found to be iron, with the transport mechanism
supposed to be primarily grain boundary diffusion. Diffusion has previously been re-
ported at both the root and tip of the whisker [113] [51] but due to the pyramidal shape
and thicker base of many of the whiskers observed it was assumed diffusing atoms
aggregated at the root. Whisker growth once initiated was rapid and profuse [113].

Classical Modes of Blistering As previously discussed, mode 1 blistering was char-
acterised by shorter incubation times for formation at higher temperatures [62]. Mode
2 blistering was characterised by longer incubation times for formation at higher tem-
peratures [62].
Figure 85 depicts timestamped images of samples after removal from the furnace at
specific temperatures. Figure 85a shows an oxidised sample without any blister. At
800°C after 30s the oxide produced was smooth and adherent with the temperature
and heating time too low to result in blister. Nonetheless at 800°C after 600s, blister
was observed on the sample, demonstrated in the heat treated samples in figure 69.
The longer incubation time resulted in blister, thus samples oxidised at 800°C were
characterised by mode 1.
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The timestamped images for blister formation within mode 1 were shown in figure 85b;
for 900°C at 30s. The increase of temperature raised the stress within the oxide, hence
the critical

(a) Mode 1 - No Blister (800°C 30s)

(b) Mode 1 - Blister - (900°C 30s)

(c) Mode 2 - Blister - (1000°C 30s)

(d) Mode 2 - No Blister (1100°C 600s)

Figure 85: Timestamps showing samples after removal from the furnace
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stress for blister initiation was obtained quicker. The blisters produced grew moderately
after removal from the furnace but were limited towards the top half of the sample.
Figure 85c shows the formation of blisters within mode 2. Blister was characterised by
mode 2 at 1000°C due to the longer incubation time required for blister to be observed.
The blisters were far more significant upon removal from the furnace within mode 2
and found to be far more prominent and evenly distributed across the surface.
Samples heated at 1100°C were also treated as mode 2 however due to the prolonged
heating time at 600s the oxide did not form any blisters and detached from the surface
as whole.

Figure 86: The area fractions of blister formed on scale surface immediately after re-
moval from the furnace - Blister upon heating

800 900 1000 1100 1200
30 0% 15% 25% 31% 0%
60 0% 23% 44% 41% 0%
600 8% 16% 37% 0% 0%

Table 14: Fraction area of blister formed upon heating

The area fraction for blister upon heating was reported in figure 86. Pertaining to the
investigated temperatures, 800°C produced the lowest volume fraction of blister; only
blistering after a longer incubation time of 600s.
The volume of blister significantly increased within mode 2, with the fraction area
almost doubling between 900°C to 1000°C. The lower volume of blister observed at
900°C further supports that blistering was less severe within the mode 1 temperature
regime.
For 30s of heating, the fraction area of blister increased linearly with temperature ex-
cluding 1200°C. Blister did not occur during heating for any of the investigated times
at 1200°C. The fraction area of blister was most severe at 1100°C for 30s at 31%.
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For 60s of heating, a different scenario was observed. The fraction area of blister was
more of a normal distribution peaking at 1000°C and dropping off after 1100°C. The
percentage of blister at 60s was commendably greater than that of the other 2 specified
heating periods at temperatures of 900°C 1000°C and 1100°C. Sample 1000°C for 60s
retained the largest volume of blister from the entire sample set at 44%.
The lower volume fractions observed at 600s further aids the hypothesis that prolonged
heating times, within the mode 2, will result in a more malleable and ductile scale,
ultimately reducing blister upon heating.

Mode 3 - Cooling A new and previously unreported mode of blister was observed and
substantiated during air cooling on a number of 3812 samples. The new phenomena
will henceforth be refereed to as blister upon cooling. Figure 87 presents the blister
upon cooling phenomena at 1200°C for 30s and 60s.

(a) Sample prior to mounting (1200°C
30s)

(b) Mode 3 - Blister on Cooling (1200°C 30s)

(c) Mode 3 - Blister on Cooling (1200°C 60s)

Figure 87: Blister on Cooling- Timestamps showing samples after removal from the
furnace depicting

In Figure 87b, observed at 1200°C for 30s, the immediate post-furnace removal surface
of the sample appeared clean. However, within 3 seconds, blistering commenced at the
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bottom edge, a phenomenon observed both visually and through camera monitoring.
Notably, the blisters emerged once the sample cooled from its white-hot state, indicat-
ing they were absent prior to removal from the furnace. Subsequently, at the 4-second
mark, blister nucleation progressed inward toward the sample’s center. By the 7-second
mark, blistering encompassed the entire sample. Similarly, Figure 87c, taken at 1200°C
for 60s, exhibited a comparable progression, initiating at the edges before extending to-
ward the sample’s center. The timestamped images show that the sample heated for
30s blistered significantly faster compared to 60s after removal from the furnace. The
blisters produced at 30s were smaller and far more numerous than those produced at
60s. There was no discernable difference in size of the blisters across either sample.
The blister was thought to nucleate firstly towards the outer geometry of the sample due
to preferential cooling. Preferential cooling of the sample would firstly occur towards
the edges of the sample due to the large volume of exposed surface area, resulting in
fast heat loss.
During cooling stresses are generated due to the differing thermal expansion coeffi-
cients of the oxide phase and the underlying alloy [78]. The differing thermal expan-
sion coefficients will result in non-uniform thermal stresses and high inter-facial stress.
Blister upon cooling was postulated to occur due to thermal stresses initiated upon cool-
ing, whereby a critical volume of high inter-facial stress was reached. Upon reaching a
critical volume of stress, the oxide will become incoherent with the substrate and lift to
alleviate the inter-facial stress [115].
Blister upon cooling was principally observed at the higher temperatures within the
mode 2 region. The samples that displayed the largest volume of blister upon cooling
did not exhibit any blister upon heating. It was conjectured that due to the increased
temperature, upon heating, any resulting stresses or gases could be easily distributed
through the ductile scale [97]. Nonetheless as the scale cooled, any generated or resid-
ual stresses would not be distributed through the oxide and the inter-facial stress would
build. Thus, in order to alleviate the increasing inter-facial stress the scale would lift,
producing blister upon cooling.
Further supporting this theory were the many key differences observed in oxide mor-
phology and thickness in blisters upon heating versus cooling. The blister crown pro-
duced upon cooling was of a similar thickness to the bulk oxide whereas, upon heating
the crown was considerably thinner than the bulk oxide. Blister crown growth would be
limited once lifted from the substrate due to the limited availability of cations. Hence,
it would be expected that the growth of blisters upon heating would be stunted due
to the early uplift of the blister crown; producing a blister crown substantially thinner
than the bulk oxide [116]. Furthermore, upon heating the blister crown was composed
predominantly of magnetite, while the blister upon cooling was formed primarily of
retained wustite [117]. The large volume of retained wustite upon cooling was owed
due to the blister lifting during cooling allowing for a very short period of wustite de-
composition [97].
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Modes of Blister Steel grade 3812 produced blister across a range of temperatures
and heating times, with a number of formation mechanisms. The resulting blister
regime after heat treatment and subsequent air cooling was depicted in figure 88 for
the 3 identified modes of blister. The nose of the blister curve was found at 900°C for
10s. At temperatures below 1000°C, blisters were primarily mode 1 and above they
were a combination of mode 2 and 3.

Figure 88: Samples after heat treatment and air cooling categorised by heat treatment

30s 60s 600s
900°C 30 x 103
1000°C x 90 101
1100°C 117 101 264
1200°C 75 81 526

Table 15: Bulk Oxide Thickness (µm)

30s 60s 600s
900°C 16 18 39
1000°C x 35 40
1100°C 84 73 No blister
1200°C 70 77 No blister

Table 16: Blister Crown Thickness (µm)
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Bulk oxide thickness and blister crown thickness were shown to increase with incre-
ments of heating time, shown in table 16 15. The largest gain was for the bulk oxide
between 60s to 600s at 1200°C, with an increase of 81µm to 526µm. The considerable
increase in oxide thickness resulted in the elimination of blister.
Blister upon heating was evident at 900°C due to the discrepancy between the blister
crown and the bulk oxide thickness. A 1:2 ratio was established between the crown
and bulk oxide. As heating times were extended the ratio increased for blister upon
heating. Blister upon cooling was clearly discernable at 1200°C due to the comparable
thickness of the blister crown and bulk oxide. Blister upon cooling translates into a
rough 1:1 ratio for the crown and oxide thickness.
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7.3.6 DP800

Blister Regime The resulting blister regime after heat treatment was depicted in fig-
ure 89. Samples were isothermally heat treated and then lifted out of the vertical tube
furnace and filmed as they air cooled.
The isothermal heat treatments were designed in order to obtain TGA data and deduce
the oxide morphology in chapter 6. Nonetheless blister was noted on a number of
samples upon examination and a partial blister regime was produced (see Appendix
147, 148, 149, 150). Future works should include further heat treatments on larger
samples in order to identify the volume fraction of blister, the blister regime nose and
the transition temperature between mode 1 and 2.
A number of very interesting phenomena were observed within the DP800 samples
including blister within blister. This will be discussed in the results below

Figure 89: Blister regime DP800
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7.3.7 5 minutes

900°C 5mins The blister and oxide formed after heating for 5mins at 900°C was
shown in figure 90. The diameter of the blister in figure 90b was 13.5µm with a height
of 5µm. The height was measured from the base of the substrate to the apex of the
blister dome. The height of the blisters was found to be analogous throughout the sam-
ple, producing a rough but repetitive surface topography. The diameter of the blisters
varied far more substantially than the height with the measured diameters in figure 90a
ranging from 10µm to 23µm. The bulk oxide thickness was measured at 11.5µm and
the blister crown thickness at 1.5µm. The crown thickness was extensively thinner than
any blisters produced previously on the 3812 steel grade. The previously obtained TGA
results indicated that DP800 had a fiercely lower rate of oxidation at 900°C, hence a
thinner blister crown and oxide was not of surprise.

(a) DP800 microstructure overview with regions of inter-
nal oxidation and numerous blisters

(b) Singular blister

Figure 90: Microstructure and oxide formed after heating at 900°C for 5mins
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1000°C 5mins The blister and oxide morphology formed after heating for 5mins at
1000°C was far more complex and convoluted than that produced at 900°C. Figure 91
exhibits an intricate and multi-phase oxide with a thin region of internal oxidation. The
bulk oxide was 41.5µm in thickness, consisting of wustite, magnetite and a complex
spinel phase.
The blister crown displayed in figure 91a was approximated at 7µm and had a thick
layer of oxide beneath. The oxide beneath the blister appeared to have split in multiple
regions with large lateral cracks appearing to initiate the lifting of a secondary layer of
oxide. This will be referred to as secondary blister and is discussed in detail later on.
Figure 91c shows that adjacent to the blister crown was a fine channel of small eu-
tectic particles formed of an Al-Si oxide. These produced a spinel phase and formed
throughout the oxide in a banded structure but were not present at 900°C.

(a)

(b) (c)

Figure 91: Blister formed after heating at 1000°C for 5mins

It was conjectured that the eutectic particles of Al and Si were previously internal oxide
precipitates that were dragged by a moving interface as the oxide continued to grow
[99]. It was postulated that as the internal oxide precipitates were dragged into the
external oxide, incoherency with the surrounding oxide increased. Incoherent phases
often experience enhanced mobility and thus as the precipitates became more mobile
they migrated towards one another producing larger particles within an intermittent
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banded structure [118] [119].

(a)

(b)

(c) (d)

Figure 92: Blister formed upon heating at 1000°C for 5mins

Figure 92 displays another blistered region formed after heating at 1000°C for 5mins.
As previously noted in the blister for figure 91, a spinel phase was observed throughout
the external oxide. The spinel was detected on the underside of the blister crown, with
a lamella structure shown in figure 92d.
The conglomerated spinel phase would create a large volume mismatch with the sur-
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rounding iron oxide phase. The incoherent interface would then produce a large volume
of strain within the surrounding area allowing for rapid crack propagation due to the
banded structure of the precipitates [120]. The brittleness within this region allowed
for break away and mechanical failure of the oxide scale, with the uplift producing a
blister.
A key difference ascertained between the two blisters observed for 1000°C for 5mins
was the difference in blister crown thickness. The blister in figure 92 had a blister
crown thickness of approximately 23µm. A thicker blister crown implies that the blister
lifted later on during oxide growth development or potentially during cooling. This was
further supported by the distinct lack of oxide beneath the blister. The blister crown was
composed brittle equiaxed magnetite grains with some of the grains appearing to have
fallen out during sample preparation.

WDS Extensive WDS analysis was conducted on the DP800 blister samples in order
to deduce the phase composition within the multiphase scale.
WDS points 3,4 and 5 show that the bulk of the oxide was composed of magnetite.
Islands of retained wustite were present within the lower half of oxide shown spectra
6 and 17. The high volume of magnetite throughout shows that cation transport was
likely suppressed resulting in an oxygen rich scale. The cation transport would have
been hindered due to the internal oxidation zone noted throughout DP800 samples as
outlined previously in chapter .
Spectra 9, 13, 14, 21, 22, and 26 were used to identify the composition of the blister
crowns and were all found to be magnetite and hematite. An oxygen content around
30wt% was indicative of hematite, 27wt% was indicative of magnetite and below was
indicative of wustite.
The underside of the blister crowns was found to be extremely rich in Si. Spectra 11
and 23 show that the spinel identified in figure 92d was a rich in Si and Al producing
a complex eutectic phase. The WDS results show that although the blister crowns may
differ in size and appearance the bulk of the oxide were all composed of iron oxides.
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(a) Reference area 1 (b) Reference area 2

(c) Reference area 3 (d) Reference area 4 (e) Reference area 5

(f) WDS point scan spectra

Figure 93: WDS conducted on DP800 at 1000°C for 5mins
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7.3.8 Double Blistering Phenomena

Paper Presented at the oxi conference 2022

(a) Through thickness oxide morphology- Substanatial oxide growth beneath primary blister
propogating a smaller secondary blister

(b) Highlight of secondary blister within primary blister

Figure 94: Double blister phenomena

Figure 94b shows the cross section of a large blister over 900µm in size with a smaller
secondary blister within the primary blister zone. The phenomenon of secondary blis-
ter was seen multiple times throughout the sample. The primary blister has a crown
thickness of 7.98µm, with the secondary blister having a comparable crown thickness
of 7.49µm. This was found to be consistent with other primary and secondary blisters
throughout the sample. The bulk of the oxide was found to be 41.5µm in thickness and
the area underneath the primary blister 22.2µm. The primary blister crown was con-
caved in regions, thought to be due to the relaxation of the crown once the gases from
decarburisation have been released.
Due to the double blistering phenomena in figure 94, nucleation must be considered as
two separate stages, with the initial primary blister developing within the first stages of
oxidation. Its postulated that the oxide beneath then continues to grow, until eventually
conditions allow for a secondary Blister to nucleate. The oxide morphology in 94b
consists primarily of a loosely adherent iron oxide with areas of internal oxidation
between the oxide scale and the metal substrate. A spinel phase rich in Al and Si can
be noted on the undersides of both blisters and can be seen to continue permeating
into the iron oxide below. Bands of the same spinel phase appear roughly every 5-7µm
throughout the oxide as globular spheres less than 1µm in diameter. They are extremely
brittle in nature and are surmised to be acting as initiation sites for failure, allowing for
quick crack propagation through the oxide due to the banded nature.
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Figure 95: WDS conducted on the cross-section of a secondary blister

Chemical analysis confirms the presence of a spinel phase high in Si – 4.14 wt% and
Al – 0.87wt% at both the metal/scale interface and under the blister crown (points 2, 6
and 7, in figure 95). If the presence of the brittle spinel phase acts as a line of weakness
for blister formation, then this suggests that the segregation of the Si and Al must also
occur early in the oxide scale development. Oxide development is often reported to
be guided by the ionic transport of cations (Fe2+, Fe3+) and anions (O2−) with cation
transport largely dominating resulting in an outward growth [19] [121]. In DP800 steel,
the alloying additions of Si and Al results in selective oxidation, reducing the outward
diffusion of cations and resulting in local enrichment of Si and Al at the metal/scale
boundary [122]. This results in the formation of a thin Hematite layer at the oxygen
rich surface. This selective oxidation of Si and Al typically lowers oxidation rates of
steel producing a passivation layer.
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(a) Phase map

(b) IPF-X map

Figure 96: EBSD conduced on DP800 double blister area 1000°C for 5mins

Figure 97: EBSD reference area

The EBSD phase map in figure 96a shows a banded structure with the primary and
secondary blister crowns both composing of hematite and the thicker oxide scale com-
prised of magnetite, iron oxide, and a spinel phase. The presence of hematite in both
blister crowns suggests that the mechanism for blister formation in this case was pre-
dominantly due to decarburisation. Hematite has poor permeability and acts as a bar-
rier for gas diffusion resulting in gases at the metal/scale interface producing pressure
that assists in lifting the scale upwards [53] [109]. Some of the Si and Al rich spinel
phase was carried up with the blister crown allowing for the formation of another thin
hematite layer within the blister. Nonetheless, the difference in the secondary blister
formation was that it forms due the dissociative mechanism suggested by Kondo [109],
where hematite forms from the dissociation of oxygen from both the CO and CO2

gases present in the blister micro-environment. As before, once the hematite layer was
formed the remaining build-up of gases causes the secondary blister to develop.
The EBSD IPF map in figure 96b shows no preferred grain orientation for the oxide
scale in general, however there are some regions of preferred orientation in the high-
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lighted hematite region. The preferred (0001)Hem shown in the EBSD IPF//X map
96b was similar to that reported by Oliveria et al. [123], that proposed a relationship of
(111)Mag // (0001)Hem between the two phases. However, in this case the relationship
was not continued in either of the hematite blister crowns.

Double Blister Conclusions

• The early formation of a thin Hematite layer in DP800 acts as a barrier for gas
diffusion due to its poor permeability. The subsequent build-up of gas pressure
causes the scale to blister at the metal/scale interface which was weakened by the
presence of a brittle Si and Al rich spinel phase.

• The dissociation of oxygen from the CO and CO2 rich atmosphere within the
initial blister allows a secondary layer of hematite to grow, forming a new gas
barrier which can then nucleate a secondary blister.
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7.3.9 Blister Crown Split

(a) Overview of blister crown that has split into 2 sectons

(b) Blister crown split (c) Area beneath secondary blister crown

(d) Initiation point of seperation

Figure 98: Blister crown that has split in to two sections forming a blister on top of the
primary blister

The lateral fracture of the blister crown was another unusual phenomena observed on
the DP800 steel grade heated at 1000°C for 5 minutes. Figure 98 shows a blister crown
which has partially fractured width ways and produced another smaller blister on top
of the original blister. The bottom section of the blister crown was thicker than the
top section at approximately 13µm and 7µm respectively. The base of the blister crown
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was con-caved and sagging, presumably due to relaxation of the crown once gases from
decarburisation have been released.

Figure 99: Stitched image of large blister displaying blister crown splitting

The conglomerated spinel phase, previously observed on multiple blisters throughout
the sample, was evident on the undersides of both sections of the blister crown in figure
98c. The evidence of the spinel along the fracture lines suggests that it once again
allowed for rapid crack propagation and acted as an initiation site for fracture.
It was hypothesised that a blister crown similar to that shown in figure 92 was uplifted,
containing a band of spinel precipitates. A form of stress has then acted on the blister
crown, causing it to fracture at the highly stressed interface between the iron oxide and
spinel phase.

(a) Phase map

(b) IPF-X map

Figure 100: EBSD conducted on blister crown split

EBSD was conducted on the blister crown in figure 98, in order to gather further infor-
mation on the failure mechanism. The EBSD IPF map in figure 100b showed no pref-
erence for a specified orientation. A slight predilection was shown towards the (0001)
plane in the base of the crown towards the right hand side, however the remainder of
the crown was seemingly randomly orientated.
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The EBSD phase map identified that the composition of the blister crown was almost
entirely formed of hematite. Small regions of the spinel phase were observed how-
ever the actual volume observed in the BSE images was far higher. The lower volume
identified in the phase map was presumed to be due to poor indexing.
The strong presence of hematite indicates that blister nucleation was initiated through
decarburisation. The poor permeability of hematite may result in pressure build up
within the blister crown, initiating failure along weak points within the crown.
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7.3.10 B32

Blister Regime A blister investigation was conducted by V.Basabe on a 3.2wt% elec-
trical steel referred to as B32 [62]. A blister regime was produced from this work and
was shown in figure 101. It was found that a silica passivation layer prevented the
formation of blisters at temperatures below 1100°C [62]. Above 1100°C blisters were
found to form within the mode 1 region and blister was absent within the mode 2 re-
gion. Mode 2 was presumed to be absent due to the high ductility of the oxide at the
elevated temperatures. A number of these samples were then passed on and analysed
within the scope of this thesis.

Figure 101: B32 Blister Regime produced by V. Basabe [62]
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7.3.11 30 seconds

(a) Oxide morphology of large blister produced upon heating at 30s for 1180°C

(b) Through thickness oxide morphology detailing oxide phases and oxide characteristics

Figure 102: B32 blister oxide morphology

Oxide Morphology A distinctive and distinguished blister produced at 1180°C after
30s was displayed in figure 102a. The diameter of the blister was very broad measuring
at 943µm. The blister crown appeared sturdy and tough remaining intact and unbroken
during sample preparation and handling. The crown thickness was approximately 120-
150µm. The height of the blister was around 200µm but there was a noticeable depress,
presumably due to shrinkage upon cooling.
Figure 102b shows the morphology of the bulk oxide for the heat treated sample. The
B32 oxide was inordinately more complex and intricate than any of the previously ex-
amined oxide morphology’s. A multitude of oxide phases were detected within the
microstructure. The large number of varying phases was due to the high alloying con-
tent of the B32 grade.
As previously discussed the growth of the oxide layer was affected by the presence of
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alloying elements, with silicon having an exorbitant effect due to the formation of the
stoichiometric compound fayalite [124].
Fayalite anchors penetrated deep into the substrate forming well adhered tendrils pre-
viously shown to drastically reduce de-scalability [107]. A complex ternary eutectic
was observed close to the interface within the fayalite phase. The ternary eutectic was
formed of Si, Al and Fe oxides [125]. The darker bands within the fayalite phase were
rich in Al whilst the lighter phase was rich in Fe. Further into the external oxide a large
volume of solute segregation was evident with islands of iron oxide within the fayalite.
The islands of iron oxide were primarily composed of wustite and varied in size.

Figure 103: B32 blister with remarkable liquid fayalite and dendritic iron oxide struc-
ture

Figure 103 depicts the remarkable and striking oxide morphology of a blister formed
at 1180°C. The blister displayed outstanding iron oxide dendrites within a fayalite ma-
trix. Prominent secondary and tertiary dendrites were noticeable throughout the blister
dome.
The formation of the dendritic iron oxide was a result of liquid fayalite attack. The
eutectic temperature of fayalite and FeO was reported at 1173°C [107]. The heat treat-
ment conducted at 1180°C resulted in liquid flow of fayalite into the external scale,
forming a net distribution throughout the external scale [126]. The liquid oxide attack
promotes rapid and destructive oxidation, enhancing oxidation rates significantly; fur-
ther affirming the B32 TGA results discussed in chapter 6. The effect of the liquid
oxide attacks was further enhanced as the volume of Si increases as a larger quantity of
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liquid becomes available [124] [127].
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(a) Large blister cavity with complex multiphase oxide dome

(b) Large blister dome next to an underdeveloped smaller blister

(c) Highlight of fracture through fayalite phase
located between the large blister dome and un-
der developed smaller blister

(d) Highlight of fracture through fayalite phase
travelling from blister cavity towards outer sur-
face

Figure 104: Numerous B32 blister displaying brittleness through fayalite

The liquid oxide has been shown to first form at the interface [106]; this was in con-
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junction with observations at lower temperatures, were fayalite was only present at the
interface of the oxide. This was due to the low diffusion coefficients of Al and Si
through iron oxide. Once the fayalite has become a liquid it will then rupture the scale
and attack from below, consuming and dissolving the oxide [106]. The liquid oxide will
create a transport network for reactants and oxidation; hence rapidly enhancing oxida-
tion growth. Its hypothesised that as the iron oxide content increases the liquid phase
will become unstable and re-crystallises. The resulting microstructure was a fayalite
matrix containing islands and dendrites of iron oxide [106].
Figure 104 shows another series of blisters formed on the B32 steel. The apex of the
blister crowns contained very minimal quantities of fayalite. Larger volumes of fayalite
were present through the lower sections of the blister crown once again containing
dendrites of iron oxide. The inner blister dome in figure 104b phenomenally displays
the transition of a liquid fayalite phase with dendritic islands of iron oxide to pure iron
oxide. The dendrites of iron oxide were far more prominent towards the interface of
the oxide.
A number of large pores were noted throughout the fayalite phase. The pores observed
within the fayalite were attributed to the contraction of the liquid oxide during cooling
[124]. Cracking was repeatedly observed at the interface of the iron oxide and the
fayalite phase, presumably due to the low coherency between the two phases and the
contraction of the liquid fayalite during cooling. Wustite and magnetite are both cubic
crystal structures whilst fayalite was an orthormbic crystal structure.
The initiation point for nucleation of a blister was reported to be the center point (as-
suming two have not joined together) [109]. The base of the blisters examined, below
the apex of the blister crown, show fewer and smaller fayalite anchors compared to
the surrounding oxide. The center of the blister crown were fewer fayalite anchors are
present was assumed to be the original nucleation point. One hypothesis for the lack of
fayalite anchors was that the blister nucleated relatively early on before a large volume
of liquid fayalite was present. As more liquid fayalite was produced it then travelled
up the sides of the blister to reach the external surface. The small volume of fayalite
present within the blister crown was conjectured to of been present before the blister
was formed. The blister crown was moderately thinner than the surrounding bulk oxide
and richer in magnetite, further supporting the hypothesis.
Figure 104d shows that as the fayalite approaches the external surface the surrounding
scale became richer in oxygen, transforming into a higher order oxide [124]. This effect
was attributed to the engrossment of the oxide, were a thicker scale will require a higher
ion transport to sustain growth [128] [37]. Therefore the ratio of ferrous to ferric ions
will shift as the distance from the substrate increases, becoming increasingly ferric. The
presence of the liquid fayalite close to the surface will then act as an oxygen highway;
further decomposing the wustite. [124].
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Figure 105: WDS point scan for B32 (wt%)- WDS analysis was performed on a cross-
section of the oxide, moving from the outer edge towards the oxide/metal interface

WDS was conducted concurrently throughout the sample and was shown in figure 105.
The colour contrast of the BSE image has been used to identify the phases in the WDS
spectras. The Fe:O ratio and oxygen content in spectra 1 confirms that the thick outer
band of oxide was magnetite.
The phase analysed in spectra 3 formed the vast majority of the bulk oxide. The oxy-
gen content substantiates that the phase was wustite, however a considerable quantity
of Mn was also detected. As previously discussed in chapter 5, Mn may commonly ex-
ist within the wustite phase forming (Fe1−x,Mnx)O [47]. Mn will form a stoichiometric
gradient through the wustite phase, with a higher concentration of Mn towards the in-
terface. An increased presence of MnO has been found to increase the thermodynamic
stability of the wustite phase [79].
The phase in spectra 2 appears to be an amalgamation between magnetite and fayalite.
The wt% of Fe in fayalite was 54.8 wt%, significantly lower than that recorded in
spectra 2 at 63.17 wt%. Additionally the oxygen content recorded at 28.79wt% was
above that of wustite and below that of fayalite. The composition of spectra 4 matches
that of fayalite and appears significantly darker in the BSE reference image than the
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phase in spectra 2. Spectra 6 shows region of pure iron that have been entrapped by the
liquid fayalite phase.

(a) The through-thickness oxide morphology of B32 steel- Exhibits complex structure
characterised by multiple oxide phases. Large islands of retained wustite are inter-
spersed within a matrix of oxides rich in silicon and aluminum.

(b) Silicon map (c) Aluminium map

Figure 106: EDS map of B32 bulk oxide

The phase in spectra 5 was part of a ternary eutectic within the Al2O3-FeO-Fe2O3-
SiO2 system [20]. The Al2O3-FeO-Fe2O3-SiO2 oxide system was highly complex,
with multiple phases competing for growth [106]. Spectra 5 was rich in Al and had the
darkest BSE contrast. The darker contrast was a result of the high Al content and the
phase was only present towards the oxide interface. The oxide was conjectured to be
corundum (M2O3), (Al2O3, Fe2O3) [20].
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Wustite was precipitated out of the fayalite phase alongside corundum close to the in-
terface. Solute segregation resulted in excess Fe and O within the liquid phase forming
wustite. Solute segregation also resulted in excess Al, Fe and O within the liquid phase
forming corundum (see Appendix 152, 151). The ternary eutectic was formed of fay-
alite, corundum and wustite. Corundum was not found high within the fayalite phase
presumably due to lower concentrations of Al away from the oxide interface. The EDS
map in figure 106 shows that within the fayalite matrix Si levels remain relatively con-
stant however the Al was heavily biased towards the interface of the oxide.
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7.3.12 Summary

A mechanism has been proposed for blister nucleating under stress; highlighted in fig-
ure 107. Its supposed that as the oxide grows stress was generated at the interface
between the oxide and the substrate. As the oxide grows a critical stress was reached
whereby the oxide was lifted off the substrate in order to alleviate the high stress. Steel
grade 3812 was exclusively linked to blister nucleating under stress however differing
modes were generated depending on temperature and time.

Figure 107: Formation mechanism proposed for generic blister formation- Oxide
growth results in stresses at oxide/metal interface, critical stress results in delamina-
tion
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A blister formation mechanism involving decarburisation has been suggested in figure
108. The mechanism suggests that upon heating a thin layer of C was produced at the
oxide-substrate interface; commonly known as C-enrichment. Oxygen from the oxide
scale will then permeate down into the C enriched layer, forming CO [108]. Once
formed the gas will not be able to diffuse out through the oxide due to a non-permeable
hematite layer. The gas will then lift the oxide, initiating a blister. Once lifted, the gas
will either dissociate back into the substrate and oxide, or escape into the atmosphere.
The blister crown may crack during uplift due to the stresses generated allowing the
trapped gases to escape.

Figure 108: Formation mechanism proposed for DP800 blister- Oxide growth and gen-
eration, C-enrichment at oxide/metal interface, gas generation resulting in blister for-
mation, gas dissociation

Rebecca Dewfall 176



7 EXTERNAL OXIDATION BLISTERING 7.3 Results and Discussions

Double blistering was observed on DP800 with a secondary blister nucleating inside of
a larger primary blister. The double blistering phenomena was previously unreported
and a new formation mechanism for secondary blister has been proposed in figure 109.
Double blistering must be considered as 2 separate stages with 2 distinct nucleation
stages. After nucleation of the primary blister, oxide within the blister dome will con-
tinue to grow. Due to high Al and Si content a brittle spinel phase formed a secondary
phase in a banded structure throughout the oxide. The spinel phase will create a large
volume of mismatch and stresses throughout the oxide layer. Upon generation of gases
or stresses the brittle spinel phase will act as an initiation site for failure. A secondary
blister will then nucleate once the fracture of the newly formed oxide was initiated in
order to alleviate any stresses.

Figure 109: Formation mechanism proposed for DP800 double blister- Primary blis-
ter generation, continued oxide growth, secondary spinel phase present within freshly
developed oxide, initiation of secondary blister
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7.4 Conclusions

An oxidation study of industrially pertinent steel grades was conducted in order to de-
duce the blister formation mechanisms. The composition of the steel had an astronom-
ical effect on the morphology of the blister produced and the formation mechanisms.
Higher alloyed steels produced substantially more complex blister morphologies.

3812

• A blister regime was successfully produced for steel grade 3812 and 3 keys mode
of formation were identified.

• Mode 1 was exclusively identified below 1000°C and was characterised by short
incubation times.

• Mode 2 was ascertained to develop at 1000°C and above. Blister crown thickness
and bulk oxide thickness were found to be greater than those of mode 1.

• A new and previously unreported mode of blister was observed and substanti-
ated during air cooling on a number of 3812 samples; referred to as blister upon
cooling or mode 3. Mode 3 was observed at temperatures above 1000°C.

• The area fraction of blister was greater in mode 2. The highest area fraction ob-
served was at 1000°C for 60s at 44% coverage. A heating time of 60s produced
the strongest degree of blister across 900°C, 1000°C and 1100°C. A lower vol-
ume fraction was observed at 600s due to the prolonged heating time resulting in
a more malleable scale. The nose of the blister curve was located at 900°C for
10s.

DP800

• Blister was observed on a large number of DP800 samples with different heating
times and temperatures; from 900°C for 10s to 1200°C for 12mins. The blis-
ters contained a multitude of phases and were smaller than that of the blisters
produced on the 3812 samples.

• Blister formation on DP800 was conjectured to be by cause of stress and de-
carburisation. The blister crown was predominantly hematite which acted as a
barrier for gas diffusion due to its poor permeability. Subsequent build-up of gas
pressure resulted in the up-lift of scale at the brittle-scale interface. At 1000°C a
spinel phase rich in Al and Si initiated failure and breakaway of the oxide.

• The presence of a conglomerated spinel phase and hematite in the outer oxide
resulted in a multitude of unique and new phenomena such as blister crown split-
ting and secondary blister; figure 109.

B32

Rebecca Dewfall 178



7 EXTERNAL OXIDATION BLISTERING 7.4 Conclusions

• Blisters formed on B32 had a distinctive and distinguished oxide morphology.
The exterior scale contained a complex ternary eutectic phase containing Al-Si-
Fe.

• B32 blister will only occur at high temperatures with the aid of a liquid fayalite
phase to promote growth.
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8 Internal Oxidation

8.1 Introduction

During hot rolling, strip-steel will exit a finishing mill between a temperature range of
820-910°C, depending on the required properties and chemistry [129]. Once the strip-
steel has exited the finishing mill its rapidly cooled by water sprays on a run-out table.
A tertiary scale will develop during this processing and is not removed prior to coiling.
The strip-steel is then coiled at a specified temperature; thereafter, the steel will cool
to the ambient room temperature. A diagram displaying the hot rolling process at Port
Talbot, Tata Steel Europe is displayed in figure 110.

Figure 110: Schematic of the hot-strip mill process at Port Talbot, Tata Steel Europe

The final morphology and composition of external oxide scale are known to be influ-
enced by coiling temperatures after hot rolling [130]. As the strip enters the finishing
mill and run-out table, a tertiary external scale typically forms at finishing temperatures.
This oxide typically consists of a classic three-layered scale, with wustite decomposing
during cooling. The ultimate morphology of this scale is dependent on factors such as
cooling rate, coiling temperature, and composition.
In electrical steels, the oxide scale produced is highly complex due to the high alloy-
ing content of the composition. Oxidation within the hot-strip mill yields both exter-
nal and internal scales. Internal oxidation occurs due to selective surface oxidation of
reactive alloying elements such as Si and Al. This selective surface oxidation reduces
de-scalability due to lower thermal stresses produced at the inter-facial boundaries [88].
The internal scale can significantly impact the magnetic properties of the steel and lead
to various production issues. In extreme cases, problems such as dirt formation may
arise during cold rolling, resulting in poor final annealing and undesirable product ap-
pearance. As the steel is rolled thinner during the manufacturing process, internal oxide
precipitates may detach from the surface due to mechanical stresses. These detached
precipitates can then accumulate on the surface of the rollers, leading to a phenomenon
known as dirt build-up. This build-up of oxide particles on the rollers can affect the
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quality of the rolled steel and may require frequent cleaning and maintenance of the
rolling equipment to ensure smooth and efficient production operations [131]. More-
over, the presence of these detached oxide precipitates can also contribute to surface
defects in the final product, impacting its overall appearance and performance [131].
To mitigate these issues, it is crucial to optimise the oxide scale. While internal oxi-
dation is suspected to continue developing after hot coiling, it has not been extensively
studied.
This study aims to investigate the effect of coiling temperature on the internal oxida-
tion region to enhance surface quality for further processing. Plant trials have been
conducted with reduced coiling temperatures to explore potential improvements. The
designated coiling temperatures for the trial were applied to two distinct electrical steel
runs within the hot-strip mill at Port Talbot.

8.2 Experimental materials

8.2.1 Coiling Temperature Trial

Plant trials were conducted at the hot-strip mill in Port Talbot, Tata Steel Europe, with
the experimental variable being the coiling temperature after hot rolling. To ensure ro-
bustness in the findings, these trials were split into two separate runs. This approach
served two purposes: firstly, to minimise potential risks to downstream customers, and
secondly, to allow for a thorough assessment of the initial run. Notably, temperatures
X°C and X-75°C were repeated in both trial runs to enhance the reliability and confi-
dence in the obtained results.
Following hot rolling and coiling at Port Talbot, coils were shipped to Surahammar,
Sweden. Upon arrival at the intermediate annealing-pickling line in Surahammar, the
coils designated for the coiling temperature trials were divided into two equal halves.
Samples were extracted from the mid-position of each coil, both before and after an-
nealing, in their original hot-rolled condition.
The first set of samples, referred to as hot rolled coil (HRC) samples, aimed to de-
termine the impact of coiling temperature on the depth of internal oxidation. Sub-
sequently, samples were taken after intermediate annealing and pickling, denoted as
hot-band annealed (HBA) samples, to evaluate the influence of internal oxidation depth
on the pickle-ability of the steel.
Throughout the hot-strip mill and annealing-pickling processes, standard best practices
were followed, and the coils were processed in the order of receipt. No notable increase
in brittleness was observed due to changes in coiling temperature, and no significant ef-
fects on magnetic properties were expected.
The coiling temperatures were designated as X°C for the highest temperature and X-
A°C for subsequent lower temperatures, with A°C representing the difference between
the two coiling temperatures. Detailed specifications are provided in Table 17. Images
of the coils post hot-band annealing are presented in Figure 111.
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Trial Coiling Temperature
1 X°C
2 X°C
1 X-45°C
2 X-50°C
1 X-75°C
2 X-75°C
2 X-100°C
1 X-115°C

Table 17: Table displaying plant trials conducted and coiling temperatures

Figure 111: Coils as sampled from plant after sandblasting and pickling
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8.3 Results and Discussions

X°C Trial 1 and 2

(a) Oxide morphology overview displaying a
layer continous internal oxidation Trial 1

(b) Consumption of underlying iron grains be-
neath the IOZ Trial 2

(c) Morphology overview with labelling of regions Trial 1

(d) Internal oxidation growth front Trial 1 (e) Fine dendritic particles of silica along the
growth front of the IOZ Trial 2

Figure 112: Oxide morphology after coiling at X°C Trial 1 and Trial 2

Figure 112c unveils the intricate nature of oxide morphology, particularly within the
region where internal oxidation takes place. Here, a notable phenomenon emerges as
the internal oxide layer undergoes a transition from the banded structure observed in
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zone 3 to a coarser, more globular morphology observed in zone 2. This transition, oc-
curring over a distance of less than 0.5 µm, hints at a change in the oxidation dynamics,
possibly influenced by local variations in composition and oxygen availability.
The interface between zones 1 and 2 exhibits a sporadic and non-adherent nature, sug-
gesting a potential influence of the internal oxide layer on the external oxide. It is
conceivable that the internal oxide layer, being closer to the steel substrate, acts as a
preferential sink for oxygen, thereby impacting the growth and morphology of the ex-
ternal oxide layer. This dynamic interplay between the internal and external oxides
adds layers of complexity to the oxidation process.
The thickness of the internal oxidation zone measured consistently at 9-12 µm for both
trial 1 and trial 2. Additionally, in BSE figures 112a and 112b, the reduced iron oxide
islands within the external oxide layer are highlighted. The depletion and presence
of these iron islands suggest that oxygen was consumed during the formation of the
internal oxide.

(a) Morphology overview with labelling of re-
gions Trial 2

(b) Transition between spherical to dendritic
growth of internal oxide Trial 2

Figure 113: Edge oxide morphology after coiling at X°C

Both figure 113a and 113b were taken from the edge of the coil. The thickness of the
internal oxide at the edge of the coil was significantly less than that of the centre at
4.8µm; shown above in figure 112. This was because the coil edge loses heat far faster
than the middle section, thus growth was halted quicker due to thermodynamics.
The interface between the coarse internal oxidation and fine internal oxidation was
more clearly defined towards the edge of the coil. A crack can be seen travelling
through the globular IOZ. The crack extended and joined through the brittle precipi-
tates.
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Figure 114: EDS conducted on oxide after coiling at X°C Trial 1

Figure 114 affirms that an IOZ was present by virtue of the increased presence of O
beneath the steel surface. The EDS map in figure 114 shows high counts of both Si and
O within the same region, displaying a sub-layer of SiO2. This rich region has created
a Si-depleted sub-layer within the IOZ. Oxygen has dissolved into the steel creating a
supersaturated layer just below the steel surface. The super-saturated layer created a
high entropy zone promoting the internal oxidation of elements with a high affinity for
O2, such as Si, depleting the region of the high affinity element below.
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X°C HBA After hot-band annealing (HBA), dense oxidation was still present after
sand blasting and pickling in the annealing-pickling line. Figure 115b and 115c shows
coarse remaining internal oxidation. The oxide was loosely adherent but still present
throughout the strip.
The morphology of the oxide was drastically different compared to the hot-rolled coil
(HRC); shifting from a rod like dendritic structure to coarser more globular shape. The
globules were all relatively uniform in size and composition.

(a) Oxide morphology overview displaying continuity of persisting coarsened internal oxide
Trial 1

(b) Coarsened internal oxide Trial 1 (c) Coarsened internal oxide Trial 2

(d) Highlight of coarsened internal oxide break-
ing away from underlying substrate and AlN
particles Trial 1

(e) Highlight of fine subsurface AlN particles
Trial 1

Figure 115: Oxide morphology of retained coarsened internal oxide after sand blasting
and pickling for X°C Trial 1 and Trial 2
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EDS analysis was performed on the HBA samples coiled at temperature X°C, as il-
lustrated in figure 116. The analysis confirmed the presence of coarsened oxide, as
indicated by the oxygen concentration map. Additionally, Al was detected near the
oxide interface, although it appeared sporadically. The morphology of these aluminum
precipitates suggested that they could potentially be aluminum nitride (AlN). However,
definitive confirmation using EDS was challenging due to its limited sensitivity to low-
weight elements such as nitrogen [23] [69].

Figure 116: EDS conducted after HBA on sample coiled at X°C Trial 1
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X-45°C Trial 1

(a) Oxide morphlogy displayed by edge of strip (b) Oxide morphlogy displayed by edge of strip

(c) Highlight of fine dendritic structure at inter-
nal oxidation front

(d) Growth front of internal oxidation zone
along grain boundary

Figure 117: Oxide morphology after coiling at X-45°C

X-45°C HRC Figure 117 shows the samples taken from a B32 coil, coiled at a tem-
perature 45°C below that of the previous sample. The internal oxide was significantly
thinner than the previous sample indicating that coiling temperature does play a crucial
role in the depth of oxidation.
A distinct difference in oxidation was noted between the edge of the strip and the middle
region. The edge depth of oxidation was considerably lower than towards the middle
region. Additionally the internal oxide was denser and more compacted towards the
middle of the strip. The difference in thickness of the internal oxide was due to ge-
ometry effects with the edges cooling rapidly preventing growth of the internal oxide
front.
The morphology of the strip tended towards a globular morphology at the interface
but then transitioned into a lamella structure as the oxide penetrated deeper into the
substrate. The globular structure varied in thickness, but reached a maximum depth of
3µm. The globular precipitates can be seen joining together creating areas of weakness
within the structure. The coarsened internal oxide zone contained a multitude of cracks
and was less adherent than the lamella structure found further into the substrate.
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Figure 117d shows the oxide front of the IOZ. The oxide front grew along the grain
boundaries and then slowly consumed the remainder of the steel grain.

Figure 118: EDS conducted on edge of coil after coiling at X-45°C

The EDS shown in figure 118 was performed on a sample taken from the edge of the
coil. An increase of Al was detected towards the interface of the external oxide and
the substrate. High levels of Si were detected within the globular regions of the oxide.
The globular zone contained both SiO2 and fayalite. The external oxide appears as if
it has been rolled into the underlying substrate with the internal oxide growing around
the indent.
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X-45°C HBA After sandblasting and pickling X-45°C produced a clean surface, free
of oxides. Moderate sub-surface damage was observed, with lateral cracking detected
through the top 10µm of the sample. Cracking was assumed to be due to excess force
during sandblasting. The BSE shows the surrounding deformation.

(a) Surface roughness after HBA (b) Surface roughness after HBA

(c) Highlight of subsurface cracking (d) Highlight of subsurface cracking

Figure 119: Surface state of X-45°C after sand blasting and pickling
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X-50°C Trial 2

X-50°C The oxide produced coiling at X-50°C was highly similar to that observed on
X-45°C. Secondary and tertiary dendrites were present at the internal oxidation front.
The internal oxide penetrated the furthest into the substrate along the grain boundaries.
Oxidation was preferential along grain boundaries due to the ease of diffusion.
Figure 120c shows very fine and evolving nuclei. At higher coiling temperatures such
as X°C fewer nuclei were observed. Its presupposed that the majority of the nuclei at
higher temperatures would have sufficiently grown and developed into an interlocking
dendritic structure, producing the dense internal oxidation zone commonly observed.
The surface after hot-band annealing was free of oxide and optimal for further process-
ing in the cold rolling mill.

(a) Oxide morphology overview (b) Internal oxidation displaying a preference
for direction of growth depending on the under-
lying grain

(c) Extremely fine interface displaying a transi-
tion from spherical to dendritic growth

(d) Growth front for fine dendritic particles of
silica interacting with the underlying substrate

Figure 120: Morphology of internal oxidation after coiling at X-50°C
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X-75°C Trial 1 and 2

X-75°C Coiling at X-75°C produced a substantially thinner oxide compared to pre-
vious coiling temperatures. Once again affirming that a lower coiling temperature will
reduced oxide growth. The internal oxide morphology shifted between globular and
dendritic. Figure 121 shows a clear shift from globular morphology to dendritic. Its
possible that this was an orientation effect however further work needs to be conducted
in order to understand the phenomena fully.
The surface after hot-band annealing was free of oxide and optimal for further process-
ing in the cold rolling mill.

Figure 121: Morphology of internal oxidation after coiling at X-75°C

X-100°C Trial 2

X-100°C HRC Figure 122b shows the HRC surface state of a strip coiled at X-100°C.
The internal oxidation varied in thickness but was substantially reduced compared to
earlier samples. The morphology was primarily dendritic with fine spheres of silica
located at the oxide-scale interface.
The dendrites were primarily secondary and tertiary dendrite arms were interlocking in
areas however the oxide was very sparse appearing relatively premature in growth. The
oxide front travelled along both the grain boundaries and sub grain boundaries. The
ease of diffusion along grain boundaries and sub grain boundaries was due to the mis-
alignment along the grain boundaries creating an area of high energy allowing for easy
diffusion. The external oxide was very adherent and remained intact through handling.
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(a) Morphology overview of
internal and external oxide at
X-100°C

(b) Dendritic particles of silica (c) Highlight of fine growth
along subgrain boundaries

Figure 122: Morphology of internal oxidation region after coiling at X-100°C

X-100°C HBA Figure 123 shows the strip surface of X-100°C after sand blasting and
pickling. Regions of detrimental coarsened internal oxide were present throughout the
sample but the quantity of coarse internal oxides was substantially lower than that of
X°C. It was conjectured that the internal oxides on the HRC were too fine and thus
did not coarsen appropriately through process and hence could not be easily or evenly
removed during sandblasting and pickling.

(a) Poor surface quality after sand blasting and pickling at 100°C

(b) Mildly coarsened internal oxide (c) Highlight of fine dendritic structure evident
of lack of coarsening through process

Figure 123: Persisting internal oxidation on HBA strip after sand blasting and pickling
at X-100°C
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X-115°C Trial 1

X-115°C The surface state of the HRC produced at X-115°C was displayed in figure
124. The oxide was highly similar in thickness and morphology to X-100°C. Fine
nuclei had a greater presence towards the middle of the coil and were observed forming
in a pattern similar to that of a dendritic structure. Submicron globules of silica and
fayalite were located towards the edge of the coil and appeared to act as nucleation
sites for dendritic growth.
Regions of coarsened internal oxide were observed after sand blasting and pickling

(a) Center of coil (b) Edge of coil

Figure 124: Morphology of internal oxidation region at X-115°C
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8.3.1 Summary

Figure 125: Thickness of internal oxidation region versus coiling temperature

HRC The effect of coiling temperature on internal oxide growth has proven to be
significant. Figure 125 shows that the depth of the internal oxidation decreases linearly
with a decrease in coiling temperature. The morphology and phase composition did not
vary substantially with changes in temperature.
All samples contained globules of silica and fayalite close towards the interface and
dendritic silica particles further into the substrate. Silica particles will form first due to
selective oxidaiton with the dendritic structure forming afterwards. Dendritic particles
of silica are commonly observed in steels with high Si contents [76]. At X°C entire
grains of the substrate were consumed by the dendritic structure. The internal oxidation
grew firstly along the grain boundaries and then inwards consuming the grain. Large
scale internal oxidation of this type was not observed at lower temperatures.
From X°C to X-50°C a dramatic decrease in internal oxidation was observed. The in-
ternal oxidation region was more than halved in thickness from 6µm to approximately
2.5µm. Nonetheless the decrease in depth of oxidation was not as dramatic at the fol-
lowing lower temperatures at 2µm and 1.5µm respectively.
The external oxide was not measured for this work, however upon reflection only a
slight decrease in thickness was observed for the tertiary scale. The morphology of
the external scale was affected to a far greater extent. At lower temperatures, closer
to the eutectoid transition temperature, the morphology was predominantly magnetite,
however at higher temperatures, such as X°C, the morphology was magnetite with large
islands of reduced α-iron throughout.
The proposed formation mechanism of coiling oxidation was as follows - A thin layer
of tertiary scale was present after processing and persists during coiling. The tertiary
scale then acts as an oxygen reservoir allowing for the oxidation of the substrate. As
the scale cools, wustite will decompose and oxygen will then diffuse down into the
steel substrate due to thermodynamics of reaction. The formation and growth of these
internal oxides will reduce the exterior scale forming larger islands of α-iron in the
exterior scale. This was observed at X°C, which was significantly above the eutectoid
transition temperature and contained large particles of α-iron throughout the exterior
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scale. At lower coiling temperatures, closer to the eutectoid transition temperature, the
oxygen would not have the kinetics to diffuse down into the substrate [130].
It was assumed that a thin layer of internal oxidation was present prior to coiling but the
thickness was nominal and presumably similar or less than that of X-100°C at 1.5µm.

Figure 126: Surface appearance after sand blasting and pickling through process for
each temperature trial

HBA Figure 126 illustrates the HRC samples after sand blasting and pickling through
an intermediate annealing. It was immediately apparent that not all of the samples have
produced the clean and desired surface required for cold rolling. At X°C a thick coars-
ened region of internal oxidation persisted throughout the entire width of the sample.
It was surmised that the oxide coarsened through the annealing process due to Ostwald
ripening, producing large spheres of silica and fayalite. Smaller precipitates have a
higher solubility than that of larger precipitates due to curvature of radius. The coars-
ened precipitates observed are a result of diffusion controlled ripening [46]. The coars-
ened internal oxide was far less adherent than the dendritic silica particles however the
oxide was too large to remove wholly during sand blasting and pickling.
X-50°C and X-75°C have produced the optimum surface. Both appear smooth with
minimal damage to the surface. It was conjectured that the internal oxides coarsened
during processing forming a thin continuous band of precipitates. Upon sand blasting
and pickling the coarsened oxide has then fractured at the interface with the substrate
and been removed entirely. X-75°C was deemed the best coiling temperature due to the
lower quantity of energy used.
At lower temperatures internal oxide was still intermittently persistent across the strip.
Small segments of dendritic silica were present and the oxide did not appear entirely
coarsened. It was conjectured that the internal oxide did not grow to the optimum
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thickness and thus did not form a continuous coarsened layer of oxidation that could
easily be removed as a whole.
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8.4 Conclusions

Internal oxidation on a high silicon steel (Si 3.2wt%) was investigated after processing
through plant. Plant trials were conducted with differing coiling temperatures after hot
rolling in order to determine the effect on cleanliness after hot-band annealing.

• Coiling temperature was found to have a significant impact on the depth of in-
ternal oxidation after hot rolling with a strong negative correlation associated
between temperature and depth of the IOZ.

• A dramatic decrease in internal oxidation was observed from X°C to X-50°C. The
IOZ more than halved in thickness from 6µm to approximately 2.5µm. Further
decreases in thickness of the IOZ were observed at lower temperatures; at 2µm
and 1.5µm for X-75°C and X-100°C respectively.

• Coiling temperature was not found to significantly impact the morphology of
the IOZ, however at higher temperatures a greater quantity of dendritic silica
particles was observed. Samples had a globular morphology of silica and fayalite
towards the oxide/ steel interface with dendritic silica particles present at the
growth front.

• Internal oxide precipitates were coarsened during annealing; producing large
spheres of silica and fayalite. Coarsened internal oxide was found to be far less
adherent than the dendritic silica particles.

• At X°C the IOZ grew astronomically during coiling and a layer of coarsened
internal oxide persisted after hot-band annealing.

• At X-100°C internal oxidation was intermittently persistent across the strip as the
oxide did not correctly coarsen and was not fully removed.

• Both X-50°C and X-75°C produced the optimum surface for further processing
with no coarsened internal oxidation present on the surface.

The recommend coiling temperature from this work was X-75°C due to the pre-
mium surface produced after HBA.
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9 Conclusions

The effect of chemical composition, temperature and elapsed time on scale formation
was investigated in this thesis. TGA testing, advanced characterisation and large scale
plant trials were utilised to conduct systematic research. The results are outlined as
follows:

Chapter 5 - Oxidation of Rapid Alloy Prototyping Samples
RAP was successfully used to investigate the formation of oxides associated with Mn,
Si and Mo in isolation. The oxide thickness was shown to vary significantly depending
on the alloying additions. The addition of Si produced a complex and intricate oxide
composed of many regions; however, a minimum fundamental addition of 1wt.% was
requisite. Below 1wt.% it was found that an incomplete passivation layer was produced
and oxidation was accelerated. 2Mn-1Mo produced the best oxide scale morphology
from an industrial standpoint of the 11 compositions examined. The oxide was non-
adherent and light, resulting in low yield loss, with a critical temperature of oxidation
above 700°C.

Chapter 6 - Oxidation of Industrial Steels
A thermodynamic study of industrially pertinent steel grades was conducted. Selective
surface oxidation of Si and Al limited the mass gain for B32 and DP800 at temperatures
below 1100°C. The vast majority of internal oxide precipitates formed within the first
10s of heating in DP800. It was found that a high Si content will stop providing oxi-
dation resistance at higher temperatures and will then begin to expeditiously accelerate
oxidation due to a liquid fayalite phase.

Chapter 7 - External Oxidation Blistering
A number of new and previously unidentified blister formation mechanisms were dis-
covered. Blister upon cooling was discovered for steel grade 3812 during air cooling
and observed on a number of samples. Unique and new phenomena such as blister
crown splitting and secondary blister were identified on DP800 due to the presence of
a conglomerated spinel phase and hematite in the outer oxide. High Si steels were only
found to form blister at high temperatures with the aid of a liquid fayalite phase to pro-
mote growth.

Chapter 8 - Industrial Optimisation of Internal Oxidation
Plant trials found that coiling temperature had a significant impact on the depth of
internal oxidation after hot rolling, with a strong negative correlation associated be-
tween temperature and depth of the internal oxidation zone. The suggested coiling
temperature, X-75°C, eliminated issues surrounding surface cleanliness after hot-band
annealing.
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10 Future Works

• Further RAP work should be undertaken to understand the additional effects of
Al. Further alloying combinations such as Al and Si should be combined to see
the influence of the rate of reaction. A combination of Al and Si should be used
to determine at what wt% a passivation layer was produced.

• Thermodynamic studies should be undertaken on the DP800 steel to discern why
a shift in internal oxide morphology was observed from inter-granular to intra-
granular.

• Further heat treatments on DP800 samples should be conducted in order to iden-
tify the volume fraction of blister, the blister regime nose and the transition tem-
perature between mode 1 and 2.

• HRC temperature trial samples should be heat treated under reducing atmosphere
in order to discern the rate of coarsening. Experiments should then be conducted
on the samples to ascertain de-scalability.
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11 APPENDIX

11 Appendix

11.1 Oxidation of RAP

Fe C Mn Si
Target wt% 99.4000 0.1000 0.5000 0.0000
Target mass (g) 19.8800 0.0200 0.1000 0.0000
Measured mass (g) 19.8801 0.0203 0.1000 0.0000
Measured wt% 99.3985 0.1015 0.5000 0.0000
Error percentage 0.0005 1.5000 0.0000 0.0000

Table 18: Appendix: Composition 1: 0.5Mn

Fe C Mn Si
Target wt% 97.9000 0.1000 2.0000 0.0000
Target mass (g) 19.5800 0.0200 0.4000 0.0000
Measured mass (g) 19.5840 0.0205 0.4002 0.0000
Measured wt% 97.8970 0.1025 2.0005 0.0000
Error percentage 0.0204 2.5000 0.0500 0.0000

Table 19: Appendix: Composition 2: 2Mn

Fe C Mn Si
Target wt% 97.4000 0.1000 2.0000 0.5000
Target mass (g) 19.4800 0.0200 0.4000 0.1000
Measured mass (g) 19.4797 0.0204 0.4000 0.1004
Measured wt% 97.3961 0.1020 2.0000 0.5020
Error percentage 0.0015 2.0000 0.0000 0.4000

Table 20: Appendix: Composition 3: 2Mn-0.5Si

Fe C Mn Si
Target wt% 96.9000 0.1000 2.0000 1.0000
Target mass (g) 19.3800 0.0200 0.4000 0.2000
Measured mass (g) 19.3802 0.0205 0.4010 0.2000
Measured wt% 96.8928 0.1025 2.0048 0.9999
Error percentage 0.0010 2.5000 0.2500 0.0000

Table 21: Appendix: Composition 4: 2Mn-1Si

Fe C Mn Si
Target wt% 95.9000 0.1000 2.0000 2.0000
Target mass (g) 19.1800 0.0200 0.4000 0.4000
Measured mass (g) 19.1801 0.0204 0.4001 0.4001
Measured wt% 95.8971 0.1020 2.0004 2.0004
Error percentage 0.0005 2.0000 0.0250 0.0250

Table 22: Appendix: Composition 5: 2Mn-2Si
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11 APPENDIX 11.1 Oxidation of RAP

Fe C Mn Si Mo
Target wt% 98.9000 0.1000 0.5000 0.0000 0.5000
Target mass (g) 19.7800 0.0200 0.1000 0.0000 0.1000
Measured mass (g) 19.7810 0.0202 0.1039 0.0000 0.1037
Measured wt% 98.8615 0.1010 0.5193 0.0000 0.5183
Error percentage 0.0051 1.0000 3.9000 0.0000 3.7000

Table 23: Appendix: Composition 6: 0.5Mn-0.5Mo

Fe C Mn Si Mo
Target wt% 97.6500 0.1000 2.0000 0.0000 0.2500
Target mass (g) 19.5300 0.0200 0.4000 0.0000 0.0500
Measured mass (g) 19.5311 0.0201 0.4042 0.0000 0.0506
Measured wt% 97.6262 0.1005 2.0204 0.0000 0.2529
Error percentage 0.0056 0.5000 1.0500 0.0000 1.2000

Table 24: Appendix: Composition 7: 2Mn-0.25Mo

Fe C Mn Si Mo
Target wt% 97.4000 0.1000 2.0000 0.0000 0.5000
Target mass (g) 19.4800 0.0200 0.4000 0.0000 0.1000
Measured mass (g) 19.4792 0.0202 0.4030 0.0000 0.1002
Measured wt% 97.3833 0.1010 2.0147 0.0000 0.5009
Error percentage 0.0041 1.0000 0.7500 0.0000 0.2000

Table 25: Appendix: Composition 8: 2Mn-0.5Mo

Fe C Mn Si Mo
Target wt% 97.1500 0.1000 2.0000 0.0000 0.7500
Target mass (g) 19.4300 0.0200 0.4000 0.0000 0.1500
Measured mass (g) 19.4306 0.0201 0.4020 0.0000 0.1508
Measured wt% 97.1360 0.1005 2.0096 0.0000 0.7539
Error percentage 0.0031 0.5000 0.5000 0.0000 0.5333

Table 26: Appendix: Composition 9: 2Mn-0.75Mo

Fe C Mn Si Mo
Target wt% 96.9000 0.1000 2.0000 0.0000 1.0000
Target mass (g) 19.3800 0.0200 0.4000 0.0000 0.2000
Measured mass (g) 19.4014 0.0201 0.4014 0.0000 0.2005
Measured wt% 96.8936 0.1004 2.0047 0.0000 1.0013
Error percentage 0.1104 0.5000 0.3500 0.0000 0.2500

Table 27: Appendix: Composition 10: 2Mn-1Mo
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11 APPENDIX 11.1 Oxidation of RAP

Fe C Mn Si Mo
Target wt% 96.6500 0.1000 2.0000 1.0000 0.2500
Target mass (g) 19.5300 0.0200 0.4000 0.2000 0.0500
Measured mass (g) 19.5312 0.0198 0.4024 0.2005 0.0505
Measured wt% 96.6681 0.0980 1.9916 0.9924 0.2499
Error percentage 0.0061 1.0000 0.6000 0.2500 1.0000

Table 28: Appendix: Composition 11: 2Mn-1Si-0.25Mo

Figure 127: Appendix: 2Mn- EBSD forward scatter image
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11 APPENDIX 11.1 Oxidation of RAP

(a) EDS mixed image

(b) O elemental map (c) Si elemental map

Figure 128: Appendix: 2Mn-0.5Si EDS
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11 APPENDIX 11.1 Oxidation of RAP

(a) (b)

(c) Image J reference image (d) Image J precipitate analysis

Figure 129: Appendix: 2Mn-0.5Si oxide morphology

Figure 130: Appendix: 2Mn-1Si EDS line scan
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11 APPENDIX 11.1 Oxidation of RAP

(a) (b)

(c) (d)

Figure 131: Appendix: 2Mn-1Si oxide morphology
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11 APPENDIX 11.1 Oxidation of RAP

(a) (b)

(c) (d)

Figure 132: Appendix: 2Mn-2Si oxide morphology

(a) (b)

Figure 133: Appendix: 0.5Mn-0.5Mo oxide morphology
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11 APPENDIX 11.1 Oxidation of RAP

Figure 134: Appendix: 2Mn-0.25Mo Oxide morphology
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11 APPENDIX 11.1 Oxidation of RAP

(a) (b)

(c) (d)

(e) (f)

Figure 135: Appendix: 2Mn-0.5Mo oxide morphology
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11 APPENDIX 11.1 Oxidation of RAP

(a) (b)

(c) (d)

Figure 136: Appendix: 2Mn-0.75Mo oxide morphology

(a) (b)

Figure 137: Appendix: 2Mn-1Mo oxide morphology
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11 APPENDIX 11.1 Oxidation of RAP

(a)

(b) (c)

(d) (e)

Figure 138: Appendix: 2Mn-1Si-0.25Mo EDS
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11 APPENDIX 11.2 Oxidation of ISG

11.2 Oxidation of ISG

(a)

(b) (c)

Figure 139: Appendix: DP800 800°C for 10s oxide morphology
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11 APPENDIX 11.2 Oxidation of ISG

(a) (b)

(c) (d) Image J analysis of precipitates

Figure 140: Appendix: DP800 850°C for 10s oxide morphology
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11 APPENDIX 11.2 Oxidation of ISG

(a)

(b) (c)

(d) (e)

Figure 141: Appendix: DP800 950°C for 10s oxide morphology
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11 APPENDIX 11.3 External Oxidation Blister

11.3 External Oxidation Blister

(a) (b)

Figure 142: Appendix: Blister 1200°C 30s

Figure 143: Appendix: EBSD Blister 1200 30s
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11 APPENDIX 11.3 External Oxidation Blister

(a) (b)

(c) (d)

Figure 144: Appendix: Blister FIB 900°C 60s

Figure 145: Appendix: Blister 900°C 600s with labels
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11 APPENDIX 11.3 External Oxidation Blister

(a)

(b)

Figure 146: Appendix: Whiskers

Rebecca Dewfall 225



11 APPENDIX 11.3 External Oxidation Blister

(a)

(b) (c)

Figure 147: Appendix: Blister produced DP800 1000°C 10s

Figure 148: Appendix: EDS conducted on DP800 blister at 1000°C 10s
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11 APPENDIX 11.3 External Oxidation Blister

Figure 149: Appendix: EDS conducted on interface of oxide and underlying substrate

(a)

(b)

(c) (d)

Figure 150: Appendix: DP800 Blister at 800°C after 2hrs of heating
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11 APPENDIX 11.3 External Oxidation Blister

Figure 151: Appendix: B32 Blister EDS on precipitate

Figure 152: Appendix: EDS conducted on B32 blister
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