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It is only in the mysterious equations of love that any
logical reasons can be found

John Nash



Summary

The oxidation behaviour of high speed steel (1.55 % C, 7.70 % Cr, 4.90 %V, and 2.00%
Mo) was studied isothermally at 550 and 615°C for three different environmental
conditions, two of which consisted in a mixture of dry air and water vapour flowing at a
rate of 0.45 or 1.45 ¢cm’/min respectively, compared to dry air conditions. At 615°C and
for the maximum water vapour content, the oxidation behaviour was initially logarithmic
followed by linear stage. In contrast, for a water vapour flow rate of 0.45 ¢m’/min, the
oxidation was parabolic, which resulted in a greater mass gain of the samples after 1 hour
oxidation, even though there was a lower water content. This was believed to be related
to the partial pressure of oxygen and therefore to the amount of oxygen available for
oxidation. When exposed to dry air, logarithmic kinetics were observed, with much lower
mass gain compared with the other two environmental conditions. Reducing the test
temperature to 550°C only reduced the mass gain, with the same oxidation kinetics for
each condition, suggesting the same oxidation mechanisms at both temperatures. For the
humid conditions, an iron-chromium spinel (Fe, Cr);04 was formed along with magnetite
Fe;04 and hematite Fe,Os. In dry conditions the spinel and hematite were also present. In
addition, a VO vanadium oxide layer was located at the top of the oxide layer, indicating
oxidation of the MC vanadium rich carbides, promoted by the high partial pressure of
oxygen of the environment.

The steel was also exposed to cyclic temperature fluctuations, of two different
frequencies, 1n an attempt to more closely simulate the conditions found during operation
of rolls mn industry. For the high frequency tests, it was difficult to establish a
mathematical relationship for the oxide growth, with the kinetics being rather stochastic.
The cyclic oxidation produced a very thin granular layer which appeared to be the spinel
(Fe,Cr);04. Local surface regions exhibited high plastic deformation associated with
cracks that facilitated the oxygen dissolution within the steel. In the low frequency cyclic
tests, the oxidation kinetics were parabolic at both test temperatures. Quenching in water,
resulted mn the preferential spallation of the hematite by a mechanism known as
“buckling”, generated from compressive thermal stresses. Material was removed at a rate
of -0.13mg/cycle and -0.07mg/cycle at 615 and 550°C respectively, leaving the surface
only protected by a layer of iron-chromium spinel.

The relationship between the wear of the high speed steel and oxidation was investigated
at 600, 500 and 400°C 1n a rolling-sliding disc on disc configuration using a 2.5 kg load
for a sliding distance of 111 km for two different environmental conditions (water, both
gaseous and liquid, and laboratory dry air). The specific wear rate of the high speed steel
discs was greater for the dry tests compared to the wet ones. However, the specific wear
rate of the dry tests was strongly temperature dependent, while for the wet tests, the wear
rate was insensitive to temperature. The dry tests exhibited a combination of metallic and
oxidational wear, while the wet tests were almost entirely oxidational, with a different
oxide phase constitution to the dry tests. Surprisingly, the wet tests exhibited higher
friction compared to the wet tests. The reasons for this and the difference in wear rates
are discussed and compared to the static oxidation tests.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.1 Introduction

High speed steels (HSS) are highly alloyed steels whose microstructure normally
contains vanadium, chromium and molybdenum rich carbides of high hardness dispersed
In a martensitic matrix, resulting in a material with excellent wear properties at high
temperatures as well as 1n operational conditions where abrasion and fatigue resistance
are also important. These characteristics combined with the stability of the microstructure
promote the use of this alloy as an 1deal candidate for the manufacture of work rolls, the
tools used to reduce the thickness of steel strips at high temperature (800~1200°C) in the
finishing stands of hot strip mills. In these installations, the working conditions
experienced by the work rolls are tough leading to a rapid degradation of the roll surface

by mechanisms that include thermal fatigue, wear by abrasion and oxidation.

The study of the oxidation phenomena of work rolls 1s important for various
reasons. Firstly, excellent surface quality of the laminated products in their final state 1s
required as an advantage if they are competing against other metallic materials for
specific applications, but acceptable quality levels can not be achieved 1f the surface of
the work roll 1s altered by the presence of an oxide layer that inevitably grows onto them.
Secondly, Caithness et al. (1999) commented that with the use of high speed steel work
rolls the levels of friction and therefore the power consumption in the mills are greater
than the values of these variables measured in mills that use work rolls of different
materials like high chromium irons for example, but whether this increment 1n friction 1s

or 1s not associated with the formation of oxides on the roll surface remains uncertain.

The reasons given in the above paragraph suggest that the study of work roll

oxidation in hot strip mills and 1its relation with the friction values in the process and
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surface quality of the steel strip 1s mandatory. Unfortunately, the knowledge of this
phenomenon has been litmited to only few works regarding the oxidation of work roll
materials, particularly high chromium irons. A major concem i1s the way in which the
avallable studies have used temperatures not realistic for the hot rolling process. In
addition, studies have used either dry air or pure oxygen, which 1s a completely different
regime to the environment in hot rolling, where water vapour 1s present. From the point

of view of this work it 1s considered that water vapour is an important element that should

be taken into account during the oxidation.

Factors that deserve special attention include the questions of how the oxide
orows on the surface of the work roll during operation and, how the presence of water in
the environment could affect the oxide formation during the process. Unfortunately 1t
would be impossible to give an answer to these questions based on experiments carried

out directly in the mill, given that these result expensive and dangerous.

The aim of this research was to study the oxidation behaviour of a work roll grade
high speed steel under the action of various oxidant atmospheres some of them including
water vapour, aiming to replicate the environmental conditions found in a hot strip mull,
in order to observe if the presence of this gas modified the rate of oxide growth of this
material. In addition to this, the oxidation behaviour of the material was also studied
under conditions of temperature fluctuation in order to identify the preferred failure

mechanism of the oxide layer in response to the presence of thermal stresses.

Finally, the behaviour of the oxide layer formed under the presence of ambient air
or water vapour was studied under conditions of contact, load and motion aiming to
clarify the role of the oxide layer grown on work rolls during the process and to relate the
differences in the amount of oxide produced under dry and wet atmospheres with

tribological variables of interest like the specific wear rate and the friction coefficient.

The outline of this work is described in the following manner: In Chapter 2, the

results of a literature survey made on features including oxidation mechanisms and the



Chapter 1 Introduction

oxidation of iron and Fe-Cr alloys is presented together with aspects on oxide formation
on work rolls in hot strip mills and the influence of these oxides during hot working
processes. Chapter 3 contains information on the experimental methodology and the
facilities developed to complete the objectives traced for this research. In Chapter 4, the
most important results obtained from the experiments developed are presented and 1n
Chapter 5 a discussion to these is made. And finally in Chapter 6 the most relevant
conclusions obtained from the experiments are presented together with suggestions on

some aspects that need to be taken into account for further investigations on the topics

discussed 1n this thesis.



Chapter 2 Literature review

Chapter 2

Literature review

2.1 Introduction

In this chapter, the results of the literature survey carried out to understand the
genesis and development of oxidation phenomena for metals and particularly of steel
alloys are presented. The chapter contains a substantial amount of information on topics
considered essential for the understanding of the high temperature oxidation reactions,
covering subjects from a review to the characteristics of oxides as 1onic compounds, to
the role and the influence of oxides in metal forming operations at high temperature,
focusing the attention on the formation of oxides on the surface of Fe-Cr alloys as well as

on the surface of the work rolls materials used 1n hot strip malls.

2.2 Ionic nature of oxide layers

When a metal 1s exposed to atmospheres rich in oxygen, interactions between the
metallic 10ons and oxygen occur at the atomic level 1n the from of chemical reactions that
promote the development of physical and chemical changes that are normally represented
by the growth of an oxide layer on the surface of the metal as the typical product of these

reactions.

The crystal structure of the oxide layer formed is not a perfect arrangement of
metallic and non metallic atoms, rather it contains defects like 10on vacancies and 1ons
located at interstitial positions, resulting in nonstoichiometry. This fact 1s important for
the reason that the formation and subsequent growth of oxide layers 1s closely linked to
the transport of metallic, non metallic ions and electrons across the oxide layer. This

transport could only be possible by diffusion of ionic and electronic species through the
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existent defects in the oxide, in a manner that always preserves the neutral character of

the oxide compound, 1.e. the addition of all the electrical charges contained in the oxide

must be equal to zero.

As 1onic and electronic conduction is believed to occur in an oxide layer,
according to Wagner (Kubaschewski, 1953), oxides can be catalogued as semiconductors

and therefore can be subdivide as n-type or p-type semiconductors depending on the type

of defect present in their crystalline structure.

2.2.1 P-type oxide layers

These oxides are characterized by either a deficit in metallic 1ons or an excess of
oxygen 1ons and are represented by the formulas M;.O or MO for each case
respectively, where o represents a small fraction of 1. In the first case, the oxide contains

lattice positions with a positive charge deficit so that the electrical balance of the
compound 1s preserved by means of alterations to the valence state of some cations that
remain mn normal lattice positions, maintaining the charge balance of the compound (Fig
2.1). If the partial pressure of oxygen is increased, the number of defects in the oxide

increases and so the electrical conductivity within the compound increases and theretore

it 1s expected that the rate at which cation deficient oxides layer grow also increases.

Oxides having an excess of oxygen located at interstitial positions are less likely
to occur simply because oxygen ions are larger in size than most cations. Some uranium

oxides are representative examples of this group (Kofstad, 1966).

2.2.2 N-type oxide layers

Oxides having either an excess of cations or a deficit in the amount of anions are
representative of n-type semiconductors. Similar to the case of p-type oxides, the
formulations used to represent the defects found in n-type oxides are M;.,0 and MO,

for defects involving cations or anions respectively. For the first case, which 1s the most
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common, cations are located at interstitial positions in the oxide lattice and the total
charge of the compound is balanced by the existence of electrons of the same magnitude
as the valence state of the interstitial ions (Fig 2.2). The electrical conductivity in oxides

having an excess of cations decreases as the partial pressure of oxygen is increased.

The anion deficit type oxide is not so well explained in some text books and
comprehension of this kind of oxide is difficult, but basically this defect is present when
anions are missing in their normal lattice positions and the electrical neutrality of
compound 1s balanced by an amount of electrons of the same number as the valence state

of the missing oxygen ions. The electrical conductivity in compounds showing anion

vacancies 1s reduced as the partial pressure of oxygen increased.

2.3 Formation of oxides at high temperature

Oxide formation 1s considered a thermally activated process, this means that the
formation of oxide and the rate at which this process occurs, i.e. the kinetics, is strongly
linked to the temperature of the environment in which the metal is contained and the
mathematical formulations that could represent the rate at which an oxide grows normally

involves the dependence on temperature in the from of an Arrhenius expression such as:

ke = Ae(%) (2.1)

where, k, 1s a constant, () represents the activation energy needed to stimulate 1onic
motion for oxidation reactions to occur, 7' 1s the temperature 1n absolute units, R 1s the
universal gas constant and A is a constant. The rate of oxide formation normally increases
with temperature, but the rate of oxide growth is often influenced by the purity of the

metal, the pressure of the system and the type and amount of defects present in the oxide

layer.
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Once a small amount of oxide is formed on the surface of the metal it represents a
physical barrier for the metallic and non metallic ions to react and further growth of the
layer will only be possible by the migration of the active species across the defects
present in the oxide by solid state diffusion mechanisms (Fig.2.3). During the first stages
of the oxidation process, the rate of reaction between the species and formation of oxide
1s expected to be high, because the barrier is relatively thin but as the oxide scale
thickens, the distance that metallic 10ns and non metallic ions need to diffuse in order to

react also increases and therefore a reduction in the reaction rate and in the oxide scale

formation 1s likely to be observed.

2.4 Wagner’s parabolic oxidation law

An 1dealized example of how an oxide scale grows on the surface of metals at
high temperatures was given by Wagner in 1933 mn his derivation of the parabolic
oxidation theory. To develop this theory some assumptions were considered and are

summarized as follows:

1. It 1s assumed that the oxide scale 1s free of physical defects (pores, cracks, blisters

etc.) and 1t 1s perfectly adhered to the metallic substrate.

2. The rate controlling mechanism that influences the growth of the oxide layer 1s

the diffusion of 1onic and electronic species across the oxide layer.

3. Equilibrium is established at the metal-oxide and the gas-metal interfaces, this 1s,

the rate at which the reactions occur at these interfaces are the same.

4. Oxygen is not soluble in the metal (a condition necessary to develop intemal

oxidation).

5. The driving force for the occurrence of oxidation reactions 1s the free energy

change of oxide formation. This point suggests that gradients of chemical and
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electrical potential determined by the activities of metal and the gas will be found

across the scale Fig (2.4).

The sequence of Wagner’s oxidation theory is complicated to follow with respect to

the many vanables and mathematical simplifications used to obtain the final expression
that expresses the growth of the oxide as a function of the time, but as an alternative
Birks and Meier (1986) presented a simplified approach to this theory based on the
scheme shown 1n Fig 2.4. It can be seen that two reactions take place at each interface,
the 1onization of the reactive species (metal or oxygen) and the formation of the oxide.
Once a small amount of oxide scale of thickness x has grown, cations and electrons travel

towards the oxide-gas interface and oxygen in the opposite direction in order to continue

with the reaction.

The electrical neutrality of the oxide lattice must be preserved; therefore the number

of cations must be equal 1n number to the amount of vacancies 1in terms of flux as:
Jo+ tJy, =0 (2.2)

where j . represents the flux of 1ons across the scale and j, the flux of vacancies

created at the oxide gas interface. This condition can be combined and represented
mathematically using the first law of diffusion proposed by Fick applied to the vacancies

concentration expressed as:

2 l
Cy, —C,

X

(2.3)

where D, is the diffusion coefficient of metal vacancies, C°, and C'y, the

concentration of metal vacancies at the oxide-gas and metal oxide interfaces respectively.
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this case, the vacancies are generated in the oxide-gas interface and consumed at the

opposite interface. As the equilibrium is fixed at the each interface, the term

D, (C *. —C',) can be considered as a constant and included in a term namely k so

that the change in thickness x with respect to the oxidation time  can be expressed as:

ax _k (2.4)
dt x |
Arranging the terms of the equation equation 2.5 gives that:
dex = kI dt (2.5)
After the integration of above equation, the final expression gives:
2
x~ =2kt (2.6)

Equation 2.6 represents the mathematical expression of Wagner’s theory of high
temperature oxidation of metals, where x represents the thickness of the oxide layer
measured throughout the oxidation time 7 and k, 1s know as the parabolic rate constant a
term that intrinsically includes the mobility of cations and electrons due to the gradients
of chemical potential established across the oxide scale and the electrical conductivity of
these species. The shape of the curve obtained by plotting equation 2.6 adopts the form of
a parabola, but more important 1s the physical meaning of this theory, a feature that will

be discussed during the next sections of this chapter.
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2.5 Oxadation kinetics

Three oxidation kinetics modes have been proposed along the years as the basic

behaviours that rule the oxidation of metals, these are:

a) Linear rate oxidation
b) Parabolic rate oxidation

c¢) Loganthmic rate oxidation.

The occurrence of one or another type depends on factors such as the nature of the
metallic system (1.e. pure metal or an alloy of various species), temperature and oxygen
partial pressure among others. However, 1n practice 1t 1s common that each mechanism
may be present on its own or be a combination of mechanisms depending on the exact
conditions. Although determination of the oxidation mechanisms based only on oxidation
kinetics for metal or alloys 1s almost meaningless, these curves need to be combined with
diffusion data, partial pressures data and results from previous works when the rate

controlling mechanism for the oxidation of a metal or alloy 1s to be explained (Kofstad,

1966)

2.5.1 Linear rate of oxidation

For linear oxidation, the relationship between x and the time follows a
proportional pattern (Fig 2.5 a). This rate is normally associated with the formation of
non protective oxide scales or the oxidation of metals that form volatile oxides, because
under these conditions, it could possible that bare metal will be always available to react
with the oxygen contained in the atmosphere, being the supply of oxygen 1ons the rate

controlling process that governs this oxidation rate. Mathematically, this behaviour i1s

expressed as:

x=@t (2.7)

10
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where k; 1s the linear oxidation constant and ¢ is the exposure time to the oxidant

atmosphere.

2.5.2 Parabolic rate of oxidation

The parabolic oxidation rate of metals has been normally associated with uniform
diffusion of ionic species and electrons across a compact, defect free oxide scale. Fig.2.5
b) shows the graphical representation of this behaviour, characterized by a rapid initial
oxidation rate followed by a progressive reduction as the oxide scale grows on the surface
of the metal. Many metals and alloyed systems oxidize following a parabolic trend,
although the attainment of this kind of behaviour depends strongly on conditions like the
temperature of the system, the partial pressure of oxygen and the composition of the
oxidant atmosphere. In equation 2.6, k, is defined as the parabolic constant and has units
of mg”/cm®-s, when the mass gain per unit of surface area is followed or cm/s"* when the

thickness of the oxide scale 1s measured.

2.3.3 Logarithmic rate of oxidation

This behaviour 1s represented by equations 2.8 and 2.9 for the direct and indirect
logarithmic relations respectively. Logarithmic relations have been associated with the
oxidation of metals and alloys at low temperature or with the development of thin oxide
films and 1s graphically represented in Fig.2.5 c), characterized by a rapid initial stage
sometimes greater than that observed for the parabolic behaviour in the same time

interval, followed by an abrupt reduction in the rate of reaction.

The rate controlling mechanism for the reactions developed in this regime has
been associated with the establishment of electrical fields across the oxide layer as a
result of the tunnelling of electrons to maintain the electrical balance of the oxide lattice
when oxygen 1ons are adsorbed 1n 1t. Evans, 1960 proposed another theory to explain the
occurrence of the logarithmic rate based on the existence of cavities formed as result of

vacancies concentration at the metal-oxide interface that reduce the surface area where

11




Chapter 2 Literature review

anion and cations are mobile, slowing the rate of reaction of metals. Two equations are

normally proposed for describing this behaviour:

x =ky log(t + 1) (2.8)
1
;:A—kL log 1 (2.9)

where A and k; are constants, x i1s the variable used to quantify the oxidation

phenomenon and 7 1s the oxidation time.

2.6 Oxidation of iron

Not surprisingly, the oxidation of iron has been studied for many years given the
extensive use of 1ron and steel under oxidative conditions. At one atmosphere pressure
and for temperatures above 570°C, three oxide phases grow on the surface of pure iron
namely Wiistite FeO, magnetite FesO4 and hematite Fe, O3, growing in this order from the
metal oxide-interface in direction to the oxide-gas interface. Below 570° C, the Wiistite
phase 1s not thermodynamically stable as indicated in the phase diagram of Fig.2.6 and
therefore oxide scales formed at lower temperatures consist mainly of magnetite and
hematite. Above this temperature, Wiistite becomes a stable constituent of the oxide layer

normally increasing its thickness as the oxidation temperature of the metal in the system

Increases.

Although the mechanisms that describe the formation of the three iron oxide

phases at high temperature can be found with fine detail in many text books
(Kubaschewski, 1953, Kofstad, 1966, Birks and Meyers, 1983, Khanna, 2002) a briet

explanation of the oxide formation process at temperatures above 570°C will be

discussed in this section based on the diagram shown 1n Fig. 2.7.

12
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At the metal-oxide interface, iron is ionized with the resultant release of cations
and electrons, these constituents reduced magnetite at the Wiistite-magnetite interface to

produce Wiistite FeO. Divalent Fe*"and trivalent Fe** ions plus electrons move across the

magnetite layer and react at the magnetite-hematite interface to form magnetite Fe;O4, the
second constituent of the oxide layer. Finally the third constituent of the oxide layer,
hematite Fe;O;, 1s produced in two ways; one implies the reaction of oxygen and iron
1ons at the magnetite-hematite interface due to the ionization of oxygen by the electrons
released from Fe®" ions and the other implies the reaction of excess trivalent Fe’* ions and
electrons with oxygen dissolved in the hematite layer. At temperatures above the

instability pomt (570°C), the proportion of these components in the oxide layer is a ratio
of about 95:4:1 (Birks and Meyers, 1983).

2.6.1 Oxidation of iron under the action of gaseous atmospheres

The formation of the three oxide layers on the surface of iron can be considered
only as an 1dealized case because, under certain conditions, these layers are present on the

surface 1ron or iron alloys in different proportions including modifications to their

structure and properties due to the presence of certain chemical elements.

In practical applications such as high temperature forming processes, iron or its
alloys are inevitably oxidized. Oxygen i1s rarely present as a pure gas, but usually in the
oxidant atmosphere m the form of combustion products such as carbon monoxide (CO),
carbon dioxide (CQO-), sulphur dioxide (SO,), water vapour or simply air. Depending on
the amount and type of the components of the oxidant atmosphere these gases alone or
combmed will influence the rate of oxidation, and accordingly the effects of the
environment on oxidation have been studied for many years. In this section, the effect of

oxygen, air and water vapour on the oxidation characteristics of iron are reviewed.

As a first example, Caplan and Cohen (1966) studied the oxidation of high purty
iron in dry oxygen in order to identify the effects of the degree of cold work (Table 1)

imposed on specimens on the oxidation rate and the oxide phases obtained in the

13
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temperature interval between 400 and 650°C. Quasi parabolic kinetics were obtained for
all the test conditions (Fig.2.8). They observed that annealing the specimens reduced the
rate of oxidation, promoting the development of a porous oxide scale which had poor
adherence to the substrate. The scale contained substantial amounts of hematite rather
than magnetite up to 600°C. For the same test procedures and temperatures, but for
conditions in which the specimens where only abraded prior the oxidation test, the rate of
oxidation was greater when compared with the annealed specimens. This resulted in

compact oxide layers of good adherence to the substrate, containing magnetite as the

preferential phase obtained under this condition.

Caplan and Cohen explained the differences in the oxidation behaviour obtained
based on the generation of vacancies for each condition. In the annealed specimens, the
vacancy flux was established in the direction of the metal-oxide interface, which
condensed at this interface, creating pores and cavities. The poor plasticity of magnetite
resulted 1n separation of this layer from the substrate and preferential growth of hematite
at the expense of the separated layer (Fig.2.9). In contrast, in the specimens that were
abraded prior oxidation, the oxide microcrystallites formed in the abraded areas acted as a
path for the diffusion of oxygen i1ons mn the direction of the metal oxide interface. This
compensated the loss of metal 1ons by filling the empty spaces, promoting the even
development of an oxide layer of good adherence to the substrate. In addition to this
mechanism, the existence of defects in the metal could also dissolve the vacancies
generated. At 650°C, the oxidation rate and the development of oxide phases was similar

for both specimens, and this was related to the existence of Wiistite FeO, a fairly plastic

oxide layer that may suppressed the pores formed when expanded laterally.

In a different study, Caplan (1966) studied the effect of cold work on the
oxidation resistance of pure iron and various Fe-Cr alloys ranging between 10 and 26
wt% Cr having water vapour as oxidant atmosphere at 600°C, based on the premise that
the imposing a certain of degree cold work increased the oxidation resistance of stainless
steels in water vapour. Caplan found that specimens of pure iron oxidized under the

action of water vapour presented the same mass gain (Fig.2.10 a) regardless of their

14
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preparation condition prior testing (abraded or annealed). This is contrary to the
observations found in the previous study for specimens oxidized in dry oxygen, where the
mass gain was higher in the abraded specimens. It was also found that for the alloys with
chromium content between 10 and 16 %wt, the oxidation of rate, expressed by a
parabolic relationship, was higher for mechanically worked specimens after 10 minutes
and 20 hours exposure. However, for oxidation times of this order, the mass gained was
almost the same for samples containing up to 14 %wt Cr either abraded of annealed
(Fig.2.10 b). Increasing the chromium content of the alloys reduced the oxidation rate
considerably for the specimens in the abraded condition whereas annealed specimens
were oxidized considerably. Caplan explained these differences based on the suppression
of the intemal oxidation phenomenon due to the high diffusivity of chromium 1n the alloy

in addition to the protection offered by an outer layer of (Fe,Cr),O3 spinel formed 1n the

specimens that recetved mechanical work.

According to Surman and Castle (1969), the oxidation products resulting from the
exposure of pure 1ron and steel to atmospheres containing water vapour at S00°C consist
of a double layer of magnetite, with the outermost layer formed by solid state diffusion of
Fe cations across the oxide layer in the direction of the oxide-gas interface. Contrary to
normal wisdom, Surman and Castle proposed that the diffusion coefficient of oxygen mn
magnetite was too low to promote the diffusion of this element across the scale in order
to form the inner layer. Instead, they proposed that the transport of the cations across the
scale could be determined by the formation of volatile hydroxides Fe(OH),. They based
their hypothesis on observations made to the oxide microstructure in order to prove the
existence of pores and micro channels in the oxide as well as using calculations of the
oxidation rate k, as a function of the partial pressure of water and oxygen. Another
important aspect of this investigation is that for the oxidation of chromium containing
steels, Cr ions remained as part of the innermost scale because of the impossibility of

chromium to from volatile species.

Tuck et al. (1969) studied the effect of the addition of water vapour to oxygen on

the oxidation characteristics of iron and mild steel at 950°C for samples having

15
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geometries of rod or sheets and compared the results obtained against previous results for
the same materials and geometries obtained under the presence of dry oxygen. In all
cases, the addition of 12 % vol of water vapour to dry oxygen increased the oxidation rate
of the specimens described by a parabolic relationship (Fig.2.11 a), regardless of whether
the samples were preheated in argon or under the action of the oxidant mixture. In
addition, depending on the oxidant atmosphere the specimens were exposed to, different
oxide structures were 1dentified by cross section analyses. For example, the materials
oxidized i dry oxygen developed porous scales with bad adhesion to the metallic
substrate having magnetite as the predominant phase, whereas the oxide scale obtained in
the mixture oxygen-water vapour consisted of an adherent compact oxide layer

containing no pores and whose growth was observed preferentially for specimens in the

from of sheets.

Tuck et al. commented that the slope of the parabolic region in the oxidation rates
observed for 1iron specimens exposed to oxygen with steam, steam, oxygen or, dry air
atmospheres was nearly of the same order for all the testing conditions (Fi1g.2.11 b) so
that the effect of water vapour on the oxidation rate was not so clear. Therefore they
concluded that the effect of water vapour on the increment of the reaction rate was
associated with the preservation of the compactness as well as the lack of the porosity of
the oxide layer along the oxidation process. These characteristics were preserved by the
presence of hydrogen in the oxide scale either as a diatomic molecule (H;), hydroxide
ions (OH") or as steam (H,0). These molecules enhanced the activity and mobility of
dislocations within the oxide layer promoting the creep and plastic flow of the oxide
layer, improving the ability of the oxide to annihilate the pores created by condensation

of vacancies, facilitating the diffusion of 10nic species across the oxide.

Jansson and Vannerberg (1971) analyzed the effect of the oxygen pressure on the
oxidation rate of iron samples (99.998%) with a certain degree of cold work. Cold
working of the surface increased the oxidation rate. The parabolic oxidation rate of the
cold worked material decreased when the oxygen pressure was increased from values

varying from 0.02 to 1.0 atmospheres (Fig.2.12 a and b). This phenomenon was related to
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the nucleation and growth of Fe,Q; whiskers parallel to the substrate that protected the

surface of iron and made the oxidation phenomenon difficult to continue at temperatures
between 500 and 625°C.

Baud er al. (1975) studied the influence of humidity additions to dry air on the
oxidation behaviour and scaling characteristics of pure iron (99.998%) and 1ron alloyed
with 5% wt carbon, oxidizing samples of these materials at 700°C in atmospheres
containing dry air, ambient air with 1-2% water vapour and dry air saturated with 31 %
water vapour. It was observed that the thickness of the oxide layer formed on the alloyed
iron mncreased as water was added to dry air, whereas the thickness of the oxide layer that

grew on pure iron remained practically the same values regardless the oxidant

atmosphere (Fi1g.2.13).

It was also observed that the addition of water to the oxidant atmosphere also

improved the adherence of the oxide to the surface of alloyed iron. This was attributed to
the formation of a porous FeO layer next to the metallic substrate. However, water did
not have a significant effect in the oxide layers that grew on pure iron because good
adherence and low porosity was observed in all cases regardless the humidity content of
the oxidant atmosphere. These findings were corroborated when the phase content of the
oxides was measured in the alloyed 1ron, showing that for the samples oxidized in dry air
+ 31 % water vapour and 1-2 % water vapour, Wiistite comprised 90 % and 40 % of the
oxide layer respectively, while in dry air Wiistite was not present at all and the layer
comprised only of magnetite and hematite, which grew at the expense of Wiistite,
suggesting separation of this layer from the substrate. The three iron oxides were present

in all the oxidant conditions experienced by the samples of pure 1ron.

The oxidation rates observed for the alloyed iron increased marginally as the
water vapour content of the oxidant mixture increased when compared to those of pure
iron where the oxidation process occurred at a higher rate, with no visible differences
whether the samples were oxidized in water or dry air. For all these cases parabolic

oxidation kinetics were observed. It might be that in this work the effect of water vapour
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on the oxidation of the materials studied was the same observed by Tuck et al. (1969)
where the presence of hydrogen stimulated the plasticity of the oxide layer maintaining

Its compactness by increasing the disorder in the oxide structure due to the existence of

hydrogen and water vapour molecules.

Taguch1 and Suzuki (2006) analyzed the differences in the oxidation rate of three
grades of 1ron that differed in the amount of oxygen dissolved within them prior the tests,
and that were oxidized at 850°C in atmospheres containing dry or ambient air. The mass
gained by the samples exposed to ambient air exhibited greater mass gain compared to
the samples exposed only to dry air. For each test condition, the samples containing the
minimum amount of dissolved oxygen resulted in the greatest mass gain compared to
those containing more impurities (Fig.2.14). Taguchi and Suzuki also compared the
results of oxidation experiments completed for pure iron at 700°C 1n both ambient air and
dry air finding that the oxidation of iron was slightly higher in ambient air than that
observed in dry air. This contradicts the results obtained by Baud ez al. (1975) for pure
iron where no significant variations were found for the experiments conducted in ambient
air and dry air, as previously discussed. The justification for these variations was related
to the differences in the amount of water vapour present in ambient air for both
conditions that for the case of Taguchi was less than 6x10” g/m’ and for Baud’s
conditions of about 14 g/m’. They concluded that although the influence of humidity
seemed small, small amounts of water can have a considerable effect on the oxidation of
iron as suggested in the electron micrographs taken to the surface of the iron samples

shown also 1n F1g.2.14.

2.6.2 Oxidation of Fe-Cr alloys and steels under the action of gaseous atmospheres

The oxidation in dry air at 800°C of a Fe-Cr alloy containing 3 %wt chromium
was studied by Kahveci and Welsh (1986). They found that the oxidation kinetics of the
alloy was characterized by an initial parabolic stage that was followed by inverse
logarithmic behaviour (Fig.2.15 a). The development of the first oxidation stage was

believed to be associated to the uniform diffusion of iron and oxygen ions across the
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scale, promoted by the existence of abundant grain boundaries that acted as easy
pathways for the migration of these species as well as a thin Wiistite layer formed next to

the substrate due to a chromium depletion in this zones observed during the early

oxidation stages up to 35 minutes.

The reduction in the oxidation kinetics found in the second stage characterized by
a logarithmic trend was explained in terms of three factors: a) the development of a spinel

next to the metallic substrate of the form M;0,; and M,0; that exhibits low diffusion rates
for Fe and Cr 10ns, b) the nucleation and growth of a columnar layer of a-Fe O3 (Fig.2.15
b), that increased the thickness of the scale and therefore increased the diffusion distances

and, c¢) the growth of coarse grains in the outer a-Fe;O3 that reduced the diffusion paths

for oxygen 10ns.

Cory and Hermrington (1987) pointed out that duplex scales grow by oxidation of
metals in steam and oxygen and under this premise studied the influence of super heated
steam on the oxidation behaviour of ferrous alloys containing chromium in amounts
varying between 0 and 9 %wt with additions of molybdenum and niobium, at
temperatures between 450 and 550°C under the action of various gas pressures. They
found that the oxidation rate was parabolic and independent of the steam partial pressure,
and increased when the temperature for oxidation increased, showing the opposite effect

for reductions to the chromium content of the alloys.

The oxide layer formed on the alloy for all the experimental conditions was
characterized by the formation a double oxide layer, comprised of an inner fine grained
oxide layer of Fe-Cr spinel (M304) and magnetite as well as by an outer magnetite layer
with columnar grains perpendicular to the alloy substrate. The spinel layer was formed by
internal oxidation caused by inward diffusion of oxygen, possibly through pores or
defects within the layer, and was deficient in iron but rich in chromium. Similar teatures

were also observed for alloys with higher chromium content.
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Cory and Herrington pointed out that during the oxidation process, pores were
developed 1n the magnetite phase in the sample containing 2.25 %wt Cr suggesting that
the oxide layer was permeable to hydrogen gas. The formation of hematite whiskers was
found as a common phenomenon in samples that did not contain chromium and based on

this they concluded that chromium may suppressed the formation of hematite structures

in the alloys where this element was present.

Chang and Wei (1989) commented on the effect of water vapour, oxygen and atr
on the oxidation behaviour of steels and also summarized the effect of alloying elements
in the scaling behaviour of the alloys. They pointed out that water vapour transports
oxygen 1ons across the oxide scale in the direction of the metal surface. Once there, this
molecule dissociates resulting in the production of oxygen that reacts with iron ions to
produce more oxide but also liberating hydrogen, a reducing agent, resulting 1n a process
that favours the production of more iron ions and water molecules, establishing a
redundant cycle of reactions across the oxide scale. They also commented that in systems
containing a mixture of water vapour and oxygen the oxidation rate increases with the
water vapour content up to saturation values, and in systems that contain mixtures of
water vapour and hydrogen, the rate of oxidation of the steel decreases as the amount of
hydrogen increases. On the effect of alloying elements on the scaling behaviour of steel,
they pointed out that alloying steel with chromium also results in the suppression of
Wiistite at temperatures above 570°C when the chromium content exceeds 2.5 %owt,

resulting in the growth of oxide layer that include only magnetite and hematite.

Simms and Little (1988) studied the oxidation rate and the oxide structures
formed on the surface of a steel containing additions of chromium (2.5 %wt) and
molybdenum (1% wt) under the presence of dry oxygen at 600 and 650°C for oxidation
times up to 100 hours. The oxidation rate of the steel samples at these temperatures was
parabolic (Fig.2.16 a), the greatest mass gain obtained at the highest temperature at which
the steel was oxidized. Based on measurements made by EDX on fractures surfaces of the
oxides, they found that in most cases the oxide layer as a whole was comprised of an

inner fined grained structure of spinel M30,, followed by an intermediate layer of
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columnar magnetite Fe;O,4 grains which was thicker than the outer layer of hematite
Fe;Os3 (F1g.2.16 b and c). Simms and Little pointed out that the growth of these oxide
structures depended on the flux of cations and anions through the oxide scale. They also
explained that the growth of the intermediate magnetite layer was caused by a deficit in
oxygen observed 1n the hematite layer that fails to complete the oxidation process, giving

the opportunity for magnetite to nucleate and grow at specific sites between hematite and

the spinel layer.

Walter et al. (1993) analyzed the 1sothermal and cyclic oxidation behaviours of a
steel alloyed with chromium (12 %wt), molybdenum (1 %wt) and vanadium (0.25 %wt)
under the action of air, air with sulphur dioxide SO, and a mixture of argon, hydrogen and
50 % water. By comparison with the results obtained from isothermal oxidation tests n
dry air and the tests carried out under the presence of water, they found that under both
conditions the steel was oxidized following parabolic kinetics, the thickness of the oxide
layer developed under conditions containing moisture considerably greater than that
formed in dry air. The oxide phases present in the oxide layers obtained were also
different depending on the oxidant atmosphere (Fig.2.17 b) and c). The oxide scale
formed in the environment containing water vapour was similar to that observed by
Simms and Little (1988), comprising a layer of spinel M30y4, an intermediate layer of
magnetite Fe;O, and an outer layer of hematite Fe;Os;, whereas the samples oxidized mn
dry air and dry air mixed with sulphur dioxide only a thin layer of spinel M;O; was

present on the surface of the steel.

Laverde et al. (2004) studied the isothermal oxidation behaviour of a T91 steel
containing 8.51 %wt chromium and small amounts of alloying elements similar to those
found in the composition of a high speed steel (typically vanadium, molybdenum
tungsten). They conducted isothermal oxidation experiments at temperature intervals
between 575 and 650°C under the presence of a mixture of argon and steam produced at
90°C to give a relative humidity of 70 %. The oxidation kinetics of the samples quantified
by both mass gain and thickness resulted in parabolic relationships for all the test

temperatures, the values of the variables used to measure the oxidation rate increasing
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with the temperature of the tests. For all the temperatures, the scale comprised an outer
compact hematite layer (Fe;0;), a porous intermediate Fe;O4 and an inner layer of
(Fe,Cr);04 spinel. The magnetite layer seemed porous bemg attributed to the release and

presence of gaseous products and reactants through the scale that exist in the reaction

established between magnetite and water vapour to form hematite represented as:

2Fe,0, +H,0 —» 3Fe, 0, +H, (2.10)

Laverde et al. pointed out that at 600°C and for long exposure times, hematite was
the dommant phase present on the surface of the steel and concluded that the
development of the oxides structures obtained under the presence of water vapour give a

protective character to the steel that at some point could diminish the reaction rate of

oxidation.

Ehlers et al. (2006) studied the influence of additions of water vapour up to 7 %
vol to a mixture of nitrogen and oxygen on the oxidation rate and the characteristics of
the oxide scale formed on a P91 heat resistant steel containing 9 % Cr oxidized at 650°C.
By comparison with tests carried out using the dry mixture and the mixture containing
water vapour additions (Fi1g.2.18 a), they found that the oxidation of the steel increased as
the water vapour content in the environment increased and that small additions of water
to environments with low oxygen content promoted considerable changes in the oxidation

rate as the water vapour content in the mixture was increased.

The differences found in the compositions and morphologies of the oxide layer
were also remarkable. The oxide layer developed on the steel exposed to dry conditions
developed a compact structure containing a chromium rich spinel formed next to the steel
substrate and a thick hematite layer. The oxide layer grown on the samples of the steel
exposed to the conditions containing moisture revealed the presence of several layers that

included the development of an internal oxidation zone, a zone containing a mixture of
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magnetite and a chromium rich spinel M0, followed by a porous layer of magnetite and

finally a thin outer hematite layer (Fig.2.18 b).

Ehlers et al. explained the differences of these phenomena based on the

permeation of water molecules into the oxide layer that were responsible for the
acceleration of the mass intake as well as the development of porosity in the magnetite
layer observed in the samples exposed to water vapour. These pores were created by the
formation of volatile species of iron hydroxide from the reaction of magnetite and
hematite with water molecules at sites where the dissociation of water molecules to
produce oxygen and hydrogen was established. The establishment of these reactions was
considered the main mechanism that promoted the ionic transport across the scale and
that resulted in the pronounced increments of the oxidation rate observed under the
presence of water vapour. This clearly contrasts with the mechanisms observed 1n dry
conditions where oxygen was the only oxidant molecule existent in the environment
available to oxidize the steel. They concluded that the oxide scales formed in water
vapour are more permeable to water molecules rather than to oxygen molecules, therefore
a competition between the molecules to oxidized the steel 1s established, competition

where water molecules are preferred and that 1s controlled by the ratio of partial pressures

pHQO/pOg.
2.7 Energy for oxidation in hot strip mills: heat transfer processes

High temperature oxidation is a common phenomenon found in the finishing
stands in hot strip mills. The oxide develops in both strip and rolls as a result of the high
temperature gradients experienced by the strip whose temperature normally varies
between 800 and 1200°C. Particularly, the heat flux transferred from the strip to the work
rolls is of great importance because it determines the temperature field experienced by the
work rolls and to a certain point it could define the amount of oxide that could grow on
their surface. Values of heat transferred to the work rolls between 5 and 12.5 MW were
calculated by Colas (1994) depending on the thickness of the steel strip laminated in a

compact steel mill.
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2.7.1 Heat transferred to the work rolls

In the finishing stands of hot steel strip mills, the work rolls are heated mainly by
conduction caused by the contact with the high temperature strip normally found in the
temperature interval between 800 to 1200°C depending on the position of the stand.
Investigations focused on determining the heat transferred to the work rolls and the
values of thermal gradient imposed on their surface in hot strip mills are varied. Devadas
and Samarasekera (1986) studied the heat transfer phenomena in the finishing stands in
hot strip mills based on calculations made by means of a one dimensional mathematical
model of the process. They found that the temperature on the surface of work rolls varied
when different lubricants were used and calculated maximum and minimum temperatures
reached by the work rolls giving values comprised between 620 and 250°C when the rolls
were 1n contact with the strip whose temperature was 1100°C. Reductions 1n temperature

comprised between 50 and 90°C where observed during the simulation of the cooling

practices of the rolls (Fi1g.2.19).

Huan et al. (1995) developed an iterative b1 dimensional mathematical model to
predict the heat flux transferred to the work rolls as well as to calculate the distribution of
temperatures on the surface based on the premise that these calculations are important to
understand wear and friction phenomena as well as to improve cooling practices. The
model took into account the temperature fluctuations measured on the surface of the work
rolls during real operation conditions and that were in the order of 500°C to 50°C for
heating and cooling stages respectively. Using this model, temperatures on the roll
surface between 400 and 450°C (Fig.2.20) were predicted during the heating stage

finding good agreement between measured and predicted values.

Guerrero et al. (1999) simulated the heat transferred from the strip to the work
rolls located in the finishing stands of a hot strip mill, based on the development of four
mathematical models that considered gains and losses of heat occurring in the roll
depending on angular positions. Depending on the model and the initial temperature of

the strip, maximum temperatures reached by the surface of the rolls were predicted
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between 315 and 550°C (Fig.2.21 a and b). The variations found in the temperature
values were related to the accuracy of the model used to compute the calculations in each
case. The minimum temperature values of the roll surface during the cooling stage were

computed between 20 and 85°C and it was also appreciated that the thermal cycles

imposed on the surface of the rolls were repeated at intervals of 20 ms.

Perez et al. (2004) studied the thermal behaviour of high chromium (Hi-Cr) iron
and indefinite chilled work rolls using an analytical mathematical model of the heat
transterred from the strip to the roll. The model took into account the variation of the Strip

temperature and the roll temperature profile along a complete rolling campaign. They

predicted a maximum temperature of the roll surface of 650°C for the heating stage and a
minimum temperature of about 90°C when cooling was applied by means of spayed

water on their surface, the thermal cycle being repeated for time intervals of almost 1

second (Fi1g.2.22).

Sikdar and John (2006) pointed out that variations in the roll profile resulting
from thermal expansion have a direct impact on the surface quality and dimensions of the
rolled strip and solved a two dimensional mathematical model of the contact strip-roll in
order to study the temperature fluctuations of the work rolls along the finishing stands.
Dividing the work roll diameter in different characteristics zones depending on the nature
of the heat transfer mechanism, they calculated the temperature profile of the roll surtace
finding that it follows a cyclic path increasing up to 620°C when 1n contact with the strip
but being rapidly reduced down to 25°C as water was applied onto the surface (Fig.2.23).

2.8 Oxidation of work roll grade materials

As noted earlier, the work rolls are exposed to an aggressive oxidative
environment that includes features such as the high temperature of the stock, the cooling
water sprayed onto their surface and the water vapour generated as a product of the
cooling practices. These features provide the necessary conditions to promote the growth

of an oxide scale on the surface of the rolls as a layer that could alter the working
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conditions of the subsequent stands but more importantly the final surface quality of the

strip.

Work roll oxidation is also enhanced by the development of cracks generated on
the roll surface, as a result of thermal fatigue commonly named “fire cracks” and that are
propagated internally in the radial direction through the net of carbides present in the
microstructure. These cracks act as oxygen pathways that promote the development of

internal oxidation processes causing further loss of roll material, particularly where the

cracks coalesce, as reported by Colas ez al. (1999).

Although different metallurgical strategies and processes have been developed
along the years to manufacture work rolls that withstand the severe working conditions
found mn hot strip mills, the oxidation phenomena remains present. A major concern is
that the growth characteristics, behaviour and influence of this layer on the processes
have been barely studied, and only a few studies have been undertaken in order to
characterize the oxide layers, accordingly the existing knowledge is reviewed in the

following sections.

Molinan et al. (2000) studied the 1sothermal oxidation of two high-speed steel
work rolls with different chromium content (3 and 5 %wt), conducting thermo-
gravimetric analysis (TGA) experiments in dry air at 500, 600 and 700°C for oxidation
times up to 25 hours. They found that the oxidation processes initiated at the matrix-
carbide interface, being the matrix more likely to oxidize rather than the carbides which
presented a high resistance to oxidation. At all test temperatures the samples followed a
parabolic behaviour except for the samples with the highest chromium content oxidized
at 700°C where a transition from parabolic to a lower oxidation rate was observed
(F1g.2.24). This reduction in oxidation rate was attributed the formation of an inner

chromium rich spinel layer of the form M;0, (M= Fe, Cr) next to the steel substrate.

In later work Molinan ez al. (2001) studied the influence of the microstructure and

the chromium content on the 1sothermal oxidation behaviour of high-speed steels (Table

26



Chapter 2 Literature review

2) 1n dry air at 700°C. They found that samples having chromium contents varying
between 3-5 %wt presented low oxidation resistance. This was attributed to the high
volume fraction of the carbides dissolved in the microstructure and that accounted for a

reduction of the chromium content in the matrix reducing its resistance against oxidation

expressed mathematically by a parabolic relationship (Fig.2.25 a).

They also commented that as a high content of carbides was present in the steels,
the number of nucleation sites for oxidation defined as matrix-carbide interfaces were
also a high factor that contributed to increase the oxidation phenomenon given that
oxidation occurred preferably at these locations. In addition, they observed that samples
contamning greater amounts of chromium (between 10-12 %wt), developed a low carbide
volume fraction and therefore a chromium rich matrix that improved its properties against
oxidation expressed as a transition from a parabolic oxidation to a lower oxidation rate

(F1g.2.25 b). They concluded that the oxidation rate of the steel was strongly related to

the volume fraction of the carbides and the properties of the matrix as suggested in

Fi1g.2.25.¢).

In order to model the growth of the oxide scale on the surface of high-chromium
iron work rolls (Hi-Cr) (Table 3), Gonzalez et al. (2001) conducted oxidation
experiments in dry air using material taken from sections of real work rolls at
temperatures between 400 and 600°C for oxidation times up to 32 hours. After
completion of the experiments, the resultant oxide scale was comprised by layers of
magnetite (Fe;0;) and hematite (Fe,0;), whereas Wiistite (FeO) was not detected during

scan, feature attributed to the transformation of this phase to magnetite.

The oxidation kinetics of the roll samples was represented by parabolic
relationships at all temperatures (Fig.2.26 a) having a time exponent of 0.2 rather than 0.5
(see equation 2.64 in Section 2.4) even though the plots look logarithmic at first Instance.
Based on these data, an apparent activation energy Q for the oxide growth was calculated
and used for the development of a time compensation parameter used in order to simulate

the growth of the oxide scale under thermal cycling conditions. Under these conditions,
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they predicted the growth of the oxide scale as a function of the passage of several slabs
taking 1nto account the thermal cycling of the rolls (Fig.2.26 b).

Kim et al. (2003) investigated the influence of the oxidant atmosphere on the
oxidation behaviour of various high-speed steels (Table 4), conducting isothermal
thermo-gravimetric experiments at 600°C for exposure times up to 1 hour. In the
presence of dry oxygen, the steel matrix was oxidized together with MC-type carbides,
forming oxide structures that were described as parallelepiped shaped oxide crystallites
that presented a weak adhesion to the substrate. In the experiments conducted for samples
exposed to a moist atmosphere (created by mixing argon and water vapour), only the
matnx was oxidized, this was attributed to the low vapour pressure of oxygen in the

environment that was not enough to favour the oxidation of the carbides present in the

microstructure.

During the early oxidation stages, the growth kinetics of the samples oxidized in
the dry atmosphere followed a parabolic oxidation rate that progressively changed into a
linear one as the oxidation time increased. This trend was observed for the samples
contaming about 5.6 %wt Cr, whereas for the samples with about 9.4 %wt Cr, a complete
parabolic behaviour was present (Fig.2.27 a) associated to the formation of a protective
oxide layer of iron-chromium spinel. The oxidation behaviour of the experiments
conducted in the wet atmosphere was parabolic; in all cases no transition to a lower or

higher oxidation rate was reported (Fi1g.2.27 b).

The oxide layer in both experimental conditions comprised an inner layer of
magnetite (Fe;O,) and an outer layer containing a mixture of magnetite (Fe;04) and
haematite (Fe,O3). The only difference related to the oxide layer obtained for each
experimental condition was that through scale cracks appeared in the oxide scale formed
in dry conditions that maybe were responsible of enhancing the diffusion of oxygen
through the scale and therefore increased the oxidation rate. This feature was not
observed for the oxides obtained in wet conditions, and was explained based on the reliet

of stresses as result of the formation of voids within the scale.
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Monteiro and Rizzo (2003) studied the oxidation behaviour of three different
high-speed steels (Table 5) exposed to dry and moist atmospheres, oxidizing samples at
750°C up to 240 minutes using a thermo balance of controlled atmosphere. For the
experiments conducted in the dry atmosphere, a gaseous mixture of nitrogen and oxygen
(N2 — 20%0;) was used, finding that the oxidation kinetics of the steels exposed to it

followed a parabolic trend in most cases, except for the sample with the highest

chromium content in which a linear behaviour was observed (Fig 2.28).

The moist atmosphere had the composition N»-17.5 %0, -12.5 % H,O and the
oxidation kinetics resulted in a combination of the parabolic and linear behaviours for the
sample with 4.4 %wt Cr, parabolic for the samples with 3.5 %wt Cr whereas for the
samples with 7.5%wt Cr the rate was characterized a combination of various oxidation

laws (F1g.2.28). In all cases the mass gained by the samples was greater under this

condition.

The morphology and composition of the oxide scale was completely different
depending on the oxidation conditions and the chromium content of the alloy. For the
samples oxidized in a dry environment, the oxide scale had an irregular morphology,
suggesting that selective oxidation of steel took place in zones close to high chromium
concentrations in the scale (zones with carbides). The samples with a high chrommum
content exposed to the moist atmosphere showed the formation of a porous oxide scale
rich in vanadium and chromium, related to the intemal oxidation of vanadium and
chromium-rich carbides. These layers were possibly responsible for decreasing the
oxidation rate, acting as protective layers. Monteiro and Rizzo concluded that the
chromium content and the composition of the atmosphere influence the oxidation
behaviour of these steels, whereas the presence of tungsten in the steels did not affect the

oxidation kinetics of the steel nor the composition of the oxide layer.

Ziadi et al. (2005) noted that the oxidation behavior of alloyed white cast irons
work rolls (Table 6) in dry air is affected by the previous heat treatment applied to the

material. The oxidation of samples in the interval of temperatures comprised between 500

and 600°C followed a parabolic trend (Fig.2.29.). The oxide layer produced contained
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two main components hematite and spinel FeCr,Q,, and its growth was also characterized
by the selective oxidation of MC vanadium rich carbides. More importantly, Ziadi et al.
pointed out that the oxidation phenomenon observed for this material accounts for the

increments to the values of friction observed in the stands of hot strip mills using this

kind of work rolls.

2.9 Influence of oxides on the tribology of forming processes

2.9.1 General approach

The growth of oxides on the surface of the tools used in high temperature forming
processes particularly in the hot rolling of steel strip is almost inevitable and for this

reason 1t 1s proposed that they can assume an active role when tribological aspects of the

process like friction and wear are analysed.

The role of the oxides found 1n a particular process could be ambiguous. Whilst in
some processes they can be considered as a solid lubricant that reduces friction, in other
cases they could act as an abrasive particle that increases the wear rate of the material. In
this section a brief review of some works that were focused on defining the role of oxide

scales 1n forming processes are discussed.

Under the premise that a significant amount of the energy used in the forging ot
metals is required to overcome friction, Luong and Heijkoop (1981) studied the influence
of thickness and composition of the oxide scale formed in the process on the value of the
friction coefficient developed in the forging of steel. By means of ring compression tests
at high temperature under controlled atmosphere, they found that the value of the friction
factor decreased as the oxide thickness increased also noting a decreasing trend when the
oxide scale was comprised mainly of Wistite (FeO) (Fig.2.30). In contrast, friction
increased when a considerable amount of hematite (Fe,O3) was present in the oxide and
when the oxide scale was thin. They concluded that the friction behaviour ts strongly

influenced by the thickness of the scales rather than their composition, but remarked that
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both factors have to be taken into account when friction dependant parameters in the

process are to be analyzed.

Batchelor e al. (1986) commented that the wear mechanisms experienced by the
components of tribosystems are strongly influenced by the properties and structure of the
oxide layers present in the system. For this reason, different contact properties are
expected tor systems in which thin or thick oxide layers are present. They pointed out
that the rate of growth of oxides depends on the oxygen source present in the system
resulting in different growth rates if, for example, the source is the atmospheric air or a
compound like water of carbon dioxide (Figure 2.31). They also pointed out that for iron
and 1ts alloys, the oxides formed in tribosystems have a protective character, being the
grade of protection a function of the kind of oxide present and its ability to remain
attached to the substrate. They commented that most of the experiments used to study the
oxidation kinetics of the metals that participate in tribosystems are not representative of
the real system because these frequently exclude important features intrinsic of the

system like the presence of water, for example.

Tu et al. (1998) pointed out that wear of the dies used in the high temperature
forging process can be related to a combination of various mechanisms including
adhesion, abrasion but most importantly oxidation. In order to understand these
mechanisms, they carried out high temperature low-sliding speed experiments between
400 and 600°C using a block on ring rig in which the block was manufactured of
SCrNiMo steel, the same material used as die in the real process. They found that the
wear rate of the block decreased from 400°C down to a minimum value reached at 500°C
and beyond this temperature value the wear rate increased again being a similar trend

observed for the values of the friction coefficient (Fig 2.32 a and b).

Tu et al. noted the presence of ploughed grooves and wear debris when the
temperature of the test was 400 °C, but a smooth and even oxidized surface was observed
for the tests carried out at 500 °C whereas at 550 and 600 °C cracking of the oxide scale
formed on the surface of the samples was observed. The X-ray diffraction analysis of the

samples revealed the presence of Wiistite (FeO) magnetite (Fe;O4) and hematite (Fe,O3)
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on the worn surfaces at temperatures higher than 500°C while no oxides were detected for
the samples tested at 400 °C. They explained that for the samples exposed at 400 °C, the
temperature was too low to promote the growth of oxide layer and abrasion by wear
debns and hard asperities were the cause of damage on the surface of the ring, but as the
temperature increased, the formation of oxide scale had a positive influence on the

protection of the block surface and in the low value of friction coefficient observed.

A similar study to that of Luong and Heijkoop (1981) was developed by Munther
and Lenard (1999) in which the influence of the oxide scale formed on the surface of low

carbon steels was related to the variations of friction coefficient in the hot rolling process.
They pre oxidized steel samples in various oxidant atmospheres to produce different

thicknesses and immediately after the samples were deformed in an experimental rolling

mill in order to measure the value of the friction coefficient.

An mmportant finding 1s shown in Fig.2.33 where they represented the variation of
the friction coefficient as a function of the temperature for a fixed oxide thickness. It 1s
shown that for the samples with the thickest oxide scale, the friction coefficient had the
lowest value compared with the samples that developed a relatively thin oxide layer,
where the friction coefficient was high. They concluded that although thick scales have a
significant influence on the reduction to the value of the friction coefficient in the
processes, this oxide is not industrially desirable given the poor surface quality of the
final product. Most importantly, they commented that it is necessary to develop a more
accurate model to describe the friction conditions found in the hot rolling process of steel

including the wear phenomenon of the work rolls.

2.9.2 The role of oxides on the wear of work roll materials

In hot strip mills, most of the attention related to oxidation phenomena has been
dedicated to the study of oxides formed on the surface of the strip. The contribution and
the impact of the oxides that grow on the surface of the work rolls to the tribology of the

hot rolling process as well as to their tribological behaviour has been barely studied and
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not well understood (Beynon, 2002). In this section the most important contributions of

some works that analysed the effects of oxides on the wear properties of work roll

materials are reviewed.

Kato et al. (1992) commented that features like the temperature and the Hertzian
stresses produced by the contact work roll-back up roll are the main features that induce
wear on the surface of work rolls. To study these features, they carried out experiments
using a disc on disc configuration rig (Fig.2.34) in order to identify the wear mechanisms
of high chromwum 1ron (Hi-Cr) work rolls. Observations of the wom surfaces after the
experiments revealed abrasion of the roll surface as the most common wear mechanism
but quantification of the size, morphology and composition of the abrasive particles
responsible for this, was not defined. They also stated that wear of work rolls was more
severe near to the edges of the strip than at the centre because at this location a dark oxide

layer protected the surface of the roll giving no information on the composition of such

oxide layer.

Erickson et al. (1993) highlighted the protective character of the oxide scale

formed on the surface of high chromium work rolls against wear, when they studied the
banding process (excessive groove formation by abrasive particles) of high chromum
iron work rolls. First they conducted oxidation tests on mechanically polished samples
obtained from these rolls heating them up in a furnace up to 500°C for exposure times of
about to 5 hrs in order to compare the composition of the oxide layer formed 1n this heat
treatment against the composition of the oxide found on the surface of the real rolls. By
means of glow discharge optical emission spectrometry (GDOES), 1t was found that the
oxide layer on the heat treated samples had a higher chromium content than that observed
for the samples taken directly from the roll surface. The composition of the oxide layer
formed on the rolls during the process was determined by the analysis of X-ray

diffraction patterns, showing that the predominant oxide was magnetite (Fe3Oa4).

Erickson ef al. (1993) pointed out that roll wear can be strongly correlated to the

adhesion and strength of the oxide scale that builds up on the roll surface and proposed
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that this oxide layer results from the transfer of oxide from the stock surface to the roll

surface, based on the lack of chromium found in the oxide layer formed on the surface of

the work roll as well as the presence of the phase Wiistite (FeQ).

Spuzic et al. (1994) commented that a considerable percentage of the final cost of
rolled products in shape mills is credited to the performance of work rolls during
operation and based on this statement summarized the main factors that contribute to the
wear of work rolls used in the hot rolling process of steel sections (Fig.2.35). They
pointed out that the selection of the appropriate work rolls for a certain application
depends strongly on the wear mechanisms experienced by the rolls. These mechanisms
are normally associated with the mechanical and environmental interactions found in a
particularly rolling process, being abrasion, thermal fatigue and corrosion attack the
principal causes for the rapid reduction in active life of work rolls. They also commented
that oxide formation on the surface of work roll has a protective character, its properties
established depending on the temperature reached by the rolls at their surface. They
proposed that the formation of a black adherent magnetite (Fe;O4) oxide layer 1s a
common feature in the oxidation of cast steel rolls at temperatures above 400°C and this
layer 1s responsible for the reduction of friction as well as the wear of work roll in the

process.

The interaction of the work roll surface with the oxides formed on the surface of
the stock also plays an important role in decreasing the active life of the roll. Depending
on the temperature of the stock, Wiistite, magnetite and hematite will coexist i different
proportions having hardness values of 300, 450 and 1050 HV respectively. Hematite, as
Spuzic ef al. (1994) mentioned, is the principal source of abrasion of rolls followed n
order by magnetite, both responsible of third body abrasion wear mechanisms as they
form hard quasi-spherical particles. These two oxides affect greatly the surface of the roll

contrary to Wiistite, which is protective in nature and considered to have lubricious

properties.

Choi and Kim (1999) analysed the wear mechanisms present in high nickel grain

work rolls using a high temperature disc on disc wear configuration, where a disc of this
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material was brought into contact against a counter face of low carbon steel heated up to
850°C. By means of observations in the scanning electron microscope, they found that
the degradation process of the roll surface started with the formation of a black oxide
layer created due to the high temperature reached at the surface of the roll. The process
continued and cracks resulting from thermal fatigue appeared on the surface of the roll
disc causing the failure of the oxide layer and leaving exposed carbides on the surface.
These carbides were responsible for picking oxide up from the counter disc at every
revolution of roll disc increasing the thickness of the layer formed on the rolls. Choi1 and
Kim concluded that the wear of the roll surface 1s entirely dependent on the formation of

the protective black oxide layer and the sticking phenomenon developed by the carbides.

Colas et al. (1999) studied the surface of high chromium work rolls used in the
finishing stands of a rolling mill in order to analyze the mechanisms that stimulated their
deterioration during normal operational conditions. Samples of two different work rolls
subjected to different rolling conditions and which failed at some stage during the
processing of a rolling schedule were prepared for observation and analysed using
scanning electron microscopy and X-ray diffr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>