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Abstract 

The oxidation of high speed steel roll material has been investigated using a high 

temperature microscope with a CCD camera as a detector, in temperatures ranging 

from 500 to 700 oC, in both dry and humid atmospheres (up to 12.5% H2O). The 

whole oxidation process was observed in-situ and recorded. In-situ observations 

indicate that oxide scales from high speed steel first nucleate at the carbides/matrix 

interfaces, then spread rapidly outward to cover the vanadium rich MC carbides, 

followed by a continuous growth over the whole surface. The surface morphology 

of the oxidised high speed steel is not homogenous due to severe selective 

oxidation. The temperature at which oxidation commences has a significant 

influence on the oxidation behaviour of the material because as the temperature 

increases, the rate of oxidation increases dramatically. The sample surface was 

oxidised far more severely at 700 oC than at 650 oC in both a dry and humid 

atmosphere. These results indicate that water vapour in the atmosphere greatly 

enhances the oxidation of high speed steel, as well as having a significant influence 

on the morphology of the oxidised surface. Water vapour in the reacting 

atmosphere reduces the grain size and increases the porosity of the iron oxide. 

Different types of carbides in the material show large differences in their resistance 

to oxidation, for example, chromium rich M7C3 carbides strongly resist oxidation 

while vanadium rich MC carbides oxidise much easier. A TEM investigation of oxide 

scale formed on the HSS sample indicates that it consists of two sub-layers: a fine 

grained (Fe,Cr)-rich oxides inner layer and a larger columnar Fe oxide outer layer. 

Oxidation tests under a high humidity (46.5% H2O) atmosphere were carried out in 

the Gleeble 3500 thermal mechanical simulator. The results show that the water 

content in the atmosphere not only increases the oxidation rate of high speed steel, 

but it also influences the microstructure and morphology of the oxide scale. The 



Abstract 

V 
 

formed oxide scale is non-uniform and more porous and fractured than the 

compact, uniform layer formed with dry air. With an increasing content of water 

vapour, more porous oxide scales form and more Fe2O3 phase is formed in the oxide 

scale. 

Nano-indentation tests were used to characterise the mechanical properties of the 

oxide scale formed on the HSS sample. A nano-indentation was performed on the 

cross section of the oxide scale with a matrix (5 by 5 and/or 7 by 7) routine. The 

tests successfully revealed the different mechanical properties of the inner and 

outer sub-layer. The results indicate that the outer layer with larger columnar Fe 

oxides was the hardest (13-16GPa), followed by the inner sub-layer (9-11GPa) with 

fine grained (Fe,Cr) rich oxides, and then the HSS matrix (approximate 9GPa). The 

HSS matrix had the highest Young’s modulus, around 270GPa, the outer oxide layer 

was 200-240GPa, and the inner oxide layer was the lowest at 130-180GPa. The 

mechanical properties of the oxide scale were significantly influenced by the 

chemical composition and microstructure of the scales. Because these oxides scales 

have different hardness/modules than the matrix, they contribute significantly to 

the frictional behaviour and wear resistance.  

A high temperature pin-on-disc tribological test was carried out to simulate the 

contact and tribological behaviours of oxide scale in the roll bite. The pin represents 

the HSS work roll, and the mild carbon steel disc represents the hot rolled strip. 

Only the sliding part of the motion was considered, the rolling part was neglected. 

The results show that a typical tribological test can be sub-divided into three stages: 

i) stage I corresponds to the start of the friction curve when the coefficient of 

friction decreases, ii) stage II corresponds to an increase in the coefficient of friction 

after the minimum value, and iii) stage III is the stabilisation step of the friction. 

Stage I and stage II can be summarised as a running-in period which lasts less than 

300 seconds from the start of the test. A thin, compact, and smooth “glaze” oxide 

scale around 800-850nm formed on the surface of the pin during the running-in 
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period. This “glaze” oxide layer in the contact zone helps stabilise the friction and 

protects the pin from wearing. Adhesive wear is the predominant wear mechanism 

on the pin during this period. At stage III the wear mechanism on the pin becomes 

complicated. In addition to oxidation on the HSS pin, the oxides transfer from the 

disc to the pin, which thickens the oxide scale on the surface of the pin quite 

significantly. Large cracks and pores could be found inside the oxide scale, which 

indicates that a severe “banding” phenomenon could occur when the oxide scale 

reaches a critical value. A large amount of wear debris observed on the pin wear 

track confirmed that abrasion happens at this stage. It is the balance between 

adhesion, abrasion, and oxidation. 

For the first time a mini-rolling mill was successfully incorporated into the Gleeble 

3500 thermal mechanical simulator to simulate stalled hot rolling. Two types of 

roller surfaces, e.g. a relatively virgin surface and a pre-oxidised surface were 

investigated. The experimental results show that these two surfaces exhibit quite 

different tribological behaviours. The rolling force and friction of pre-oxidised rolls is 

always higher than fresh rolls for different reductions and temperatures. With the 

pre-oxidised roll, a high rolling temperature can cause the oxide scale to peel off 

from the strip and stick onto the surface of the roll. 
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Chapter 1 

Introduction 

High speed steel (HSS) rolls have been utilized for both early and last finishing 

stands in hot strip mills, in place of high chromium (HiCr) and indefinite chill iron (IC) 

rolls due to their superior mechanical properties such as high hardness, strong wear 

resistance, and high temperature properties [1-3]. The use of HSS rolls has 

improved the strip surface quality by up to 20% and also extended the length of the 

rolling campaign [4-6]. HSS roll materials are complex multi-component alloys, with 

a carbon content ranging from 1.5 to 2.0wt% and a significant amount of alloy 

elements such as V, W, Cr, Ni and Mo [7, 8]. The typical microstructure of HSS 

consists of primary carbides (10-20%) distributed in a matrix of tempered 

martensite and fine secondary carbides, formed from the high concentration of 

strong carbide forming elements such as V, W, and Mo. The types of carbide in HSS 

are usually MC, M2C, M6C and M7C3. As these carbides possess much higher 

hardness than the matrix, they contribute to the mechanical strength, load bearing 

capacity, and wear resistance [9-11]. 

In the hot rolling process, the surface of the roll is initially heated up to 

approximately 700 oC while in contact with the hot strip for short periods 

(10-2-10-3s), and subsequently cooled by water to around 50 oC during the same 

cycle [12, 13]. The flash temperature could in fact rise above 800 oC owing to the 

heat generated by friction, plastic work and the heat transferred from the strip [13]. 

Because of this cyclic thermal working environment, hot rolls are exposed to 

extreme thermal fatigue and oxidation which causes the surface of the roll to 

deteriorate, for example, a piece of oxide scale may peel off the surface [14-16]. 

Moreover, hot rolls are subjected to high loading and shear forces when contact 

between the rolled materials occurs, which causes mechanical fatigue and wear. 
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These extremely arduous working conditions causes hot rolls to deteriorate very 

quickly. It is well known that some of the most important segments in the operating 

costs of a modern hot rolling mill are related to the work rolls because they are 

expensive and a large stock must be kept on hand to ensure that the mills can 

operate continually [17]. Therefore the study of oxidation and the wear behaviour 

of high speed steel rolls has for various reasons, become very important. 

Firstly, the thermal cyclic working of rolls in hot rolling causes a superficial oxide 

scale to form which plays an important role on the wear of work rolls because a 

hard oxide scale may be very abrasive whereas a ductile oxide scale, acting like a 

solid lubricant, may decrease the coefficient of friction as well as the wear [14, 15, 

18-21]. Secondly, since the quality of the rolled products is closely related to the 

surface conditions, it is important to understand roll surface topography and the 

morphology of this surface oxide. Thirdly, numerous work have been carried out to 

study the wear of the high speed steel work rolls, however, little work focus on the 

influence of the formation of an oxide scale on the contact behaviour. Whether the 

change of friction during hot rolling is or is not associated with the formation of 

oxides on the roll surface remains uncertain [22]. 

The aim of this present work is to study the oxidation of a high speed steel work roll 

under dry and humid atmospheric conditions. The morphology and topography of 

the oxide scale on the sample surface will be investigated in detail because it is 

important to understanding how the surface of the rolls deteriorates. In addition, 

the mechanical properties of the oxide will also be characterised using 

nano-indentation techniques. In order to understand the wear mechanism of HSS 

and the role of oxides in the tribological behaviour during the hot roll process, a 

series of high temperature pin-on-disc wear tests and stalled hot rolling simulation 

on Gleeble 3500 thermo-mechanical simulator will be conducted.  
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Chapter 2 

Literature review 

This chapter contains a substantial amount of information on topics considered 

essential for an understanding of the mechanisms of high temperature oxidation 

and wear of high speed steel work roll materials for hot rolling, and the role oxides 

play on the tribological behaviour of high speed steel work rolls. 

2.1 High temperature oxidation of iron and steel alloys 

2.1.1 Iron oxides 

Iron is thermodynamically unstable when exposed to the atmosphere [23]; it forms 

pure oxide compounds in three main forms, wüstite (Fe1-xO), magnetite (Fe3O4), and 

hematite (Fe2O3). Wüstite is thermodynamically stable above the eutectoid 

temperature of 570 oC. At temperatures below 570 oC the wüstite phase 

decomposes to magnetite and alpha-iron [20]. Wüstite has a cubic halite structure 

(NaCl), with anion sites occupied by O2- and most cation sites occupied by divalent 

Fe2+ ions. An alternative description of this structure is that of a ccp array of anions 

stacked along the [111] direction where planes of anions alternate with planes of 

cations. Most of the Fe is octahedral with a small proportion of Fe3+ on the usually 

vacant tetrahedral sites. These octahedra share edges (Fig. 2.1a) and Fe2+- and O- 

layers alternate along the [111] direction (Fig. 2.1b). Wüstite is a p-type metal 

deficient conductor with a high concentration of lattice defects [20, 24] whose 

chemical formula may be written as Fe1-αO. Depending on the partial pressure of 

oxygen and its temperature, the metal deficit α in wüstite can vary from 0.04 to 

0.17 in the range of 800-1250 oC [25-27]. These high cation vacancies result in a 

high mobility of cations and electrons via metal vacancies and electron holes. 
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Fig. 2.1 Structure of wüstite, a) arrangement of octahedra, b) ball-and-stick model. [28] 

 

Fig. 2.2 Structure of magnetite. a) Polyhedral model with alternating octahedra and 

tetrahedral-octahedra layers. b) Ball-and-stick model. c) Ball-and-stick model of the 

arrangement of octaheda and tetrahedra. [28] 

Magnetite (Fe3O4 or FeO.Fe2O3) is an inverse spinel (MgAl2O4) structure containing 

both divalent and trivalent iron ions. The unit cell of this spinel structure contains 

32 oxygen ions, 32 octahedral sites, and 64 tetrahedral sites. Magnetite has 16 

trivalent cations and 8 divalent cations. Its formula is written as Y[XY]O4 where 

X=Fe2+, Y=Fe3+ and the brackets denote octahedral sites (M sites). Eight tetrahedral 

sites (T sites) are distributed between Fe2+ and Fe3+, i.e. the trivalent ions occupy 
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both tetrahedral and octahedral sites. The structure consists of octahedral and 

mixed tetrahedral/octahedral layers stacked along the [111] direction (Fig.2.2a). Fig. 

2.2b shows the sequence of Fe- and O- layers and section of this structure with 

three octahedra and two tetrahedra being depicted in Fig. 2.2c. Magnetite also 

exists with an excess of oxygen but this excess is much smaller than with wüstite, 

and the corresponding defect concentration is less [20]. It is almost stoichiometric 

below 1000o C, whereas at higher temperatures it contains more oxygen in the solid 

solution than the stoichiometric composition [26]. 

Hematite (α-Fe2O3) is a stoichiometric chemical compound, which is the oldest 

known Fe oxide. At high temperatures (above 500 oC), magnetite oxidises to form 

α-Fe2O3 [28]. The crystal system of hematite in the form α-Fe2O3 is a rhombohedral 

(α-Al2O3) structure (Fig. 2.3) with a low concentration of structural defects [29]. The 

structure of hematite can be described as consisting of hcp arrays of oxygen ions 

stacked along the [001] direction, i.e. planes of anions are parallel to the (001) plane 

(Fig. 2.3a). Two thirds of the sites are filled with Fe3+ ions which are arranged 

regularly with two filled sites, followed by one vacant site in the (001) plane, 

thereby forming sixfold rings (Fig. 2.3b). The arrangement of cations produces pairs 

of Fe(O)6 octahedra. Each octahedron shares edges with three neighbouring 

octahedra in the same plane, and one face with an octahedron in an adjacent plane 

(Fig. 2.3c). The O-O distances along the shared face of an octahedron are shorter 

(0.2669 nm) than the distance along the unshared edge (0.3035 nm), hence the 

octahedron is distorted tri-gonally (Fig. 2.3d). The arrangement of oxygen and Fe 

around a shared face is depicted in Fig. 2.3e; this Fe-O3-Fe triplet structure 

influences the magnetic properties of the oxide [28]. Hematite is an n-type 

semi-conductor in which anions are largely diffused [20]. 
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Fig. 2.3 Crystal structure of hematite (α-Fe2O3); a) Hexagonal close packing of oxygens with 

cations distributed in the octahedral interstices. b) View down the c-axis showing the 

distribution of Fe ions over a given oxygen layer, and the hexagonal arrangement of 

octahedra. c) Arrangement of octahedra. Note their face sharing. d) Ball-and-stick model. e) 

O3-Fe-O3-Fe-O3 triplets. [28] 

2.1.2 Mechanism of oxide scale formation 

Oxidation of iron has been extensively investigated and is well understood [20, 26, 

30, 31]. When iron is oxidised in air at elevated temperatures, layers of oxide scale 

are formed on the top of the metal surface. It has been suggested that the 

composition of the scale layers is temperature dependent [32, 33]. According to the 

iron-oxygen phase diagram [20], as shown in Fig. 2.4, wüstite (FeO) is only stable at 

temperatures greater than 570 oC. At lower temperatures it has a disproportionate 

level of Fe and Fe3O4 [30]. A two layer scale of magnetite (Fe3O4) and hematite 

(Fe2O3) are expected to form below this temperature with magnetite next to the 

metal. When the oxidation temperature above is 570 oC, a series of oxide layers will 
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form and consist of FeO, Fe3O4 and Fe2O3, with FeO next to the metal.  

 
Fig. 2.4 Equilibrium diagram of the iron-oxygen system. [24] 

Jonsson et al. [34] carried out oxidation tests on pure iron in dry air at 500 oC to 

study the initial growth of iron oxide. The oxide layer was found to consist of a thin 

layer of hematite, and a double layer of magnetite, as shown in Fig. 2.5. The double 

layer of magnetite is separated by a straight interface, which is suggested to be the 

original metal surface. Pujilaksono et al. [35] found in their work on pure iron that 

hematite, magnetite, and wüstite, make up 5%, 30-35%, and 60-65% of the scale, 

respectively, after oxidation in dry air at 600 oC for 24h (Fig. 2.6). Païdassi [31] 

carried out oxidation tests on pure iron in air, in temperatures from 700-1250 oC, to 

examine the growth rate of the scale. He measured the scale thickness and found 

that the average thickness ratios of wüstite/magnetite/hematite were roughly 

95:4:1. The constitution of these three iron oxides in oxide the layer is strongly 

influenced by the temperature, atmosphere, and even the oxidation period. 

Tominaga and Yoshimura et al. [36] investigated the mole fraction of the three 

oxides as a function of temperature (Fig. 2.7), and provided detailed information of 

compositional changes of the oxides with temperature, when iron oxidises in air. 
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Fig. 2.5 FIB image of the oxide cross section of the sample of pure iron exposed to dry air at 

500 oC for 1h. The sample was titled 52o. [34] 

 
Fig. 2.6 FIB cross section after 24h in dry air at 600 oC. The sample was titled 52o. [35]  
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Fig. 2.7 Mole fraction of oxides as a function of temperature. [36] 

Birks and Meier [26] proposed a mechanism for the growth of iron oxide scale 

above 570 oC (Fig. 2.8). In their model the mechanism of iron oxidation in a 

multi-layer scale is explained through the following reactions: 

Iron ionises at the wüsitite/iron interface according to the reaction: 

�� � ���� � ��	               (2.1) 

Iron ions and electrons migrate in the wüstite layer via vacancies in the iron and 

electron holes respectively. At the magnetite/wüstite interface, iron ions and 

electrons react with magnetic forming wüstite according to the reaction: 

���� � ��	 � ��
�� � 
���           (2.2) 

In the magnetite layer, iron ions migrate via iron ion vacancies in the tetrahedral and 

octahedral sites, and electrons migrate via electron holes and excess electrons. At 

the hematite/magnetite interface magnetite is formed through the reactions: 

���� � ��	 � 
����
 � ���
��          (2.3) 

��
� � ��	 � 
����
 � ���
��          (2.4) 

Hematite can be formed by iron ions moving outward or oxygen ions moving inward 

in the hematite layer. In the outward migration of iron ions in the hematite layer, 
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the iron ions migrate via iron ion vacancies, together with electrons. The reaction 

for the formation of hematite at the gas/hematite interface is: 

���
� � ��	 � 

��� � ����
          (2.5) 

In the case of oxygen ions migrating inward in the hematite layer, the iron ions and 

electrons (in excess of requirements for reduction of hematite to magnetite) react 

with oxygen moving via oxygen vacancies. The reactions for the oxygen ionisation 

and formation of hematite at the hematite/magnetite interface are: 

�
��� � ��	 � ��	               (2.6) 

���
� � ���	 � ����
           (2.7) 

 

Fig. 2.8 Simplified scheme for the diffusion controlled growth of multi-layered scales on 

pure iron above 570 oC. [37] 

2.1.3 Kinetics of oxide scale growth 

Most metals tend to form oxides at high and low temperatures. The mechanism for 

the oxidation of metals has been well interpreted [26, 30, 38-41]. During the initial 

stage of oxidation, plenty of iron is available to react with oxygen. Iron diffusion in 

the thin oxide scale can be so fast that it does not contribute to rate control. 

However, a transfer of oxygen from the bulk gas to the scale surface will be 
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relatively slow, occurring at a rate controlled only by the properties of the gas, 

including temperatures and oxygen partial pressure in the atmosphere [26, 33, 

42-52]. As long as these are fixed, the rate of oxygen arriving at the scale surface is 

constant. Therefore the rate of oxide growth can be considered as linear at this 

stage. 

The linear rate of oxidation can be expressed as: 

lk
dt

dX
=             (2.9) 

which integrates to yield 

� � ���        (2.10) 

where kl is the linear rate constant, X the thickness of oxide scale, and t the 

oxidation time. 

As the oxidation time proceeds, a certain thickness of oxide scale has been achieved. 

Under this condition, the rate of further oxidation becomes limited by solid-state 

diffusion of iron ions or cation vacancies through the scale. Therefore the oxygen 

potential at the gas/scale interface becomes significantly higher than at the 

scale/metal interface. The gradient of concentrated oxygen diminishes as the scale 

grows and the thickness yields a parabolic growth rate [20, 39, 53-55]. 

The parabolic rate of oxidation can be expressed as: 

X

k

dt

dX p
=

                 (2.11)
 

tk2X p

2
=

               (2.12)
 

where kp denotes the parabolic rate constant that is expected to obey Arrhenius’ 

relationship [56, 57]. 

RT/Q
p ekK −

⋅= 0               (2.13) 

where K0 is a constant, Q the activation energy, R the universal gas constant (8.314 

J·mol-1·K-1), and T the temperature in Kelvin. Païdassi [58] characterised growth 
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rates of the oxide layer on pure iron above 700 oC by micro-graphical work and 

determined the overall growth of the oxide layer on top of the iron as: 

40500/RT
p 6.1ek −
=  cm2s-1             (2.14) 

Stanley et al. [59] presented the rate constant equation for pure iron in a 

temperature range from 500-1100 oC in terms of scale weight gain: 

RT/
p e.k 33000370 −
=  g2cm-4s-1          (2.15) 

The above results were substantially confirmed by Païdassi’s experimental results 

[31, 58], which also indicates a much lower parabolic rate constant in a lower 

temperature range (400-600 oC). The rate of oxide formation usually 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 defects present in the oxide 

layer. 

2.2 Work roll materials for hot rolling of steel 

The process of hot strip rolling is quite complex, as shown in Fig. 2.9 [59]. Firstly, the 

slabs are re-heated up to 1250 oC for several hours in a carbon rich atmosphere. 

Primary scale formed during the soaking period can reach 2-6mm thick [32, 60, 61]. 

After being pushed from the reheating furnace, the slab enters a high pressure 

water spray de-scaling unit where the primary scale is removed. The de-scaled work 

piece is then subjected to successive reductions in the roughing mill and coiled up 

in the coil box before entering finishing stands. A secondary scale approximately 

10-20μm thick forms at this period. After de-scaling again to remove the secondary 

scale, the hot strip is sent into the finishing stands for further thinning. During this 

period a tertiary scale forms while travelling through the finishing stands while the 

temperature of the hot strip remains between 800-1100 oC. During rolling, due to 

contact with the strip, the roll surface heats up from 50-80 oC (stationary conditions) 

to very high temperatures (up to 700 oC in the initial stands) in only one second, 

with water sprays subsequently cooling it back down to 80 oC in about 4s [62]. 
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Therefore, hot strip work rolls have to withstand extreme service conditions, i.e., 

high stress, high temperature, high humidity, and dramatic thermal cycles. Since 

work rolls are very expensive, around 15% of the production costs in a hot rolling 

mill, the development of the roll materials, its manufacturing process and wear 

performance have always been vital [3, 4, 63-65]. 

 

Fig. 2.9 Schematic illustration of the hot strip mill located at the BlueScope Steel Port 

Kembla works. [59] 

 
Fig. 2.10 Transitions of roll materials and roll manufactruing process for hot strip finishing 

work rolls. [63] 

Fig. 2.10 illustrates the transition of roll materials and the roll manufacturing 

process for hot strip finishing work rolls. It can be seen that indefinite chill cast iron 
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rolls have been the most useful work roll grade for all kinds of hot rolling application 

since the 1950s [64]. Indefinite chill, also known as “Ni-Hard” or “Ni Grain” was 

invented in the 1920s. Table 2.1 shows the typical chemical composition of an IC roll. 

The IC roll is a hypoeutectic white cast iron with inter-dendritic graphite embedded 

in the ledeburitic matrix [65]. Fig. 2.11 shows the microstructure of an IC roll. 

Graphite in the roll shell greatly improves the ability of the roll to withstand the 

thermal shock associated with hot rolling steel strip, decreases friction between the 

roll and the strip, and greatly reduces the potential of adhesion of the strip to the 

roll [68]. On the negative side, however, graphite reduces hardness and lowers wear 

resistance, which shortens the usable life between regrinds compared with other 

roll types, such as high Cr cast irons and HSS steel types. 

Table 2.1 Chemical composition of the IC roll in weight percent. [66] 

C Mn Si S P Cr Ni Mo 

3.2-3.3 0.9-1.0 0.9-1.0 <0.015 <0.035 1.7-1.8 4.2-4.4 0.25 

 

 
Fig. 2.11 Microstructure of IC iron roll. [67] 

High resistance to abrasive wear combined with relatively low production costs 

make high chromium (HiCr) cast iron rolls particularly attractive for hot work rolls in 
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hot strip mill since the 1970s [69]. The chemical composition of a high chromium 

iron is listed in Table 2.2. High chromium iron contains about 2.5-3.0 Ceq and a 

chromium constitution ranging from 15.0 to 18.0 wt%, which gives rise to the 

formation of a large amount of primary M7C3 (M=Cr, Fe) carbides (up to 30 vol.%) 

during solidification. The microstructure of a HiCr cast iron roll is shown as Fig. 2.12. 

Compared to IC rolls, HiCr cast iron rolls have a superior performance due to a 

significant amount of M7C3-type carbides distributed in the matrix [70]. A noticeable 

amount of chromium in the material gives HiCr cast iron rolls a very strong 

resistance to oxidation at high temperatures. 

Table 2.2 Chemical composition of the high chromium iron. [67] 

Ceq
a Ni Cr Weq

b V+Nb 

2.5-3.0 0.3-0.8 15.0-18.0 0.5-2.0 - 
a Ceq=C+1/3Si. 
b Weq=W+2Mo. 

 
Fig. 2.12 Microstructure of high chromium iron roll. [67] 

High speed steel was initially developed for manufacturing cutting tools. It is called 

high speed steel because this family of alloys are characterised by their capacity to 

retain a high level of hardness even when submitted to elevated temperatures 
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resulting from cutting metals at high speed [71]. Because of this advantage, high 

speed steels have prevailed for early and last finishing stands in hot rolling mills 

since the 1990s. HSS rolls consist of complex multi-component alloys. The main 

alloying elements in HSS are carbon, vanadium, chromium, tungsten, and 

molybdenum. Their role in the structure of HSS is as follows: Carbon is needed for 

the formation of carbides. Vanadium is a strong carbide forming element. The 

formula for vanadium carbide is typically V8C7, but they are usually called MC. 

Chromium is also a carbide forming element. Chromium carbides are usually of the 

M7C3 or M23C6 type. Tungsten forms very hard carbides and allows secondary 

hardening of HSS, but the high specific mass of its carbides is the origin of 

segregation problems. Molybdenum behaves similar to tungsten but is less sensitive 

to segregation. Both of those elements form carbides of the M2C or M6C type. The 

unique morphologies of different carbides formed in HSS are shown in Fig. 2.13. The 

typical microstructure of HSS consists of primary carbides (10-20vol.%) distributed 

in a matrix of tempered martensite and fine secondary carbides [7, 8]. High speed 

steel rolls are superior to high chromium and indefinite chill iron rolls because HSS 

alloys contain a large amount of MC type carbides whose hardness is much greater 

than M7C3 and cementite (Fe3C). Table 2.3 compares the hardness among different 

carbides. 

Table 2.3 Hardness range for different types of carbide. [67] 

Carbide HV0.02 

Cementite (Fe3C) 800-900 

M6C 1500 

M7C3 1200-1600 

M2C 2000 

MC 3000 
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Fig. 2.13 Summary of carbide morphology and localization in HSS. [73] 

2.3 Oxidation of hot rolling rolls 

2.3.1 Energy for oxidation of the hot rolling work rolls 

In hot strip mills the slabs are re-heated to around 1250 oC for several hours before 

hot rolling commences[32, 62]. Although heat between the rolling passes may be 

lost through different types of heat transfer such as convection, radiation, etc, the 

temperature of hot slabs/strips between 800 and 1200 oC is the result of the surface 

of the work roll being heated up by the heat transferred from the hotter strip to the 

work roll when they are in contact [62, 74-76]. The heat transferred from the strip 

to the work rolls is of great importance because not only does it provide the energy 

for the surface of the work roll to become oxidised, it also affects the profile of the 

work rolls. The working temperature of hot rolls can easily exceed 600 oC indeed the 

flash temperature could rise above 800 oC due to heat generated by friction [2, 13]. 

It is, however, quite difficult for researchers to directly measure the surface 

temperature of the work rolls by means of contacted thermocouples or other 
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measurements, therefore, numbers of numerical models have been developed to 

investigate the thermal response of the work rolls [77-86].  

Devadas and Samarasekera [87] used a one dimensional mathematical model to 

study the heat transfer phenomena in the finishing stands of a hot strip mill. They 

found that the temperature on the surface of the work rolls varied between 620 

and 650 oC when different lubricants were used, when the rolls were in contact with 

the strip at 1100 oC. 

Corral et al. [88] studied the thermal and thermo-elastic response of work rolls used 

for hot rolling steel strip using a hybrid analytic-numerical model. They predicted 

the maximum temperature of the roll surface of 650 oC during contact with a hot 

steel strip and a minimum temperature of about 100 oC when cooling water was 

sprayed in one cycle, as shown in Fig. 2.14. 

 
Fig. 2.14 Variation of surface temperature on the work rolls during one cycle. [88] 

Sikdar and John [89] developed a mathematical model to predict the temperature 

profile of the surface and inner depth of the roll, in the finishing stand of a hot strip 

mill. They divided the work rolls into different angular sectors, depending on the 

positions of the water cooling headers and the strip, which are depicted in Fig. 2.15 

and Table 2.4. The results calculated from the model show that the surface 

temperature of the work roll, with a 30% reduction, follows a cyclic path increasing 

up to 620 oC when it was in contact with the strip, but then it dropped sharply down 
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to 20 oC when coolant was sprayed onto the surface of the work roll (Fig. 2.16). 

 

Fig. 2.15 Different angular sectors on work roll. [89] 

 

Table 2.4 Different boundary conditions of work roll. [89] 

Angle Degrees, o Zones 

θ1 18 Roll bite 

θ2 78 Air cooling 

θ3 30 Water cooling 

θ4 150 Air cooling 

θ5 24 Water cooling 

θ6 60 Air cooling 

 

 
Fig. 2.16 Thermal cycles imposed on the work roll surface per roll revolution.[89] 

Li et al. [90] developed an FEM model to simulate the three dimensional (3D) 

temperature field of a work roll during hot rolling. The results indicate that the 

highest temperature of the roll surface was 593 oC during hot rolling when the 
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temperature of the strip was set as 1000 oC. It only took 25s for the temperature to 

increase from 30 to 590 oC during the first rolling interval, and the temperature of 

the roll surface decreased to 61 oC. Then the roll temperature cycled between 61 

and 590 oC. 

2.3.2 Oxidation of high speed steel work rolls 

As mentioned above, hot rolling work rolls are subjected to a high frequency of 

thermal cycles so high temperature oxidation of the surface is a common 

phenomenon in hot strip mills. This build up of oxides on the surface of the work 

roll affects its performance because these oxides produce a complex friction 

condition at the strip/roll interface while simultaneously acting as a protective layer 

minimising roll wear by oxide-to-oxide contact. It can be imagined that 

metal-to-metal, or metal-to-oxide contact between the work roll and the hot strip 

will result in a severe wear on the surface of the work roll. However, this surface 

deterioration possibly occurs when some of the surface comes off with the oxide 

scale [14, 91]. It is of great importance to understand the topography of the work 

roll surface, and the nature and morphology of the oxide on this surface. 

Kim et al. [2] investigated the oxidation of three different high speed steel roll 

materials under wet and dry atmospheres at 600 oC up to 60 min. They found that 

carbides and the matrix were oxidised in a dry atmosphere but only the matrix in a 

wet atmosphere. After dry oxidation the M2C-, M6C- and M7C3-type carbides 

maintained their original shapes, while the MC-type carbides were oxidised into 

parallelepiped (orthorhombic) crystals. In the early stage of oxidation, the high 

speed steels oxidised following the parabolic rate law, as shown in Fig. 2.17. But this 

parabolic weight change became linear when the oxide was thicker than 1.3 µm due 

to cracks forming in the oxide layer. While in a humid atmosphere this 

transformation to a linear weight change was not observed, although it should be 

noted that the wet atmospheres consisted of argon (Ar) and water vapour, which 

are different to the industrial conditions. 
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Fig. 2.17 Overall stage in mass gain of HSS by oxidation in O2 at 600 oC. Specimen A and 

specimen B contain similar amount of chromium element, while specimen C contains much 

more Cr. [2] 

Zhou et al. [92, 93] studied the oxidation of a roll grade high speed steel at 

temperatures between 500 to 800 oC in both dry and moist atmospheres. They 

found that selective oxidation occurred during the oxidation tests. The reason for 

selective oxidation is that high speed steel contains a high amount of oxidation 

resistance elements such as Cr, Mo, W, V, which form carbides inside the matrix, 

which leads to the difference of oxidation behaviour between the carbide-free 

matrix and carbides. They proposed the mechanism of oxide scale growing on a 

high speed steel surface as shown in Fig. 2.18. The oxidation nucleates first at the 

carbide/matrix interface due to its high, free energy content. Because the Cr-rich 

carbides have a high thermal stability and a low oxidation rate, oxide begins to grow 

mainly on the metal matrix and the V-rich carbides, which results in an uneven 

oxide scale. With an increasing oxidation temperature, the oxide scale covers the 

whole surface but it maintains an irregular morphology. 
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Fig. 2.18 The mechanism of selective oxidation of high speed steel. [92]  

Molinari and Pellizzari [94] studied the oxidation of spincast HSS used in hot rolling, 

in temperatures ranging from 500-700 oC, by thermal-gravimetric analysis (TGA) and 

by characterising the oxidised specimens. They pointed out that the ferrous matrix 

oxidises homogeneously whilst carbides oxidise differently, and therefore have a 

significant influence on the compactness and homogeneity of the oxide scale. M7C3 

carbides do not oxidise, whereas MC oxidised severely with a less compact scale, 

M2C has an intermediate behaviour, which leans towards that of the M7C3 carbides. 

Oxidation rate follows the parabolic kinetics at both 500 and 700 oC. 

Monteiro and Rizzo [6] studied the oxidation of three high speed steels with 

different contents of chromium (Table 2.5). They carried out the corrosion 
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experiments by means of a thermo-balance under dry and moist (12.5% H2O) 

environments at 765 oC for 240 minutes. They found that variations in the content 

of chromium were enough to influence oxidation behaviour. Samples with high 

chromium contents gained the smallest final mass. The results of the weight change 

measurements for the three high speed steels showed that the mass gain was 

influenced by the oxidation atmosphere (Fig. 2.19 and 2.20). All the samples gained 

a higher mass in a moist atmosphere (Table 2.6). The authors argued that the 

addition of chromium could effectively reduce the oxidation rate of high speed steel 

in dry air because of the formation of a compact and continuous layer of chromia or 

a complex chromium based oxide at the scale-base metal interface. However, the 

study showed that in moist atmospheres an increase in water vapour might cause 

the formation of a porous and non-protective layer of iron oxide which increases 

the rate of oxidation. 

Table 2.5 Chemical composition of the high-speed steels (wt.%). [6] 

Samples C Cr Mo V 

A1 1.5-2.5 3.5 2.0 5.0 

A2 1.5-2.5 4.4 2.0 5.0 

A3 1.5-2.5 7.5 2.0 5.0 

 

 
Fig. 2.19 Results of mass change measurement as a function of time for samples A1, A2 and 

A3 at 765 oC in N2-20O2 atmosphere. [6] 
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Fig. 2.20 Results of mass change measurement as a function of time for samples A1, A2 and 

A3 at 765 oC in N2-17.5O2-12.5H2O atmosphere. [6] 

Table 2.6 Summary of kinetic behaviour of samples A1, A2 and A3. [6] 

Sample Atmosphere 
Kp (Average) 

(g2/cm4s) 

Final grain mass 

(mg/cm2) 

A1 
N2-20O2 1.43E-8 15.05 

N2-17.5O2-12.5H2O 2.57E-8 18.49 

A2 
N2-20O2 2.49E-9 6.49 

N2-17.5O2-12.5H2O 3.96E-9 7.33 

A3 
N2-20O2 ---- 3.78 

N2-17.5O2-12.5H2O 1.65E-9 4.25 

Molinari et al. [19] carried out a series of oxidation tests on two HSS steels used to 

produce hot rolls in order to investigate the oxidation mechanisms and their 

correlation with a particular microstructure and chemical composition. These two 

steels have slightly different chromium contents (3 and 5wt%) as well as volume 

fraction of primary carbides. Isothermal oxidation tests were carried out in a 

thermo-analytical apparatus in dry air and at temperatures of 500, 600, and 700 oC 

for up to 24h. They found that oxidation started at the carbide/matrix interface and 

involved the matrix only, because carbides have a high resistance to oxidation. They 

also found that steel containing more chromium and less carbides resisted oxidation 

better. However, the capability of chromium to reduce the oxidation rate depends 

on the oxidation temperature; it was almost negligible at 500 oC, increased at 600 oC, 

and even more at 700 oC, as can be seen from Fig. 2.21. 
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Fig. 2.21 Quantification of the oxidation phenomenon obtained at three temperatures for 

two high speed steels containing slightly different amounts of chromium (steel A > steel B). 

Note the differences in the mass gained as a function of the testing temperature. [19] 

Monteiro et al. [95] investigated the effect of water vapour on four different high 

speed steels (Table 2.7). The experiments were carried out at 650 oC in a mixture of 

nitrogen and oxygen (volume ratio 4:1) with 4.2, 7.3, and 12.5vol.% water vapour 

for up to 4h. They found that the oxidation rate reduced  with an increase in 

chromium in dry air, but an increase in the content of V and W had no effect (as see 

in Table 2.8). In moist conditions the alloys containing a higher volume of Cr and W 

had the lowest oxidation rates followed by the alloy with increased V levels, 

although these effects were small. The presence of water vapour in the atmosphere 

increased the oxidation rate, as can be seen from Fig. 2.22. However, the parabolic 

kinetics was not obeyed. The content of water vapour not only enhanced the 

oxidation rate, it also greatly influenced the sample surface morphologies after 

oxidation. It can be seen from Fig. 2.23 that an exposure to water vapour causes 

platelets to form and their density increases as the amount of water vapour 

increases. At the highest level of water vapour, whisker formation was also 

observed, as shown in Fig. 2.23d. 
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Table 2.7 Composition of alloys, % mass fraction. [95] 

 C Cr Mo W V Fe 

A1 1.5-2.5 4.06 2.02 1.96 4.79 Bal 

A2 1.5-2.5 7.50 2.00 2.00 4.80 Bal 

A3 1.5-2.5 4.40 2.30 3.90 4.80 Bal 

A4 1.5-2.5 4.19 2.07 2.02 8.09 Bal 

Table 2.8 Average mass gain data for alloys investigated after 4 h at 650 oC in dry and moist 

air, mg·cm-2. [95] 

 0 vol.% 4.2 vol.% 7.3 vol.% 12.2 vol.% 

A1 0.55±0.018 0.97±0.057 1.72±0.132 2.54±0.022 

A2 0.43±0.000   2.08±0.038 

A3 0.64±0.072   2.08±0.051 

A4 0.58±0.061   2.33±0.062 

 
Fig. 2.22 Mass gain versus time curves for alloy A1 at 650 oC in dry synthetic air and with 

various water vapour additions (vol%).[95] 

 

Fig. 2.23 Scanning electron micrographs of the surface of alloy A1 after oxidation in various 

conditions at 650 oC, (a) dry air, (b) air plus 4.2vol.% water vapour, (c) air plus 7.3vol.% 

water vapour and (d) air plus 12.2vol.% water vapour. [95] 
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Garza-Montes-de-Oca et al. [96] carried out a thermal cycling oxidation experiment 

to study the behaviour of an oxide scale grown on the surface of a high speed steel 

in dry air and water vapour. They found that the oxide layer covering the surface of 

high speed steel work rolls was predominantly a mixture of hematite Fe2O3 (outer 

layer) and M3O4 iron-chromium spinel (inner layer). The oxide layer was subjected 

to thermal stresses generated during either heating or cooling stages. Due to 

differences in the thermal expansion coefficients of hematite (13×10-6 1/oC) and 

magnetite (12×10-6 1/oC), buckling and spallation of the top layer of oxide develop 

preferentially on the layer of hematite (Fig. 2.24). The authors pointed out that 

spallation of the hematite layer must be considered as an important mechanism 

that controls the friction and wear properties of work rolls in hot strip mills. 

 

Fig. 2.24 Typical buckles formed in the Fe2O3 layer after 7 thermal cycles. [96] 

2.4 Wear of work rolls in hot rolling 

2.4.1 Wear mechanisms of high speed steel work rolls  

During hot rolling work rolls are worn by a combination of various wear 

mechanisms. It is well accepted that surface abrasion, adhesion, thermal fatigue 

and high temperature oxidation are the four main wear mechanisms of hot work 

rolls [4, 10, 12, 68, 97-103]. A number of researchers consider that abrasive wear, in 
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which micro-cutting, surface plastic deformation, and crack initiation occur 

simultaneously, depending on the shape and hardness of the abrasive particles, is 

the major wear mechanism [97-102]. The oxide scale formed on the surface of the 

hot strip is hard enough to cause abrasion on the rolls [12, 97, 103]. The high 

temperatures result in a loss of hardness in the roll material, which in turn 

promotes wear. This is the reason why high speed steels have become the material 

of choice for hot rolling work rolls because they possess a higher surface hardness 

than other roll materials. During hot rolling, the abrasive and adhesive wear of the 

work roll occurs while in contact with oxide scale on hot strip surface; corrosive 

wear is caused by oxidation and further deterioration at high operating 

temperatures and humid atmospheres, while thermal fatigue wear is caused by a 

combination of mechanical loading and thermal cycles. 

Although it is still a challenge for researchers to simulate hot rolling conditions in a 

laboratory, several test configurations have been developed to simulate the 

operating conditions in the roll bite. Many researchers use a disc-on-disc 

configuration (as seen in Fig. 2.25), one simulating the hot strip, the other one 

simulating the roll. The disc simulating the hot strip can usually be heated up to 

700-950 oC by an induction heating system [4, 8, 10, 12, 68, 99, 104-108]. Some 

researchers refer to a pin-on-disc configuration (as seen in Fig. 2.26). Generally, the 

disc is simulating the hot strip and can be heated, while the pin (or ball) simulating 

the roll [109, 110]. But in some cases, the disc is made of roll material (HiCr-HSS 

plate), while the pin counterpart is alternatively made of bearing steels, WC-Co and 

silicon nitride (Si3N4) [111-113]. 
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Fig. 2.25 Schematic diagram of a high temperature disc-on-disc wear tester used to 

simulate hot rolling. [8] 

 
Fig. 2.26 High temperature pin-on-disc tribometer. [14]  

Kang et al. [8] studied the effects of carbon and chromium additions on the wear 

resistance and surface roughness of five high speed steel rolls. High temperature 

disc–on-disc wear tests were conducted on these rolls to experimentally simulate 

the wear process during hot rolling. They found that wear resistance increases with 

the carbon content because of an increased total carbide fraction. In the HSS roll 

containing a smaller amount of chromium, wear resistance was improved because it 
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contained a number of very hard MC carbides. However, the roll surface is very 

rough because of the preferential removal of the matrix and sticking the rolled 

material onto the roll surface during the wear process. Rolls containing higher 

chromium contents had very low surface roughness, because of the formation of a 

larger amount of M7C3 carbides of slightly lower hardness and homogeneous wear 

of the matrix and carbides. The authors suggested that it should increase the 

chromium content in the HSS rolls in order to improve the wear resistance in terms 

of surface roughness. 

Hanlon and Rainforth [107] studied the wear mechanism of high speed steel rolls by 

using a high temperature disc-on-disc testing rig. Their results indicated that the 

surface degradation of rolls occurred preferentially at the carbide/matrix interface, 

but was particularly prominent in the Fe/M2C-M6C eutectic regions and at large 

primary VC carbides regions, due to the great difference in hardness between 

carbides and matrix. At the same time, the oxidation of the roll surface occurred 

during the rolling sliding wear test, which seemed to have no significant influence 

on the wear rate. However, internal oxidation along with the fractured carbides 

might lead to substantial zones of weakness on the worn surface and to some depth 

below. The authors confirmed that controlling the microstructure of HSS is a key 

issue in improving its mechanical properties. Later on, Rodenburg and Rainforth [7] 

investigated the influence of carbides size distribution on the wear behaviour of 

high speed steel. They found that the carbide size distribution was a major 

controlling factor in the mild oxidational wear of high speed steel based materials. A 

reduction in carbide size for a constant volume fraction of carbide not only altered 

the probability of carbide fracture, it also reduced the mean distance between 

carbides, which reduced the matrix exposure to contact damage. 

Pellizzari et al. [108] analysed the wear tribological behaviour of high speed steel 

and high chromium iron rolls based on their high temperature disc-on-disc tests. 

The authors indicated that the wear mechanism was given by abrasion, adhesion, 
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and triboxidation. The higher wear resistance of HSS compared to HiCr irons was 

due to the former being harder, which resulted in more resistance to abrasion. As 

far as friction was concerned, the HSS and HiCr displayed different behaviours. It 

can be seen from Fig. 2.27a that HSS showed an almost steady value of friction 

while the HiCr showed a step change. In the early stage of wear the friction was 

quite low but then it suddenly increased to higher values (Fig. 2.27b). The friction of 

HiCr highlighted the transition from an oxide-metal contact in the early stage to an 

oxide-oxide contact. On the contrary, the friction of HSS remained almost constant 

during the whole test, the authors regarded that the contact between the HSS roll 

and steel strip was always an oxide-metal contact. 

 

Fig. 2.27 Diagram of friction typically displayed by (a) HSS and (b) HiCr irons. Hourly cycle 

tests were carried out to determine sample weight loss. [108] 
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Garaza-Montes-de-Oca and Rainforth [114] studied the wear mechanisms of a high 

speed steel work roll under different environmental conditions. The experiments 

were carried out on a high temperature disc-on-disc testing rig, but the rig was 

modified to allow for the introduction of both water and water vapour during the 

tests via two nozzles located close to the test disc (Fig. 2.28). An SEM image of the 

cross section of the worn surface confirmed the previous work results that the 

cracks generally began at the interface between the carbide and the matrix, 

especially in the large MC vanadium rich carbides, as shown in Fig. 2.29. The 

authors proposed that different wear mechanisms occur depending on the 

temperature range and atmospheric conditions. Under dry conditions the wear 

mechanism was a mixture of oxidational and metallic ploughing wear, with a 

proportion of the latter increasing with temperature. Under moist conditions the 

wear mechanism was essentially oxidational at all temperatures. The coefficient of 

friction increased in an approximately linear manner with the test temperature. It 

was noted that the coefficient of friction was higher for the wet tests compared to 

dry air, however the authors were not able to explain the reasons for this behaviour. 

 
Fig. 2.28 Schematic representation of the rig used for the rolling-sliding experiments. [114] 
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Fig. 2.29 Fracture of MC vanadium rich carbide and subsurface oxide. (a) General surface 

appearance and (b) detail. 

2.4.2 The role of oxides on contact behaviour of work rolls in hot rolling 

In hot rolling most attention related to oxidation has always focused on the oxides 

formed on the surface of the hot strip [85, 115-123], although oxidation of the roll 

surface is usually considered as one of four main types of damage (i.e. surface 

abrasion, adhesion, thermal fatigue, and high temperature oxidation) observed in 

rolling service [13, 32, 100, 123-128]. The contribution and impact of the oxides 

that form on the surfaces of the work roll on the tribological behaviour between the 

work rolls and hot strips has barely been studied and is not well understood [129]. 

The oxide scale formed on the work roll plays an important role during hot rolling 

[112, 130]. On one hand it can act as a diffusion barrier and protect the metal 

underneath from rapid degradation, while on the other hand it prevents 

metal-metal contact or metal-oxide contact between the hot strip and work rolls, 

which may prevent the sticking phenomena from occurring [98]. This protective 

effect, however, will be impaired when cracks occur in the scale or spallation 

happens [131, 132]. However, the tribological behaviour of oxide scale is ambiguous. 

Milan et al. [101], Molinari et al. [19] and Vergne et al. [14] considered that a 

compact and adherent oxide scale acts like a solid lubricant by reducing the 

coefficient of friction between the roll and the rolled material, while a hard and 

brittle oxide may give abrasive behaviour by increasing coefficient of friction as well 

as wear. Vergne et al. [14, 109] pointed out that the tribological behaviour of oxide 
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scale depends on the nature and mechanical properties of the oxide scales, and is 

also correlated to other aspects and friction conditions for instance.  

Vardavoulias [133] carried out a series of pin-on-disc tests to investigate the role of 

hard second phases in the mild oxidational wear mechanism of high speed steel 

based materials. With high speed steel materials containing various hard second 

phases, an α-Fe2O3 film is formed during pin-on-disc testing (under mild conditions 

of load and sliding speed), which reaches a critical thickness of 1-2μm before 

breaking up into loose wear debris. The author found that the size of the hard 

second phase particles appear to be the most important parameter determining the 

possibility for the particles to provide protection against oxidational wear of the 

matrix. More specifically, when oxidation advances from the oxide-metal interface 

towards the metallic substrate, like in the case of α-Fe2O3, matrix protection 

depends on the relationship between the second phase mean particle size (d) and 

critical oxide thickness (ξ). When d is less than or equal to ξ, the second phase 

particles can be entirely included in the oxide layer (Fig. 2.30a) and removed 

together with the oxide when the oxide layer breaks up to form wear debris (Fig. 

2.30b). The second phase is not capable of directly protecting the metallic matrix 

and thus positively influencing its wear behaviour. When d is only a few times 

higher than the critical oxide thickness (i.e. ξ<d<3ξ), a transition phase in the wear 

mechanism takes places (Fig. 2.31). A small quantity of the second phase particles 

may be removed together with the oxide. However, when the oxide layer breaks up 

most of the second phase particles remain in the substrate and protrude above the 

nominal surface (Figs. 2.31a and b). The counter body will slide on these particles. 

During this stage, which may be called the second stage of the wear mechanism 

(the first stage is the formation and breaking up of the oxide film), the matrix does 

not influence wear. This second stage wear may be accompanied by high abrasive 

wear on the counter body (Fig. 2.31c). If the particles do not resist wear and fail 

under the loading imposed by the counter body (Fig. 2.31d), the duration of second 

stage wear is very short and the first stage wear of the metallic matrix repeats itself. 
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Wear rates are generally higher for this case. Finally, if the metallic matrix/second 

phase cohesion is not strong enough, the second phase particles can be rapidly 

detached after the oxide breaks up into debris (Fig. 2.31e). The wear rate of both 

sliding bodies has probably increased because the detached hard particles can 

function as third body abrasives. Second phase particles with a mean particle size 

that is much higher than the critical oxide thickness (d>>ξ) are better at providing 

oxidational wear protection to the material. After the first stage takes place and the 

oxide breaks up, the coarse second phase particles remain embedded in the 

metallic matrix (Fig. 2.32). A counter body/second phase interaction takes place in 

this case also. 

 

Fig. 2.30 Oxide development in the presence of hard second phases with mean particle size 

less than or equal to the oxide’s critical thickness. (a) Hard particles are surrounded by the 

oxide; (b) hard particles are drawn by the oxide when it breaks up to form wear debris. 

[133] 
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Fig. 2.31 Oxide development in the presence of hard second phases with mean particle size 

higher than the oxide’s critical thickness. (a) Hard particles are partially surrounded by the 

oxide, (b) hard particles remain in place when the oxide breaks up, (c) abrasion of the 

counterbody by the hard particle, (d) particle failure, (e) particle detachment. [133] 

 
Fig. 2.32 Oxide development in the presence of hard second phase with mean particle size 

much higher than the oxide’s critical thickness. (a) Hard particles remain largely out of the 

oxide; (b) hard particles are not actually influenced by the oxide’s breaking up. [133] 
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Hokkirigawa et al. [134] developed an in-situ CCD microscope tribosystem to 

analyse the microscopic sliding wear mechanism of oxide films on hot roll surfaces. 

Using this system the dynamic wear process of oxide films on hot roll surfaces were 

observed successively. The authors classified three types of wear modes of oxide 

films on the hot rolls surfaces based on these observations and summarised a wear 

mode map, as seen in Fig. 2.33, which indicates a different wear mode. It can be 

seen that (i) when the normal load W < Wc1 wear mode of ploughing or powder 

formation occurs throughout the sliding, (ii) when Wc1≤W≤Wc2 wear mode of flake 

formation occurs after a certain number of repeat passages, (iii) when W≥Wc2 

spalling of oxide films occurs after a certain number of repeat passages. 

 
Fig. 2.33 The value of critical normal loads Wc1 and Wc2 for four roll materials under the 

water lubricated condition. [134] 

Vergne et al. [109] carried out an extensive investigation of the interaction between 

the oxides formed on the surface of a work roll and the coefficient of friction 

established when hot rolling steel, by means of a pin-on-disc configuration rig using 

alloyed white cast iron as the pin material faced against a disc made of mild steel, 

under various temperatures, loads, and speeds. The actual operating conditions of 
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friction tests were rather different from industrial rolling conditions. Nevertheless, 

the tribological configuration of contact --- a sliding motion at a high temperature 

close to the rolling temperature with an initial Hertzian pressure close to the 

contact pressure in a rolling bite – allowed a display of the impact of the chemical 

composition of a work roll grade on the friction and wear mechanisms. 

In their work, the authors explained the friction behaviour in the following manner 

based on electron microscopy observations and EDX micro-analysis. The initial 

increment in the coefficient of friction since the beginning of the test was due to an 

increase in the value of the shear force needed to cut off the oxide excrescences 

formed on the surface of the pin, and break the junctions formed when the pin 

entered the oxide layer. A reduction in the values of friction followed because the 

attrition and rolling of the Nb-oxide grains produced by oxidation of the MC 

niobium rich carbide acted as a solid lubricant in the contact while simultaneously 

causing a decrease of the tangential force. And the increase in the value of friction 

again was attributed to failure of the oxide layer and the generation of wear debris 

responsible for increasing the superficial area. As the contact area increased, more 

junctions were subsequently created which increased the value of the shear stress 

needed to break the newly formed junctions. In the stabilised friction regime, the 

temperature recorded by the thermocouples in the pin seemed to be stabilised. The 

trio-system achieved a thermo-mechanical equilibrium where the wear mechanisms 

had no more notable influence on the evolution of the coefficient of friction. 

Joos et al. [99] tried to identify and assess the wear mechanisms involved in the hot 

tribological behaviour of high speed steel roll grades by carrying out a series of 

pin-on-disc tests at evaluated temperatures. They argued that the tribological 

behaviour of roll grades at high temperature was strongly affected by the nature, 

thickness, and thermo-mechanical properties of their oxide scales involved in the 

contact (Table 2.9). For a disc temperature of 20 oC the contact was metal against 

metal and the wear mechanism was abrasive. The debris attrition phenomena lead 
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to the formation of oxide debris and the coefficient of friction was high. For a disc 

temperature of 650 oC oxidation of the surface of a HSS pin was low and the wear 

mechanism was still abrasive by disc oxide scale. The decrease in the coefficient of 

friction could only be attributed to the disc oxide layer that plays the role of a solid 

lubricant. For a disc temperature of 950 oC, the low oxidation resistance of HSS 

leads rapidly to the formation of a continuous oxide scale on the surface of the pin 

that was thick enough to take in charge the contact. That contributed to the drop of 

friction in comparison with tests at 650 oC. 

Table 2.9 Contact nature in tribological tests for HSS. [99] 

Disc temperature 

(oC) 

First bodies 
Third body 

On pins On discs 

20 
Metallic substrate Metallic substrate Oxidised 

debris 

650 

Continuous oxide 

scale 

Thin and continuous 

Fe2O3/Fe3O4 oxide 

scale 

Oxidised 

debris 

950 

Thick and 

continuous glazed 

oxide scale 

Thick and continuous 

ferrous 

Fe2O3/Fe3O4/FeO oxide 

scale 

Oxidised 

debris 
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Chapter 3 

Experimental instruments and  

analytical methodology 

This chapter includes a detailed description of the experimental instruments and 

analytical methodology used in the current study. 

3.1 Experimental instruments 

3.1.1 High temperature microscope (HTM) 

In-situ oxidation tests were carried out in a high temperature microscope (HTM) 

with a CCD camera as a detector. Fig. 3.1 shows a photo of the HTM chamber. The 

HTM is normally used as a laser scanning confocal of the specimen, but the CCD 

camera provides a far better resolution in the case of oxidation experiments due to 

its ability to compensate for differences in light emission and a greater depth of 

field [60, 135, 136]. Fig. 3.2 shows a schematic illustration of the transverse cross 

section of the high temperature furnace and experimental configuration of the test. 

A 1.5 KW-halogen lamp located at one focal point of the ellipsoidal cavity, heats the 

specimen located at the other focal point by radiation. Images from the heated 

sample can be captured by the CCD camera and sent directly to a computer at 25 

frames per second. By recording continuously during an experiment, the whole 

oxidation process can be observed in-situ. During oxidation, the sample was placed 

in a 4-mm diameter alumina crucible with a polished surface on top. The crucible 

was then put into the sample holder which was inserted into the gold plated 

ellipsoidal infrared heating furnace. One end of the gas entry tube was placed 

above and adjacent to the sample, in order to apply the oxidising gas directly onto 

the surface of the sample.  
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Fig. 3.1 Photo of high temperature microscope chamber. 

 

Fig. 3.2 Schematic illustration for in-situ observation oxidation experiments in high 

temperature microscope. 

3.1.2 Gleeble 3500 thermal and mechanical testing system 

The Gleeble 3500 is a fully integrated digital closed loop control thermal and 

mechanical testing system. Fig. 3.3 shows a photo of the Gleebe 3500 thermal 

mechanical system located at the University of Wollongong. The thermal system is 

?
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equipped with a direct resistance heating system that can heat specimens at a rate 

up to 10,000 oC/s, or can hold steady-state equilibrium temperatures. The system is 

also capable of performing a high cooling rate in excess of 10,000 oC/s at the surface 

of a specimen with the high thermal conductivity grips holding the specimen. 

Thermocouples provide signals for accurate feedback control of specimen 

temperatures. The test chamber is connected to a high vacuum system. Optional 

protection gas can also be introduced into the chamber as well. The mechanical 

system is a complete, hydraulic servo capable of exerting up to 10 tons of static 

force in tension or compression. Displacement rates as fast as 1,000 mm/s can be 

achieved. 

 
Fig. 3.3 Photo of Gleeble 3500 thermal mechanical system. 

3.1.3 CETR multi-specimen test system 

The CETR UMT2 multi-specimen test system can be used for tribological testing of 

ferrous and non-ferrous metals, plastics, ceramics, paper, composites, thick and thin 

coatings, as well as solid lubricants, lubricating fluids, and oils and greases. Fig. 3.4 

shows a photo of the CETR with a high temperature pin-on-disc configuration. 

Mounted with the high temperature chamber, the CETR multi-specimen test system 

can conduct high temperature wear tests in a temperature range up to 1000 oC. 

Various common tribology test modes are available in the system, including pin on 



 

disc, ball on disc, disc on disc

The CETR multi-specimen test system can acco

of practically any geometry

motion system that has a 

performed to an accuracy of 50

specimen at speeds from 0.001 to 5,000

load in a range from 

simultaneous measurements of load and torque in two to six axes. The forces can 

be measured precisely in ranges from milligrams to kilograms, with a resolution of 

0.00003% of full-scale

Fig. 3.4 Photo of CETR 

configuration) 

3.1.4 IBIS/UMIS nano

The IBIS/UMIS nano-

Division of Applied Physics in Sydney Australia. 
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disc, ball on disc, disc on disc, and so on. 

specimen test system can accommodate upper and lower samples 

geometry. The upper specimen is connected to a vertical linear 

motion system that has a 150mm length of travel. Wear measurements can be

performed to an accuracy of 50nm. A precision spindle can rotate the

n at speeds from 0.001 to 5,000rpm. The load cell can precisely

from 2-200N. Ultra-accurate strain-gauge sensors perform 

simultaneous measurements of load and torque in two to six axes. The forces can 

recisely in ranges from milligrams to kilograms, with a resolution of 

scale, and very high repeatability.  

Photo of CETR multi-specimen test system. (High temperature pin

.4 IBIS/UMIS nano-indentation system 

-indentation system was first manufactured

Division of Applied Physics in Sydney Australia. The instrument arose from a need to 
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mmodate upper and lower samples 

. The upper specimen is connected to a vertical linear 

Wear measurements can be 

nm. A precision spindle can rotate the lower 

precisely control the 

gauge sensors perform 

simultaneous measurements of load and torque in two to six axes. The forces can 

recisely in ranges from milligrams to kilograms, with a resolution of 

 

. (High temperature pin-on-disc 

 in 1984 by CSIRO 

he instrument arose from a need to 
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measure the hardness of thin films. The system can be mounted with various types 

and sizes of indenters, such as Berkovich indenters, sphero-conical indenters, knoop 

indenters, and cube corner indenters. Fig. 3.5 shows a photo of the IBIS/UMIS 

nano-indentation system in the tribology laboratory at the University of 

Wollongong. 

For nano-indentation, information is derived from penetration on loading and also 

from the elastic recovery of the indentation on unloading – the load-displacement 

curve. This method can characterise bulk materials including metals, ceramics, 

plastics, crystalline, and amorphous materials, coatings, and modified surface layers. 

The IBIS/UMIS nano-indentation system can continuously record load vs. depth 

curves with a resolution of 75 nN in load and 0.05nm in depth. The system can 

perform an indentation test in a wide load range from 100μN up to 500 mN. A video 

microscope in the system can be used with precise sample positioning for 

measuring the mechanical properties of very small volumes of material. 

 
Fig. 3.5 Photo of IBIS/UMIS nano-indentation system. 

3.2 Analytical Methodology 

3.2.1 Scanning electron microscope 

A JEOL JSM 6490 scanning electron microscope (SEM) equipped with energy 
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dispersive X-ray analysis (EDS) was used to investigate the microstructure of 

samples of high speed steel and the morphologies of oxide scales. The operation 

voltage was chosen as 20kV and the working distance was set at 10mm. 

3.2.2 Focus ion beam microscope 

An XT Nova Nanolab 2000 workstation which combines a dual beam high resolution 

focused ion beam and a high scanning electron microscope (FIB/SEM) was used to 

characterise the surface morphology of the specimen after oxidation and prepare 

thin foil specimens for further TEM observation. The system is equipped with a 

platinum deposition system and the SEM column with a field emission gun (FEG). 

The FIB column uses a fine, energetic beam of gallium ions that scan over the 

surface of a specimen. At high beam currents the gallium beam rapidly sputters 

away the surface of the specimen to expose the sub-surface cross section. During 

this FIB cross sectioning, an accelerating voltage of 30KV and high ion currents were 

used and, lower currents of 1nA and 0.5nA for nano-milling. 

3.2.3 Transmission electron microscope 

A Philips CM200 field emission gun transmission electron microscope (FEG-TEM) 

equipped with an energy dispersive X-ray spectroscopy (EDAX) system was used to 

investigate the detailed microstructure of the FIB cross sections of the oxide scales. 

The Philips CM200 FEG-TEM allows very high resolution images to be obtained from 

thin, electron transparent sections of materials. Ultimately, this microscope allows 

individual atoms to be imaged. The TEM allows not only structural information to be 

obtained, but also crystallographic studies of materials are routinely possible. This 

microscope has an EDAX energy dispersive x-ray spectroscopy system interfaced to 

it, which can allow chemical analysis from regions as small as 10nm in diameter to 

be obtained. In addition, it has an SIS CCD camera to directly record digital images. 

In this study the TEM was operated with an accelerating voltage of 200KV. 
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3.2.4 Atomic force microscope 

A Multi-Mode Scanning Probe Microscopy (SPM) from Digital Instruments operating 

in contact AFM mode (Nanoscope IIIA AFM) was used to obtain topographic images 

of the surfaces of the samples.  This AFM has a lateral resolution of 1-5nm and a 

vertical resolution of 0.08nm.  

The V-shaped nano-probe cantilevers were made of silicon nitride (Si3N4) with a 

nominal tip radius of 20-60nm. The lengths of each cantilever were 100µm and 

200µm. The tips are shaped like a pyramid with 35° angles on all four sides. Fig. 3.3 

illustrates the design of the probes and the cantilever spring constants. The tip with 

0.12m/s spring constant was used in the present study. The Digital Nanoscope 

software version 5.12b was used to analyse the surface roughness profiles of the 

samples [137]. 

 

Fig. 3.6 Design of the probe and its four silicon nitride cantilevers showing spring constants 

(N/m). 

3.2.5 X-ray diffractometer 

An X-ray diffraction (XRD) using a GBC MMA diffractometer with mono-chromated 

Cu-Kα radiation was used to detect the phase composition of the samples before 

and after oxidation. The operating voltage and current of X-ray beam was set as 

35kV and 28.6mA, respectively. 

 0.12    0.58 

0.32    0.06 
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Chapter 4 

Isothermal oxidation of the HSS material 

High speed steel (HSS) has successfully been used to manufacture hot rolls because 

it retains a higher hardness at high temperature compared to conventional high 

chromium (Hi-Cr) and indefinite chill iron (IC) rolls. However, oxidation is an ever 

present problem during hot rolling [27, 109]. The working temperature of hot rolls 

can exceed 600 oC and the flash temperature could in fact rise above 800 oC owing 

to the friction and plastic work generated heat [2, 13]. Oxidation of the roll surface 

is considered to be one of four wear mechanisms (i.e. abrasion, adhesion, thermal 

fatigue, and oxidation) of work rolls which directly affects hot roll performance and 

the surface quality of rolled materials [2, 130, 112]. Therefore, a number of studies 

have been carried out to investigate the oxidation behaviour of HSS roll materials. 

Kim et al. [2] compared the oxidation behaviour of HSS materials in dry and humid 

atmospheres, however, the humid atmosphere consisted of distilled water and 

argon gas which is different from industrial conditions. Monteiro and Rizzo [6] and 

Zhou et al. [93] reported that the presence of water vapour increased the oxidation 

rate of HSS. Their work mainly focused on the kinetics of oxide formation or the 

effect of alloy content on oxidation resistance during long term (up to several 

hundreds of hours) experiments. However, the total contact time of a roll with a hot 

strip in one rolling campaign is less than 30 min, and oxide scale formed on the roll 

surface can be broken by thermal and mechanical fatigue. In addition oxide scales 

may spall under shearing loading when their thickness is above a critical value [109]. 

Therefore, understanding the initial oxidation behaviour of HSS rolls is becoming 

more important and needs to be investigated. As the oxidation behaviour of the 

carbides and matrix in HSS materials affects the homogeneity of the oxidised 

surface of a roll, this has an important influence on contact friction and wear. It is 

therefore instructive to investigate the selective oxidation behaviour and 
                     

The content of this chapter has been published in Corrosion Science 2010 (52): 2070-2715. 

and Corrosion Science 2011 (53): 3603-3611. 
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subsequent formation of oxide scales on the carbides and matrix in HSS materials. 

In this chapter a series of isothermal oxidation tests were carried out in a high 

temperature microscope (HTM) with a CCD camera as a detector. This means the 

initial formation and subsequent growth of oxide scales on the surface of HSS 

samples in dry and 12.5% H2O humidity oxidising atmospheres were monitored 

in-situ and recorded. We also studied the morphology of the scales formed by using 

a variety of microscopy techniques and the nature of the oxides phases. During this 

experimentation, we came across interesting finds that we believe contribute to a 

better understanding of the oxidation behaviour and mechanisms of oxides formed 

on HSS samples. 

4.1 Experimental methods 

The oxidation tests were carried out in two oxidising atmospheres (dry and 12.5% 

H2O humid air) and at four temperatures, i.e. 550, 600, 650, and 700 oC, for 30 min 

and up to 120 min. The following procedure was used for each of the oxidation 

experiments: 

(1) the samples were heated to the desired temperature under a high argon 

atmosphere (Ar, 99.999% pure) at a rate of 1.7 oCS-1 and held for 5 min to allow 

the system to equilibrate; 

(2) the argon flow was switched off concurrently with the introduction of oxidising  

gas. The samples were then oxidised  for the designated testing time at the 

desired temperatures; 

(3) the gas flow was switched back to pure argon to prevent further oxidation and 

the samples were cooled to room temperature at the rate of 1.7 oCS-1. 

A compressed industrial air was used as the dry oxidising gas. For a humid 

atmosphere, a moisture content of 12.5% H2O vapour was obtained by passing 

industrial air through a tank of distilled water maintained at a constant temperature 

of 50 oC. The gas tube connecting the water tank and the furnace chamber was 
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pre-heated to 60 oC to prevent the water from condensing on the inside wall of the 

tube. This ensured that the gas had the correct humidity while also protecting the 

furnace from exposure to liquid water. The flow rate of the oxidising gas was set as 

96 cm3min-1, and the gas pressure in the HTM chamber was kept at 1 atm during the 

tests. 

The microstructures of the as-received HSS samples were examined by X-ray 

diffraction (XRD) using a GBC MMA diffractometer with mono-chromated Cu Kα 

radiation and a JEOL JSM 6490 scanning electron microscope (SEM) equipped with 

energy dispersive X-ray analysis (EDX). The oxidised samples were immediately 

examined in a Nanoscope IIIA atomic force microscope (AFM) after each experiment 

to prevent the surface of the sample from becoming contaminated. The surface 

topography and roughness after oxidation were measured in the contact mode with 

a lateral resolution of 1-5 nm and a vertical resolution of 0.08 nm. The nano-probe 

cantilevers were made of silicon nitride (Si3N4) with a spring constant of 0.06 N.m-1. 

After oxidation, an FEI XT Nova Nanolab 200 workstation which combines a dual 

beam of focused ion beams and a field emission scanning electron microscope 

(FIB/SEM) was used to characterise the surface morphology of the specimen and 

prepare thin foil specimens for further TEM observation. The system is equipped 

with a platinum deposition system. The FIB column uses a fine, energetic beam of 

gallium ions that scan the surface of a specimen for imaging. At high beam currents 

the ion beam rapidly sputters away the surface of the specimen to expose the 

sub-surface cross section. Two steps were taken to prepare the TEM samples used 

in this work. Firstly, the electron beam was used to choose a typical feature, and a 

protective Pt film was deposited on the selected surface to protect the oxide scale 

before cutting. Secondly, the ion beam was used to cut the cross sections off at 

15µm×5µm×0.5-0.6µm and then mill these thin foils down to less than 100 nm thick 

for a TEM examination. During the FIB cross sectioning, an accelerating voltage of 

30 kV and high ion currents were used and for milling, lower currents of 1nA to 
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0.1nA were used. A JEOL JSM 6490 scanning electron microscope (SEM) equipped 

with energy dispersive X-ray analysis (EDAX) was also used to characterise the 

surface morphology of the specimen before and after oxidation. 

A Philips CM200 field emission gun transmission electron microscope (FEGTEM) 

equipped with a Brucker energy dispersive X-ray spectroscopy (EDAX) system was 

used to investigate the detailed microstructure of the FIB cross sections of the oxide 

scales. It was operated with an accelerating voltage of 200kV. Selected oxidised 

samples were examined by X-ray diffraction (XRD) using a GBC MMA diffractometer 

with mono-chromated Cu-Kα radiation. 

4.2 Results 

4.2.1 Microstructure of the studied HSS sample 

The high speed steel material of a work roll whose composition is shown in Table 

4.1 was selected as the material to be used in all experiments. Fig. 4.1 shows the 

XRD spectrum of the high speed steel sample. An X-ray analysis indicated that there 

were two kinds of carbides (V8C7 and Cr7C3) present in the iron matrix. However, it 

was difficult to detect all the carbides present by XRD [2]. Fig. 4.2a shows a typical 

back scattered electron (BSE) image of the polished HSS roll material. The BSE 

microstructure observed (Fig. 4.2a) was to classify the carbides based on their 

unique morphologies precipitated in the high speed steel materials [72, 92, 138, 

139]. In the HSS roll material, the carbides were identified as follows: the slender 

petal-like dark zones are V-rich MC (V8C7) carbides (Fig. 4.2b), the fibrous bright 

phases are Mo, W-rich M2C (Mo2C) carbides (Fig. 4.2c), which Cr-rich M7C3 (Cr7C3) 

carbides appear with a structure that looks like a network (Fig. 4.2d). High 

magnification observation in TEM (Fig. 4.3) indicated there are many fine Mo, 

W-rich spherical carbides (M2C) with sizes ~200nm precipitate in the HSS matrix. 

Image analysis of BSE images, as shown in Fig. 4.4, determined that the total 

volume fraction of all three carbides to be 13%, which comprises 9 %MC and 4% 
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M2C+M7C3. The EDX analysis indicated that although more chromium precipitates 

with carbides, chromium was evenly distributed in the matrix. 

Table 4.1 Chemical composition of the studied high-speed steel (in weight percent, wt%) 

analysed by X-ray fluorescence spectroscopy. 

Fe C Ni Mn Cr Mo V W Si P S 

Balance 1.96 0.78 1.26 4.85 4.47 4.00 3.40 0.99 0.028 0.034 

 
Fig. 4.1 X-ray pattern of HSS sample. 

 

Fig. 4.2 Backscattered electron (BSE) image of microstructure of HSS sample. (a) Over view 

of the microstructure, (b) morphology of MC carbides, (c) morphology of M2C carbides, and 

(d) morphology of M7C3 carbides. 
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Fig. 4.3 (a) TEM bright field microstructure image of the HSS sample matrix, and (b) EDS 

spectra of spherical particles. 

 

Fig. 4.4 Image analysis of carbides volume fraction in HSS sample. (a) Backscattered 

electron (BSE) image of microstructure of HSS sample, (b) black areas are referred to areas 

of M2C+M7C3 carbides, (c) black areas are referred to areas of MC carbides. The volume 

fraction was determined by means of Image Pro Plus 6.0 software. 
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Fig. 4.5 AFM image for surface topography of the HSS sample prior to oxidation tests. 

Fig. 4.5 shows an AFM image for surface topography of the sample before oxidation 

tests. The surface was flat after polishing with a 1μm diamond suspension and the 

roughness was about 10nm. The carbides are protruding slightly above the surface 

of the matrix due to their high hardness relative to the matrix, resulting in 

differential polishing finish. 

4.2.2 In-situ observation of the oxidation of the HSS samples 

Fig. 4.6 provides a series of in-situ frames from the first 20s of the oxidation 

experiments in industrial dry air at 700 oC, showing the initial formation and growth 

of the oxide scale on the surface of the sample. The colour on the surface of the 

sample changed as the oxidation time proceeded. This may be due to growth in the 

thickness of the oxide scale, but other factors can also affect the colour change, 

such as different oxide phases, surface conditions, and configuration of the optical 

microscope. Fig. 4.6a shows the microstructure of the HSS sample before dry air 

was introduced, which shows the carbides distributed in the matrix. It is evident 

from Fig. 4.6b that the oxidation initially takes place at the carbides/matrix 

interfaces once the oxidising gas was introduced. After 5s of oxidation the oxide 

scale spread rapidly over the carbides and then propagated into the matrix, as 

shown in Fig. 4.6c. As the oxidation time progressed to 10s and 15s (shown in Fig. 
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4.6d and 4.6e, respectively), the oxide scale continuously grows further over the 

matrix. It takes about 20 s for a complete oxide scale to form, from initiation at the 

carbides/matrix interfaces to cover the whole surface at 700 oC as shown in Fig. 4.6f. 

The HSS showed similar oxidation behaviour at 650 oC, as shown in Fig. 4.7. 

However, the growth rate of oxidation at this temperature was three times slower 

than at 700 oC, with more than 60s required for the oxide scale to cover all the 

surface of the sample. When the oxidation temperature was decreased further to 

600 and 550 oC, the growth rates of the oxide scale on the surface of the sample 

were reduced significantly, so it was difficult to detect the growth of oxide scale. 

In-situ observation of oxidation process in 12.5% H2O humid air at different 

temperatures indicated a similar phenomenon to the case of dry air. It was still hard 

to detect the growth of oxide at 550 oC in humid air, as in the case with dry air. In 

contrast, the formation and growth of oxide scale on the sample surface is clearly 

visible at 600, 650 and 700 oC. 
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Fig. 4.6 Snapshots from an in-situ recorded video for the formation and growth of oxide 

scales on the surface of the specimen in dry air at 700 oC. The time indicated in the figures 

is the program proceeding time rather than oxidising time: (a) 0s, (b) 2s, (c) 5s, (d) 10s, (e) 

15s, and (f) 20s. 
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Fig. 4.7 Snapshots from an in-situ recorded video for the formation and growth of oxide 

scales on the specimen surface in dry air at 650 oC. The time indicated in the figures is the 

program proceeding time rather than oxidising time: (a) 0s, (b) 2s, (c) 5s, (d) 15s, (e) 30s, 

and (f) 60s 

4.2.3 Surface morphology after oxidation  

4.2.3.1 Oxidation in dry air 

Fig. 4.8 shows the secondary electron (SE) images of the surface of the HSS sample 

after 30 min of oxidation at 550 oC in dry air. It can be seen that most of the surface 
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is covered by a thin film of oxide, as shown in Fig. 4.8a. However, the higher 

magnified image indicates that the oxide scale does not cover the substrate evenly, 

several cavities are clearly visible and some locations have protrusions of rod-like 

crystals (Fig. 4.8b). SEM/X-ray mapping analysis of oxidised HSS sample surface 

shown in Fig. 4.9 confirmed that the cavities correspond to the chromium and 

molybdenum rich carbides area, and the rod like crystals are rich in vanadium, 

which indicates that V-rich MC carbides have been oxidised after the test (detailed 

feature of vanadium oxide as seen in Fig. 4.8c). It can be clearly seen in Figs. 4.8c 

and 4.8d that fine, iron oxide whiskers and blades are growing on the oxide scale 

however, the iron oxides do not grow directly from the metal substrate, there is a 

thin, compact, chromium rich layer of oxide formed that covers the substrate. The 

fine chromium oxides are more visible at the Cr-rich M7C3 carbides/matrix interface 

due to higher contents of chromium precipitating at these areas than in the matrix 

(Fig. 4.8d).  

Fig. 4.10 shows the secondary electron (SE) images of the HSS sample surface after 

30 min oxidation at 600 oC in dry air. The surface has a unique feature after 30 min 

of oxidation. A thin oxide layer covers the HSS matrix, and the areas of vanadium 

rich MC carbides are oxidised and protrude above the surface (Fig. 4.10a). A higher 

magnified image (Fig. 4.10b) indicates there are some rod-like oxidised products 

appearing at the vanadium-rich MC carbides area, and the MC carbides/matrix 

interfaces are oxidised severely where the large iron oxides crystal forms. Fig. 4.11 

shows the SE images of the HSS sample surface after 120 min oxidation at 600 oC in 

dry air. The surface morphology of the oxidised sample shows no significant 

difference after 30 min (Fig. 4.11a), although the oxide scale covering the HSS 

matrix seems to be getting a little thicker and the vanadium-rich MC carbides are 

oxidised more severely, as shown in Fig. 4.11b, compared to those for 30 min. 
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Fig. 4.8 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 550 
oC in dry air for 30 min. (a) overview of the oxidised surface, the sample is titled 52o, (b) 

higher magnification SE image of the oxidised surface, the sample is titled 52o, (c) higher 

magnification SE image of area “A” labelled in (b), the sample is titled 52o, and (d) higher 

magnification SE image of area “B” labelled in (b), the sample is titled 52o. 
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Fig. 4.9 FEG-SEM/X-ray mapping of oxidised HSS sample surface after oxidation at 550 oC 

for 30 min in dry air. 

 
Fig. 4.10 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

600 oC in dry air for 30 min. (a) Overview of the oxidised surface, and (b) higher magnified 

SE image of oxidised surface. 
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Fig. 4.11 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

600 oC in dry air for 120 min. (a) Overview of the oxidised surface, and (b) higher magnified 

SE image of oxidised surface. 

Fig. 4.12 shows the SE images of the HSS sample surface after 30 min oxidation at 

650 oC in dry air. It can be seen that the surface is oxidised more severely than the 

samples at 600 oC even though the whole surface is still oxidised unevenly (Fig. 

4.12a). At a higher magnification, the vanadium-rich MC carbides areas on the 

surface are severely oxidised while the matrix areas have resisted oxidation very 

well, albeit they are covered with a thin and compact oxide scale (Fig. 4.12b). This 

has resulted in an inhomogeneous surface. Fig. 4.13 shows the SEM X-ray mapping 

of the sample surface after oxidation at 650 oC for 30 min in dry air. The matrix here 

is oxidised less than other areas. The vanadium rich MC carbides/matrix interfaces 

are oxidised most severely, especially in the narrow areas among the vanadium rich 

MC carbides. Not only are the vanadium rich MC carbides oxidised to form 

parallelepiped grains, so too are the fine Mo and W-rich M2C carbides. However, the 

chromium rich M7C3 was not oxidised because its volume fraction is low (M2C and 

M7C3 is approximate 4 vol.%), and it is preferentially precipitated with Mo and 

W-rich carbides, as seen in the microstructure of the un-oxidised sample (Fig. 4.2a). 

After 120 min of oxidation, the vanadium rich MC carbides areas are heavily 

oxidised and protrude prominently out of the surface (Fig. 4.14a and b). Although 

the matrix has a strong resistance to oxidation, when the oxidation time increased 

the area of the matrix was getting smaller due to an expansion of the oxides from 

the MC carbides. 
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Fig. 4.12 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

650 oC in dry air for 30 min. (a) Overview of the oxidised surface, and (b) higher magnified 

SE image of oxidised surface. 

 
Fig. 4.13 SEM X-ray mapping for sample surface after oxidation at 650 oC for 30 min in dry 

air. 

 
Fig. 4.14 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

650 oC in dry air for 120 min. (a) Overview of the oxidised surface, and (b) higher magnified 

SE image of oxidised surface. 
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Fig. 4.15 shows the SE images of the HSS sample surface after 30 min oxidation at 

700 oC in dry air. It can be seen that the whole surface was covered by oxides after 

oxidation. The surface morphology became more homogeneous than at 650 oC, as 

we can see a porous honeycomb like oxide scale growing through the matrix and 

around the oxidised vanadium-rich MC carbides whose shapes have been changed 

into parallelepiped grains.  

 

Fig. 4.15 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

700 oC in dry air for 30 min. (a) Overview of the oxidised surface, and (b) higher magnified 

SE image of oxidised surface. 

4.2.3.2 Oxidation in 12.5% H2O humid air 

Fig. 4.16 shows the SE images of the HSS sample surfaces after 30 min oxidation at 

550 oC in 12.5% H2O humid air. It can be seen that the morphologies of the oxidised 

surface in the humid air are significantly different from those in dry air, as shown in 

Fig. 4.8. After oxidation at 550 oC, the oxidised surface has dark areas which are the 

vanadium rich iron oxides around the V-rich MC carbides, and bright areas which 

are oxidised Mo and W-rich M2C carbides, as shown in Figs. 4.16a and b. There is no 

significant difference in the oxide morphology between wet and dry air because the 

oxidation temperature were low at 550 oC. 
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Fig. 4.16 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

550 oC in 12.5%H2O humid air for 30 min. (a) Overview of the oxidised surface, and (b) 

higher magnified SE image of oxidised surface. 

Fig. 4.17 shows the SE images of the HSS sample surfaces after 30 min oxidation at 

600 oC in 12.5% H2O humid air. The surface morphologies are similar to those 

oxidised in dry air, as shown in Fig. 4.10. However the surface seems coarser which 

indicates that oxidation in 12.5% H2O humid air is more severe than in dry air. Fig. 

4.18 shows the SEM X-ray mapping of the oxidised surface. It can be seen that 

vanadium-rich MC carbides are the most severely oxidised and protrude out of the 

matrix, while the Mo and W-rich M2C carbides are also oxidised out of the surface. 

However, Mo, W-rich M2C carbides, and Cr-rich M7C3 carbides precipitated together 

so in this current investigation it is not easy to distinguish from the surface 

morphology which one has a better resistance to oxidation. 

 
Fig. 4.17 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

600 oC in 12.5%H2O humid air for 30 min. (a) Overview of the oxidised surface, and (b) 

higher magnified SE image of oxidised surface. 
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Fig. 4.18 SEM X-ray maps for the sample surface after oxidation at 600 oC for 30 min in 12.5% 

H2O humid air. 

Fig. 4.19 shows the SE images of the HSS sample surfaces after 30 min oxidation at 

650 oC in 12.5% H2O humid air. The surface morphology indicates that the 

vanadium-rich MC carbides are significantly oxidised while the oxidised surface of 

the matrix in 12.5% H2O humid air is not as even as in dry air. Some locations in the 

matrix are oxidised more heavily than other areas, leading to large iron oxide grains 

growing out of the surface. 

 
Fig. 4.19 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

650 oC in 12.5%H2O humid air for 30 min. (a) Overview of the oxidised surface, and (b) high 

magnified SE image of oxidised surface. 

Fig. 4.20 shows the SE images of surface morphology of HSS sample oxidised at 700 

oC in 12.5% H2O humid air for 30 min. It can be seen that a honeycomb-structural 
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iron oxide scale covers the sample surface. However, the iron scale is thicker and 

the iron oxide grains are smaller compared to the oxide formed in dry air at 700 oC. 

And it is also noted that the oxidised vanadium rich MC carbides are oxidised 

severely and spread among the iron oxide scale instead of forming parallelepiped 

grains as is observed in dry air (Fig. 4.15).  

 
Fig. 4.20 Secondary electron (SE) image of surface morphology of HSS sample oxidised at 

700 oC in 12.5%H2O humid air for 30 min. (a) Overview of the oxidised surface, and (b) high 

magnified SE image of oxidised surface. 

4.2.4 X-ray structural analysis 

Fig. 4.21 and Fig. 4.22 show the XRD patterns of oxidised samples after oxidation in 

dry air at 650 and 700 oC, respectively. The reflections of iron substrate present in 

both spectra indicate that the thickness of oxide scales is less than the depth of the 

X-ray diffraction. At the same testing condition, more X-ray penetrates into the steel 

substrate leads to a higher Fe phase peak in the pattern which indicates a thinner 

oxide layer, and vice versa. Although XRD is used to identify the phase composition 

in the oxide scale, the XRD pattern can be used to compare the thickness of oxide 

scale under the current circumstance. The intensity of the Fe phase decreased 

significantly when the temperatures was increased to 700 oC indicating that the 

oxide scale was becoming thicker with a rise in temperature. Fig. 4.23 and Fig. 4.24 

show the XRD patterns of oxidised samples after oxidation in 12.5% H2O humid air 

at 650 and 700 oC, respectively. It is evident that the main phases of oxide scale are 



Chapter 4 – Isothermal oxidation of the HSS material 

66 
 

Fe2O3 (hematite) and Fe3O4 (magnetite) in both atmospheres, although the 

constitution of the Fe2O3 phase in the oxide scale formed in 12.5% H2O humid air is 

higher than in dry air. 

 

Fig. 4.21 XRD patterns of the oxidised sample after oxidation at 650 oC in dry air: (a) 30 min 

and (b) 120 min. 

 
Fig. 4.22 XRD patterns of the oxidised sample after oxidation at 700 oC in dry air: (a) 30 min 

and (b) 120 min. 
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Fig. 4.23 XRD patterns of the oxidised sample after oxidation at 650 oC in 12.5% H2O humid 

air: (a) 30 min and (b) 120 min. 

 

Fig. 4.24 XRD patterns of the oxidised sample after oxidation at 700 oC in 12.5% H2O humid 

air: (a) 30 min and (b) 120 min. 

4.2.5 Cross sectional microstructure of oxide scales 

4.2.5.1 Oxidation in dry air 

Fig. 4.25 shows the TEM bright field image of the cross section of the oxide layer 

formed at 600 oC for 30 min in dry air. It can be seen that the oxide layer can clearly 

be distinguished as two sub-layers which the outer layer is compact while the inner 

layer is porous. However the thickness of the oxide scale fluctuates significantly 
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from less than 0.5μm (carbides free matrix) to 1.28μm (vanadium-rich MC carbides 

region). Fig. 4.26a shows the cross section cut off from the vanadium-rich MC 

carbides area (Fig. 4.25). The EDS results indicate that the oxides in the outer layer 

(Fig. 4.26b, “A” in Fig. 4.26a) are rich in vanadium, manganese, and iron, while the 

oxides in the inner layer consist of chromium and iron oxides (Fig. 4.26c, “B” in Fig. 

4.26a). It is noted that the vanadium-rich MC carbides were oxidised and 

decomposed into small grains (Fig. 4.26d, “C” in Fig. 4.26a) and fine Mo and  

W-rich spherical carbide was not oxidised after oxidation (Fig. 4.26e, “D” in Fig. 

4.26a) in the inner oxide layer. There are no chromium elements appearing in the 

outer layer, which indicates that chromium oxides only form on the metal surface 

and remain in the same place during the growth of oxide scale. With a longer 

oxidation time, the thin layer of chromium oxide becomes the interface between 

the inner and outer layers of oxide. Fig. 4.27 shows the TEM bright field image of an 

FIB cross section of oxide scale formed at 600 oC for 120 min in dry air. It can be 

seen that the thickness of the oxide scale after oxidation for 120 min on the HSS 

matrix changed little compared to that for 30 min, but the oxides in the 

vanadium-rich carbides areas are obviously increasing. 

 

Fig. 4.25 TEM bright field image of an FIB cross section of the oxidised sample at 600 oC for 

30 min in dry air. 
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Fig. 4.26 (a) High magnification TEM bright field cross-section image of oxide scale on a 

vanadium carbides (MC) area formed at 600 oC in dry air after 30 min oxidation, (b) EDS 

spectra of area “A”, (c) EDS spectra of area “B”, (d) EDS spectra of area “C”, (e) EDS spectra 

of area “D”. 

 
Fig. 4.27 TEM bright field image of an FIB cross section of the oxidised sample at 600 oC for 

120 min in dry air. 
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Fig. 4.27 shows the TEM bright field mage of the cross section of the oxide layer 

formed at 600 oC for 120 min in dry air. It can be seen that the oxide scale formed 

on the HSS sample substrate remained thin while the V-rich MC carbides were 

oxidised much more severely than the 30 min oxidation at the same temperature 

(Fig. 4.25). 

 
Fig. 4.28 (a) Overview TEM bright field image of FIB cross-section of the oxidized sample at 

650 oC for 30 min in dry air, (b) higher magnified TEM bright field cross-section images of 

oxide scale. 
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Fig. 4.28 illustrates the TEM bright field mage of the cross section of the oxide layer 

formed at 650 oC for 30 min in dry air. The microstructure of the oxide scale 

remained the same compared with that formed at 600 oC. The thickness of the 

oxide scale at the carbides free areas has no significant change but a thicker oxide 

scale formed at the vanadium rich carbides area due to more severe oxidation. The 

maximum thickness of the oxide scale is approximate 2.3μm. 

 

Fig. 4.29 (a) Overview TEM bright field image of an FIB cross section of oxide scale formed 

at 650 oC in dry air after 120 min oxidation, (b) and (c) higher magnified TEM bright field 

cross section images of oxide scale, (d) EDS spectra of areas “A” and “B” labelled in (c). 

Fig.4.29a illustrates the cross section of oxide scale after oxidation at 650 oC for 120 

min. The FIB cross section was cut off from the vanadium-rich carbides area. Fig. 

4.29b and c show the higher magnification TEM bright field image of this area. It 
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can be seen that a thin and compact layer of chromium-iron oxide was formed in 

the carbide free matrix area, and the total thickness of the oxide scale formed in 

this area is around 1.6μm. However in the vanadium rich MC carbide area, a thick, 

duplex layer of oxide scale formed (Fig. 4.29b and c) whose maximum thickness is 

over 6μm. The inner layer consists of fine oxides and a high concentration of 

porosity and the outer layer has big columnar oxide crystals. An EDS analysis (Fig. 

4.29d) indicated that the columnar oxide crystals are pure iron oxide and vanadium 

oxides that formed on top of the oxide scale. There is a big difference in the 

thickness of oxide scale which formed at the MC carbides area and carbide free 

matrix. Fig. 4.30 shows the TEM/X-ray maps of the cross section of the oxide scale. 

It confirms that vanadium ions diffused to the scale/air interface during the 

oxidation and oxidised on the top of the oxide scale. Mn was also found on the top 

of the scale. Chromium accumulated at the substrate/inner oxide layer and 

inner/outer layer interfaces. Si, Mo, and W elements are mainly distributed in the 

inner layer, similar to Cr. 
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Fig. 4.30 TEM/X-ray mapping of the oxide scale formed at 650 oC after oxidation in dry air 

for 120 min. 
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Fig. 4.31 An FIB cross section of an oxidised sample at 700 oC for 30 min in dry air. The 

sample is titled 52o. 

Fig. 4.31 shows the FIB cross section of oxide scale formed at 700 oC in dry air after 

30 min of oxidation. This section was cut off from the matrix and can be clearly seen 

that the oxide scale has duplex-layer structure which is the same as those formed at 

lower temperatures. A vanadium oxide sitting on top of the oxide scale indicates 

that vanadium ions are more easily diffused to the metal/air interface during 

oxidation. The thickness of the oxide scale formed at 700 oC for 30 min in dry air 

was approximately 1.5μm, which is much thicker than those formed at lower 

temperatures, and indicates that the temperature has a significant influence on the 

oxidation behaviour of the HSS sample.  

Table 4.2 compares the thickness of oxide scale formed at the V-rich MC carbides 

area and the carbides free matrix after oxidation at 600, 650, and 700 oC in dry air 

for 30 to 120 min. These results indicated that the carbides free matrix has a strong 

resistance to oxidation, which results in a thin oxide scale formed after oxidation. At 

600 oC, the thickness of the oxide scale formed on the carbides free matrix had a 

less significant increase when the oxidation time was increased from 30 to 120 min., 

however the V-rich MC carbides area was easily oxidised and both the temperature 
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and oxidation time showed significant influences on the oxidation rate. The oxide 

scale formed at the V-rich MC carbides area after oxidation at 650 oC for 30 min was 

twice as thick as that formed at 600 oC, while the oxide scales formed on the 

carbides-free matrix only increases from 0.42 to 0.56μm. When the oxidation 

temperature reached 700 oC, severe oxidation occurred and the average thickness 

of oxide scale formed on HSS sample matrix reached 16 μm after 120 min oxidation. 

Table 4.2 Comparison of Oxide scale thickness formed at the vanadium carbides area and 

carbides free area after oxidation at 600 and 650 oC in dry air for 30 to 120 min. The 

thicknesses were obtained by measuring from TEM and SEM images. 

Temperature / oC Oxidation time / min Oxide scale thickness / μm 

MC rich area Carbides-free matrix 

600 30 1.28 0.42 

120 3.18 0.65 

650 30 2.31 0.56 

120 6.16 1.59 

700 30 - 1.5 

120 - 16 

4.2.5.2 Oxidation in 12.5% H2O humid air 

Fig. 4.32 shows the TEM bright field image of an FIB cross section of an oxidised 

sample at 550 oC for 30 min in 12.5% H2O humid air. It can be seen clearly that a 

V-rich MC carbide is severely oxidised, where the maximum depth of oxidation on 

the MC carbide was more than 3μm (Fig. 4.32a). During oxidation the vanadium 

oxides spread to the surroundings and covered the top of the oxidised surface, as 

seen in Fig. 4.32b. The vanadium oxides are thicker than 300nm. Under the 

vanadium oxides a thin oxide scale (thicker than 300 nm) formed on the HSS matrix.  

Fig. 4.32c shows the oxidation frontier on the vanadium rich MC carbide and that 

columnar crystals grow on the oxide/MC carbide interface, indicating a strong 

diffusion of the vanadium element from carbide to the oxidation frontier. 
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Fig. 4.32 a) Overview TEM bright field image of an FIB cross section of an oxidised sample at 

550 oC for 30 min in 12.5% H2O humid air; (b) Higher magnified TEM bright field image of 

area “A” labelled in (a), (c) Higher magnified TEM bright field image of area “B” labelled in 

(a). 

Fig. 4.33 shows the TEM bright field image of an FIB cross section of the oxide scale 

formed at 600 oC for 120 min in 12.5% H2O humid air where a continuous oxide 

scale formed on the sample surface after oxidation. At the carbides/matrix 

interfaces the oxidation was more severe than the matrix which leads to a thicker 

oxide scale forming at this place (Fig. 4.33a). The oxide scale consists of two 

sub-layers which is similar to that formed in dry air conditions. However, the grain 

sizes of oxides in the outer layer (Fig. 4.33b) were much finer than those formed in 

dry air (Fig. 4.25 and Fig. 4.26a). An EDS analysis of the outer layer (Fig. 4.33c) 
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confirmed that the outer layer consists of iron oxides. Figs. 4.33b and 4.33d indicate 

that the Mo-rich M2C carbides (probably the combination of M2C and M7C3) have a 

better oxidation resistance than the matrix. 

 
Fig. 4.33 (a) Overview TEM bright field image of an FIB cross section of an oxidised sample 

at 600 oC for 120 min in 12.5% H2O humid air, (b) higher magnified TEM bright field cross 

sectional images of oxide scale, (c) EDS spectra of areas “A” and “B” labelled in (b). 

Fig. 4.34 shows the TEM bright field image of an FIB cross section of oxide scale 

formed at 650 oC for 30 min in 12.5% H2O humid air. The microstructure of oxide 

scale remains duplex layered, and the outer layer consists of large oxide crystals and 

the inner layer consists of fine oxides and an amount of pores. Its maximum 

thickness is approximately 3.4μm which is much greater than that formed in dry air 

(Fig. 4.28), and whose thickness was approximately 2.3μm. 
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Fig. 4.34 (a) Overview TEM bright field image of an FIB cross section of the oxidised sample 

at 650 oC for 30 min in 12.5% H2O humid air, (b) higher magnified TEM bright field cross 

sectional images of oxide scale. 
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Fig. 4.35 TEM bright field image of FIB cross-section of oxidised sample at 650 oC for 120 

min in 12.5% H2O humid air. 

Fig. 4.35 shows the TEM bright field image of an FIB cross section of an oxidised HSS 

sample at 650 oC for 120 min in 12.5% H2O humid air. The micro-structure of the 

oxide scale remains the same compared with that formed in dry air at the same 

temperature (Fig. 4.29). The inner layer consists of fine oxides and a high 

concentration of pores and the outer layer of large columnar oxide crystals and 

larger, irregular pores. However, the oxide scale formed in humid air is thicker than 

that in dry air.  

4.2.6 Surface topography after oxidation 

Fig. 4.36 shows the AFM images of the surface topography of the samples after 

oxidation at different temperatures in dry air. The roughness of the surface 

increased significantly at higher temperatures, which suggests that the oxidation 

temperature has a great influence on the oxidised surface topography of HSS roll 

materials. The sample surface was mildly oxidised at 550 oC, leading to a relative 

smooth surface topography without any specific feature, as shown in Fig. 4.36a. At 

600 oC, selective oxidation results in the V-rich MC carbides being oxidised faster 

than the matrix, and the locations of the carbides protrude from the surface after 
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oxidation, as shown in Fig. 4.36b. Increasing the temperature further (650 and 700 

oC) resulted in an increase in the oxidation rate of both the carbides and the matrix. 

The oxidation rate of the carbides and matrix was still substantially different, which 

meant that the roughness of the sample surface increased with the oxidation 

temperature and was considerably greater than at 600 oC. 

Fig. 4.37 shows the AFM images of the sample surface topography after oxidation at 

different temperatures in 12.5% H2O humid air. The surface topographies at lower 

temperatures, 550 and 600 oC, oxidised in humid air, are similar to those in dry air. 

In contrast, the oxidised surface topographies at higher temperatures (i.e. 650 and 

700 oC) in two various atmospheres are apparently different. The surface 

topographies after oxidation in humid air are far more uniform than those produced 

by oxidation in dry air. 

 

Fig. 4.36 AFM images of surface morphologies after oxidation at different temperatures in 

dry air: (a) 550 oC, (b) 600 oC, (c) 650 oC and (d) 700 oC. 
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Fig. 4.37 AFM images of surface morphologies after oxidation at different temperatures in 

12.5% H2O humid air: (a) 550 oC, (b) 600 oC, (c) 650 oC and (d) 700 oC. 

Fig. 4.38 compares the arithmetic mean roughness (Ra) of the sample surface after 

oxidation in dry air and 12.5% H2O humid air. In both cases the roughness increased 

with higher temperatures, although the water vapour had less influence on the 

surface roughness at low temperatures such as 550 and 600 oC. When the oxidation 

temperature reached 650 and 700 oC the water vapour enhanced the oxidation 

rates of both carbides and the matrix, which reduced the differential oxidation 

behaviour of the carbides and matrix and hence the roughness of the oxidised 

surface decreased compared to that in dry air. 
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Fig. 4.38 Arithmetic mean roughness (Ra) of sample surfaces after 30 min oxidation at 

different temperatures in both dry and humid air. 

4.3 Discussion 

The surface morphology of the HSS samples changes greatly with temperature from 

550 to 700 oC, which indicates that the temperature has a significant influence on 

the oxidation behaviour of the chosen HSS material. The HSS samples have very 

good oxidation resistance at low temperatures, i.e. 550 and 600 oC, but at 550 oC, 

there is a thin, compact chromium-iron layer of oxide covering on top of the HSS 

matrix. There are iron oxides growing among or on this layer as a result of Fe ions 

diffusing through the layer from the substrate. After oxidation at 650 oC, the sample 

surfaces were oxidised unevenly. Heavy oxidation occurred at the vanadium-rich MC 

carbides areas due to a low thermal stability of the vanadium-rich MC carbides and 

high free energy at the carbides/matrix interfaces [7, 107, 140]. At the same time 

the matrix shows a good oxidation resistance when covered with a thin, compact 

layer of Cr-Fe rich oxide.  

Differential oxidation is expected to occur in the HSS samples due to a high level of 

alloying elements. Zhou et al. [93] indicated that alloy elements possess different 

levels of resistance to oxidation and preferably precipitate as different types of 
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carbides or dissolve in the matrix, leading to a different resistance to oxidation 

between the matrix and carbides. Kim et al. [2] pointed out that all kinds of carbides 

in the HSS material oxidised faster than the matrix because the formation of a 

protective Cr-rich oxide on the matrix results in a decrease in the oxidation rate. 

Molinari and Pellizzari [94] found that V-rich MC carbide and the matrix are heavily 

oxidised, Mo-rich M2C carbide has intermediate oxidation behaviour, and Cr-rich 

M7C3 carbide is far less oxidised if it dissolved a high amount of chromium. The 

results of this study confirmed the previous research work [2, 94, 141], where the 

MC carbides are heavily oxidised even though MC carbides dissolve chromium, and 

M7C3 carbides have a very good resistance to oxidation.  

Vanadium carbides have a great affinity for oxygen at high oxygen partial pressure 

[142]. Hence, during oxidation, vanadium ions (driven by the high partial pressure 

of oxygen) diffuse from the substrate and carbides across the thin oxide scale to 

feed the oxide layer formed on the outer layer. The development of vanadium rich 

oxide needles and parallelepiped crystals, as shown in Fig. 4.8 and Fig. 4.26, can be 

considered as evidence of the diffusion of vanadium ions. This also indicates that 

the diffusion rate of vanadium ions through the oxide scale is faster than iron ions. 

The possible oxidation reaction of vanadium carbides are listed as follows: 

VC(s)+O2(g)=VO(s)+CO(g) 

2VC(s)+O2(g)=V2O5(s)+2CO(g) 

Due to the argument among many researchers regarding the oxidation products of 

the vanadium carbides under the hot rolling conditions, thermodynamic calculation 

of the Gibbs generation free energy was used to determine the most possible type 

of vanadium oxide in our experiments. Although the morphology of VO crystal is 

similar to V2O5 whose crystal structure is orthorhombic, thermodynamic 

calculations of the Gibbs free energy [143] that involved the reaction of vanadium 

carbide with oxygen to form vanadium oxide (VO) or vanadium oxide (V2O5) show 

that the formation of V2O5 (G=-1357 kJ/mol, 650 oC) is more favoured than the 

formation of VO (G=-457 kJ/mol, 650 oC).  
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The steel matrix has a good resistance to oxidation because chromium elements are 

distributed homogenously in it. It is well known that chromium is commonly added 

to steel to increase its resistance to oxidation [144]. Chromium has a greater affinity 

to oxygen than iron, and a Cr2O3 film is quickly formed at the base of the scale, 

which owes its protective character to a low ionic conductivity, and thickens slowly 

by the outward movement of cations. In the present work a complex layer 

composed of iron and chromium oxides at the matrix/oxides interface was formed. 

The formation of this layer may display a protective behaviour and reduce the 

oxidation rate, especially when (Cr,Fe)3O4 spinel are formed in the layer [145, 146]. 

The temperature has the most impact on the surface morphology when the HSS 

sample was oxidised at 700 oC. Despite massive V-rich carbides being oxidised into 

parallelepiped grains distributed on the top the surface, a continuous 

honeycomb-structural iron oxide scale formed across the whole surface after 

oxidation. 

In spite of different oxidation behaviour in vanadium-rich carbides area and 

carbides-free matrix, the oxidation temperature has a significant influence on the 

kinetics of oxide scale growth (as shown in Table 4.2). The kinetics of oxide scale 

growth has been extensively studied and it is well interpreted into two growth laws 

(i.e. linear and parabolic laws) depending on the length of the oxidation time [20, 26, 

30, 40, 41, 53-55]. As the oxidation time in the current study was limited due to the 

fact that the total oxidation time of hot roll surfaces in practical conditions is usually 

less than 2 hours, the linear rate is therefore more suited to describe the oxide 

growth which can be expressed as [20, ,26, 41]: 

X=Klt    (4.1) 

where X represents the thickness of the oxide layer measured throughout the 

oxidation time t and kl is known as the linear 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 
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species. The constant Kl is strongly linked to the temperature of the environment 

and can be expressed by the Arrhenius expression [56, 57] such as: 

Kl=Ae
�-Q

RT
�
     (4.2) 

where Q represents the activation energy needed to stimulate ionic motion for 

oxidation reactions to occur, T is the temperature in absolute units, R is the 

universal gas constant and A is a constant. Therefore, the rate of oxide growth 

normally increases with temperature. However, the growth rate of oxide scale is 

often influenced by the chemical composition and the purity of metal, the pressure 

of the system and the type and amount of defects and oxides phases present in the 

oxide layer. The compact thin oxide scale formed on the carbides-free matrix acts as 

a barrier reducing the ions diffusion (both metal ions and oxygen ions) through the 

scale resulting a low growth rate, while the porous oxide scale formed on the 

vanadium carbides rich area with complicate oxides phases and many defects 

cannot sufficiently act as a diffusion barrier which leads to a much higher growth 

rate of oxide scale in these areas. 

Compared with oxidation in dry air, water vapour has a significant effect on 

increasing the oxidation rate of carbides, but less so on the matrix, at oxidation 

temperatures of 550 and 600 oC. The oxidation of sample surfaces at temperatures 

of 650 and 700 oC in 12.5% H2O humid air (Figs. 4.37c and d) were far more 

apparent than corresponding cases in dry air (Figs. 4.36c and d). Water vapour in 

the oxidising atmosphere enhances the oxidation rates of both carbides and the 

matrix. After oxidation at 650 oC (Fig. 4.37c), V-rich MC carbides were significantly 

oxidised while the oxidised surface of the matrix in 12.5% H2O humid air was not as 

even as in dry air. Some locations in the matrix were more heavily oxidised than 

other areas, leading to large iron oxide grains growing out of the surface. The 

oxidation kinetics of HSS is strongly influenced by the presence of water vapour in 

the atmosphere. The simplest explanation that can be given to this phenomenon is 
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that the rate of oxidation is higher when water vapour is present because the water 

provides a second source of oxygen needed for the oxidation reactions, apart from 

the fraction of oxygen that is already contained in the dry air. Thus, in addition to 

the simple oxidation reactions that involve the iron of the steel matrix to form 

magnetitie (Fe3O4) and hematite (Fe2O3) expressed by: 

4Fe+3O2=2Fe2O3     (4.3) 

3Fe+2O2=Fe3O4       (4.4) 

, another oxidation reaction involving water vapour and iron to form magnetite was 

also present during the oxidation process expressed as [93, 12]: 

3Fe+4H2O=Fe3O4+4H2       (4.5) 

Fe3O4+H2O=3Fe2O3+H2      (4.6) 

The surface morphology of an oxidised HSS sample at 700 oC in 12.5% H2O humid 

air had a similar feature to that in dry air, however, the iron oxide scale seemed 

thicker and the iron oxide grains were smaller. And it is also noted that the V-rich 

MC carbides were severely oxidised and spread among the iron oxide scale instead 

of forming parallelepiped grains, as observed in dry air (Fig. 4.14). A similar 

morphology of iron oxide scale was obtained in Pujilaksono et al.’s research [35], 

where they reported that water vapour strongly influences the morphology of 

hematite (the outermost part of the scale) because the presence of water vapour 

increases the oxidation rate of iron resulting in a smaller grains in the hematite layer. 

The higher oxidation rate of the HSS material, due to water vapour in the oxidising 

atmosphere, found in this investigation confirms the results of previous studies [6, 

93]. Monteiro and Rizzo [6] found that there is no protective chromium oxide layer 

formed on the oxide/alloy interface when HSS materials are oxidised in the 

presence of water vapour, while in dry air a protective chromium oxide scale is 

observed. Water vapour in the air significantly increases the oxidation rate of HSS 
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roll material at high temperatures of 650 and 700 oC, which makes the selective 

oxidation on surface morphology become less obvious after oxidation. 

A cross sectional investigation indicates that differential oxidation produces a 

different growth mechanism of oxide scale. At 600 oC, vanadium-rich MC carbides 

were oxidised and decomposed, while (Mo, W) rich fine carbides were not oxidised 

and remained in their original shape. Because vanadium-rich MC carbides are easier 

to be oxidised than the carbides free HSS matrix, which has been discussed above, 

the oxide scale formed in these areas are much thicker than in the carbides free HSS 

matrix. The thickness of oxide formed on the vanadium-rich MC carbides area is 

more than twice thicker than that on the carbides free HSS matrix at 600 oC.  

An FIB cross sectional observation indicates that the thickness of the oxide scale 

after oxidation for 120 min on the HSS matrix changed little compared to that for 30 

min, but the oxide in the vanadium rich carbides areas are clearly getting thicker. 

After 120 min of oxidation at 650 oC, the carbides free HSS matrix area was covered 

with a thin, compact chromium-iron oxide layer with thickness of approximately 

250nm thick, while heavy oxidation occurred in vanadium-rich MC carbides area 

where the oxide scale was more than 6μm thick after 30 min of oxidation. Both Fig. 

4.25 and Fig. 4.28 show that the oxide scale formed in vanadium-rich MC carbides 

area has a duplex-layered structure. It is believed that the structure of oxide scale 

shown in Fig. 4.25 indicates the initial stage of oxide scale formation due to a lower 

oxidation temperature and shorter oxidation period.  

The results of TEM/X-ray mapping of the cross section of oxide scale formed at 650 

oC for 120 min indicate there was a fine grained structure deficient in iron and rich 

in chromium oxide layer next to the substrate and an outer layer consisting of 

columnar iron oxide crystals with vanadium oxides covering the top. These results 

are similar to Molinari et al.’s research [19] which indicated that the three sub-layers 

in the oxide scale after oxidation at 700 oC for 24 h are: i.) a thin α-Fe2O3 outer layer, 

ii.) a thick and porous α-Fe2O3 intermediate layer, and iii.) the inner M3O4 spinel 
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(M=Fe, Cr, V) produced by internal oxidation. 

X-ray diffraction analysis showed that the oxide layer consists mainly of Fe3O4 

(magnetite) and Fe2O3 (hematite). FeO (wustite) was not detected from X-ray 

diffraction analysis of the samples. The reason might be that although FeO (wusitite) 

is stable at 650 oC, its formation was suppressed by the existence of chromium in 

the steel, an element that increases the number of defects in the crystal structure 

of FeO (wusitite) and favours its transformation to magnetite or a chromium rich 

spinel structure [145, 148]. The absence of FeO (wustite) in the oxide layer agrees 

with the previous observations found in the oxidation studies of work rolls [2, 141, 

149].  

There is a clear interface between the inner and outer layer, which is also the initial 

metal surface. TEM/X-ray mapping indicated that chromium and silica accumulate 

at the interface. The accumulation of silica at the scale alloy interface of high 

temperature steels are frequently reported in the literature [107, 150]. It has been 

suggested that the formation of a silica sub-scale can significantly contribute to 

oxidation resistance, just like chromium does [151, 152], however, in this present 

case, the silica at the interface can hardly act as a diffusion barrier since it does not 

form a continuous film. We believe that this chromium and silicon rich band is a 

marker showing the original metal/gas interface. This implies that the inner layer 

grows mainly by inward oxygen diffusion while the outer layer grows by outward 

cation diffusion. There was high porosity in the inner layer which indicates that 

inner layer does not have much protection against oxidation. The formation of 

pores in the inner layer may be due to two possible reasons. First, Fe and V ions 

diffuse outwards, which leaves a vacancy, and second, the escape of CO produced 

by the reduction of carbides leave voids in the inner layer [153]. The columnar iron 

oxide outer layer is believed to be formed due to Fe ions diffusing outwards from 

the inner layer. The different oxidation behaviour between carbide-free matrix and 

vanadium-rich MC carbide areas leads to an inhomogeneous surface after oxidation. 
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This has an important influence on the contact friction and wear of hot rolls. 

From our experimental results there are two mechanisms of oxidation behaviour 

happening at the V-rich MC carbides area and the carbides free matrix area, 

respectively. At the carbide free matrix area, the oxidation behaviour is similar to 

the behaviour of Fe-Cr alloy. At the beginning of the oxidation process both 

chromium and iron elements are oxidised, forming a thin oxide layer on the matrix 

surface. Then, a competitive process starts; as the chromium oxide is more stable 

than iron oxide, chromium diffuses to the metal/oxide interface and is oxidised in 

this region where the partial pressure of available oxygen is lower than that in the 

external oxidising gas. Furthermore iron diffuses across the internal chromium oxide 

layer to the external oxide/gas interface, reacting with oxygen and producing an 

outer growth of the scale [6, 25, 145]. In this way a layer of chromium oxide grows 

beneath the layer of iron oxide. This compact, chromium rich oxide inner layer 

effectively prohibits the iron elements from diffusing to the external interface of the 

oxide scale and reduces the oxidation rate significantly. At the V-rich MC carbides 

area, however, a continuous and compact chromium oxide sub-layer does not form 

on the original metal surface due to high free energy on the carbides/matrix 

interfaces and a great affinity that the V-rich MC carbides have for oxygen. The 

interfaces possess high free energy indicates that the interfaces can act like fast 

tunnels for transporting both oxygen ions and metal ions (Fe, Cr, V) to react, thereby 

increasing the oxidation rate. The aggressive oxidation in this region leads to a 

porous chromium oxide inner sub-layer which provides sufficient channels 

(micro-cracks, pores) for iron and vanadium elements to diffuse outwards and 

oxygen to diffuse inwards as well. As oxidation proceeds an outer iron oxide layer 

consisting of columnar crystals, forms due to a sufficient supply of iron elements 

from the substrate and the fast oxidation rate. Vanadium elements have a great 

affinity for oxygen at high oxygen partial pressure and hence, vanadium oxides 

appear on top of the oxide scale after oxidation. Water vapour in the oxidising 

atmosphere significantly increases the oxidation rate of HSS samples, although the 



Chapter 4 – Isothermal oxidation of the HSS material 

90 
 

micro-structure of the oxide scale remains the same as in dry air. The possible 

reason is that the presence of water vapour intends to break down the formation of 

protective chromium oxide layer on the oxide/alloy interface, leading to a severe 

oxidation. 

4.4 Conclusions 

The oxidation behaviour of the HSS roll material was investigated in detail at 

temperatures ranging from 550 to 700 oC in both air and humid (12.5% H2O) air up 

to 30 min. The following results were obtained in this work: 

The in-situ observation by high temperature microscope indicates that oxidation 

initiates at the carbides/matrix interfaces and then spreads rapidly over the 

carbides, followed by a continuous growth over the whole surface in both dry and 

humid atmospheres. V-rich MC and Mo, W-rich M2C carbides in HSS roll material 

oxidised faster than the matrix. Differential oxidation occurred during oxidation due 

to a highly alloyed component in the high speed steel (HSS). Vanadium rich carbide 

(MC) is easily oxidised because it has a great affinity for oxygen. Vanadium rich 

carbides areas were severely oxidised due to the low thermal stability of MC and 

high free energy at the carbides/matrix interfaces. 

Duplex layer oxide scales with vanadium oxides on the top, formed after oxidation. 

The carbides free matrix shows a very good resistance to oxidation which may be 

due to the formation of a thin, compact (Cr, Fe)3O4 spinel which reduced the 

oxidation rate. At the vanadium rich MC carbides areas the oxide scale consists of 

porous, fine crystalline (Cr, Fe)-rich oxides in the inner layer and large columnar iron 

oxides in the outer layer. Due to the different oxidation behaviour between the 

carbide free matrix and V-rich MC carbide areas, the surface morphology becomes 

inhomogeneous. 

Oxidation temperature has a significant influence on how oxidation behaved on the 
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HSS roll material in both dry and humid atmospheres. With an increasing 

temperature the oxidation rate increases. As the sample surface oxidised at 700 oC 

is most severe, the temperature of the roll should be controlled at a temperature 

lower than 650 oC to protect the roll surface. 

Water vapour in an oxidising atmosphere increases the oxidation rate of HSS roll 

material and has a significant influence on the morphology of the oxidised surface. 

Water vapour in an oxidising atmosphere reduces the grain size and increases the 

porosity of the iron oxide. With an increasing temperature the roughness of the 

oxidised surfaces increases in both dry and humid atmospheres. The surface 

topography after oxidation in humid air is much smoother than in dry air when the 

temperature is over 650 oC, although the overall rate of oxidation in the humid air 

appeared to be greater. 
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Chapter 5 

Mechanical properties of oxide scale on HSS 

surface 

During hot rolling work rolls are subjected to thermal cycles which lead to oxidation 

on roll surface. The formation of a thin oxide scale on the roll surface plays an 

important role during hot rolling. It not only affects the performance of the work 

rolls, it also influences the tribological behaviour between the work rolls and strip. 

However the role of oxides in tribological behaviour is very complex and still not 

clear because it is influenced by the nature and physical properties of the oxide 

scales. It is therefore instructive to investigate the mechanical properties of the 

oxide scales formed on the work roll surface. 

As oxide scales built up on the roll surface are very thin, it is difficult to use 

conventional techniques to measure their properties. Nano-indentation and 

nano-scratch techniques have successfully been used to investigate the properties 

of thin films [154, 155]. Recently, this technology has been developed by some 

scientists to measure the oxide scales formed on metals. Xie et al. [156] performed 

nano-indentation and nano-scratch tests on a thermal oxide layer formed on a FeAl 

alloy; Hosemann et al. [157] measured the properties of oxide layers formed in LBE 

on F/M steels by a nano-indentation test on the cross section of the oxide scale. In 

this chapter, a work roll grade high speed steel material was isothermally oxidised in 

both dry and 12.5% H2O humid air. The oxidation experiments were followed by 

nano-indentation tests on the cross section of oxide layers. 

5.1 Experimental methods 

The oxidised high speed steel samples were prepared in the same way as previous 

oxidation tests (see Chapter 4). However, in order to obtain a thicker oxide scale on 
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the sample surface, a longer oxidation time (2 hours) was used. The oxidation 

temperature was set to 700 oC, which produces a faster oxidation rate than a lower 

temperature. After cooling the oxidised samples were hot mounted with DuroFast 

resin at 150 oC and under 20 MPa. The samples were then ground with SiC paper, 

polished, and finished with a 1μm diamond suspension. 

Nano-indentation tests were performed on the cross section of oxide scale using the 

UMIS nano-indentation system with a Berkovich diamond indenter (radius of tip is 

around 160nm). There were three different loads, e.g. 5mN, 10mN and 20mN, 

chosen in the nano-indentation tests. A square root load control mode was selected 

where the load was gradually increased until it reached peak load and then it was 

decreased. The indentation load vs. displacement curves were continuously 

recorded by software with a resolution of 75nN in load and 0.05nm in depth. The 

hardness and modulus calculations were done according to the Oliver and Pharr 

method [158] using a tip shape correction. Before the test the UMIS system was 

calibrated on a standard fused silicon sample whose Young’s modulus and hardness 

are 72.5GPa and 9.5GPa, respectively. The calibration data can be found in Appendix 

A. The Nano-indentation tests were performed on a matrix of 5 rows and 5 columns 

or 7 rows and 7 columns across the oxide layer from the HSS matrix to the resin, and 

a matrix of 10 rows and 10 columns on the HSS sample surface in order to obtain 

adequate data for analysis. Following the nano-indentation tests, samples were 

characterised by atomic force microscope (AFM), scanning electron microscope 

(SEM), and transmission electron microscope (TEM). 

5.2 Results 

5.2.1 Indentation on high speed steel sample 

Fig. 5.1 shows the AFM images of nano-indents on the HSS matrix at three different 

maximum normal loads, i.e., 20, 10, and 5mN. It can be seen that the size of the 

indents decreased with a lower maximum normal load but at the same maximum 

load, the indent size varied considerably due to a complicated phase composition in 
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the HSS sample. The indents on the carbides or on the matrix very close to the 

carbides were much smaller than those on the carbide free matrix, as shown in Figs. 

5.1b, 5.1d, and 5.1f. The backscattered electron (BSE) images shown as Fig. 5.2 

clearly indicate that the indenters were distributed over three different areas, the 

MC carbides, M2C/M7C3 carbides, and the carbides free steel matrix.  

Fig. 5.3a shows the load-displacement curves of nano-indentation on the HSS 

sample, at a maximum load of 20mN in these three different regimes. It can be seen 

that the depth of the indentations on the MC carbides are the smallest while those 

on the carbides-free matrix are the deepest. And the depth of the indentations on 

the M2C/M7C3 carbides is distributed between the other two regions. The deepest 

residue indentation depth on the MC carbides (approximately 0.125μm) is only half 

of that in the carbides-free matrix (approximately 0.225μm). Similar 

load-displacement curves can also be found at maximum loads 10 and 5mN. Fig. 

5.3b and c show the values of Young’s modulus and the hardness of these three 

different regimes calculated from the load-displacement curves, respectively. The 

MC carbide has the highest value of Young’s modulus and hardness, while the mean 

values are 345.1GPa, and 20.7GPa, respectively. Table 5.1 displays the hardness and 

Young’s modulus obtained from the nano-indentation tests at maximum loads 20, 

10, and 5mN. It can be seen that the results obtained from different loads have a 

consistent tendency although there is a deviation in the value. The mechanical 

properties of HSS matrix obtained from the nano-indentation tests at different loads 

(i.e., 20, 10, and 5mN) are almost the same. As for the M2C/M7C3 carbides area and 

MC carbides area, the hardness obtained at 20 and 10mN are close to each other 

and greater than that obtained at 5mN, while the Young’s modulus obtained at 20, 

10 and 5mN are close to each other. 
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Fig. 5.1 AFM images of nano-indentations of a Berkovich indenter into a HSS sample surface 

at the maximum normal loads 20mN (a and b), 10mN (c and d) and 5mN (e and f). Higher 

magnification AFM images are shown on the right hand side. 
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Fig. 5.2 Backscattered electron (BSE) images of nano-indentations on the HSS sample 

surface, the maximum indentation load is 20mN. (a) indenter on MC carbide, (b) indenter 

on M2C/M7C3 carbides. 
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Fig. 5.3 (a) the load-displacement curves of indentations for three different regimes on a 

HSS sample surface, the maximum indentation load is 20mN,(b) a comparison of Young’s 

modulus on three different regimes in a HSS sample, (c) comparison of nano-hardness on 

three different regimes in a HSS sample. 

Table 5.1 Young’s modulus and hardness obtained by nano-indentations at maximum loads 

20, 10 and 5mN. 

Indentation locations 

Young’s Modulus (GPa) Hardness (GPa) 

20mN 

Mean Standard deviation Mean Standard deviation 

Steel matrix 222.1 3.7 9.0 0.4 

M2C/M7C3 carbides 308.7 7.8 13.2 1.5 

MC carbides 358.4 19.6 20.7 3.2 

 
10mN 

Mean Standard deviation Mean Standard deviation 

Steel matrix 221.7 8.4 9.4 0.7 

M2C/M7C3 carbides 305.4 5.9 13.0 1.3 

MC carbides 354.3 5.7 21.8 1.4 

 
5mN 

Mean Standard deviation Mean Standard deviation 

Steel matrix 231.7 8.8 9.0 0.3 

M2C/M7C3 carbides 296.6 13.2 11.3 1.0 

MC carbides 373.4 9.7 17.3 2.5 

 



Chapter 5 – Mechanical properties of oxide scale on HSS surface 

98 
 

5.2.2 Indentation on the cross section of oxide scale formed in dry air 

Fig. 5.4 shows the backscattered electron microscope image of the cross section of 

oxide scale formed on the HSS sample after oxidation at 70 oC for 120 min in dry air, 

where a continuous oxide scale has formed on the sample surface after oxidation. A 

duplex oxide scale formed on the HSS sample matrix can easily be observed, as 

shown in Fig. 5.4b. At the carbides rich region, due to high free energy on the 

carbides/matrix interface and low thermal stability of V-rich MC carbides, a thick 

oxide scale has formed that appears like islands after oxidation (Fig. 5.4c). 

 
Fig. 5.4 Backscattered electron (BSE) image of oxide scale formed on a HSS sample after 

oxidation at 700 oC for 120 min in dry air. (a) an overview of oxide scale, (b) a higher 

magnified BSE image of oxide scale formed on the HSS sample matrix shown in (a), (c) a 

higher magnified BSE image of oxide island shown in (a). 

Fig. 5.5a shows the AFM image of typical indents on the cross section of oxide scale 

at a maximum load 20mN. Figs. 5.5b, 5.5c, and 5.5d show the individual residual 

indent on the HSS matrix, and the inner and outer layers of oxide, respectively. It 

can be seen that the size of the indents decreased from the HSS matrix to inner 
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oxide layer and further to outer oxide layer. By comparing the two indents on the 

inner layer and outer layer, it can easily be seen that the indent on the outer layer is 

much smaller than that on the inner layer. Another significant feature is that the 

indent on the outer layer has curved edges, while the edges of the indent on the 

inner layer are straight. 

 

Fig. 5.5 (a) Typical AFM image of nano-indentations across the HSS substrate to oxide scale 

at 20mN, (b) Higher magnified AFM image of the residual indent on the HSS substrate, (c) 

Higher magnified AFM image of residual indent on the cross section of the inner oxide layer, 

(d) Higher magnified AFM image of residual indent on the cross section of the outer oxide 

layer. 

Fig. 5.6 shows the plots of the indentation depths on the HSS matrix, the inner and 

the outer oxide layers. It can be seen that the pile up on the edge of the indent only 

appears significantly on the indentation on the HSS matrix. By disregarding the pile 

up, we found that the indent on the HSS matrix was approximate 0.22μm at 20mN. 

The indents on the oxide scale were smaller, about 0.17μm deep on the inner oxide 
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layer and 0.12μm deep on the outer layer. 

 
Fig. 5.6 (a) Indentation depth on HSS matrix at 20 mN; (b) indentation depth on the inner 

oxide layer at 20 mN; (c) indentation depth on the outer oxide layer at 20 mN. 

Fig. 5.7a shows the plots of the load-displacement curves of the three 

nano-indentations shown in Fig. 5.5. It can be seen that the indent on the HSS 

matrix has the deepest indentation at peak load, followed by the indent on the 

inner layer. The indent on the outer oxide layer has the shallowest indentation. Fig. 

5.5b shows that the HSS matrix has the largest Young’s modulus of 285GPa, 

followed by the outer oxide layer of at 240GPa, and the inner oxide layer at 140GPa. 

Fig. 5.5c shows the hardness of these three different regions. The hardness of the 

oxide scale is greater here than the HSS matrix. The HSS matrix is less than 9GPa, 

the inner oxide layer is 9.64GPa, and the outer oxide layer is 16.22GPa. In order to 

study the difference between the inner and the outer oxide layers, two TEM 

thin-foils were taken out of the oxide scale by means of FIB. Fig. 5.8 shows the 

locations of the FIB operations on the oxide scale. 
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Fig. 5.7 (a) the plots of typical load-displacement curves of indentations on HSS substrate, 

inner and outer oxide layers at 20mN, (b) Young’s modulus on the three different regions in 

a HSS sample, (c) nano-hardness on the three different regimes in a HSS sample. 

Fig. 5.9a shows the TEM bright field image of the inner oxide layer where the inner 

layer consists of fine grained oxide crystals and fine pores. Fig. 5.9b shows the 

higher magnification image of the inner oxide layer showing that the oxide crystals 

are less than 200nm in size. Figs. 5.9c and 5.9d show the location of the 

nano-indentation on the inner oxide layer and diffraction patterns of the locations 

directly beneath the indent (mark “A”) and far away from the indent (mark “B”). The 

diffraction patterns confirmed that the inner oxide layer consists of fine 

polycrystalline (Fe3O4, Cr2O3, (Fe, Cr)-rich oxides). And it also shows that two 

diffraction patterns are the same, which indicates that the nano-indentation test has 

not affected the crystal structure of the inner oxide layer. 



Chapter 5 – Mechanical properties of oxide scale on HSS surface 

102 
 

 

Fig. 5.8 Secondary electron (SE) image of cross-section of oxide scale which indicates the 

locations of FIB operation. 



Chapter 5 – Mechanical properties of oxide scale on HSS surface 

103 
 

 

Fig. 5.9 (a) Overview of TEM bright field image of FIB cross-section of the inner oxide layer, 

(b) higher magnified TEM bright field image indicating the very fine crystalline structure of 

the inner oxide layer, (c) TEM bright field image of the region the inner oxide layer under 

the indent, (d) Diffraction patterns of locations “A” and “B” labelled in (c), “A” refers to the 

location directly underneath the indent, “B” refers to the location far away from the indent. 
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Fig. 5.10 (a) Overview of TEM bright field image of FIB cross-section of outer oxide layer, (b) 

higher magnified TEM bright field image indicating the large crystalline structure of the 

outer oxide layer and the location of the indent, (c) Diffraction patterns of locations “A” and 

“B” labelled in (b), “A” refers to the location directly underneath the indent, “B” refers to 

the location far away from the indent. 

Fig. 5.10a shows the TEM bright field image of the outer oxide layer where the 

microstructure of the outer layer is quite dense although there are some large pores 

in the outer layer. Fig. 5.10b indicates the location of nano-indentation on the outer 

oxide layer and size of the oxide crystals (i.e. Fe2O3 grains). Compared to the oxides 

in the inner layer, the average size of the oxide crystals in the outer layer is over 2μm, 

which is approximately 10 times greater than in the inner layer. The figure indicates 

that the nano-indentation was actually performed on a specific oxide crystal in the 

outer oxide layer. Figs. 5.10c and 5.10d show the diffraction patterns of the 
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locations directly underneath the indent (cross “A”) and far away from the indent 

(cross “B”). The diffraction patterns show that locations “A” and “B” have the same 

crystal structure, which confirms that locations “A” and “B” are on the same oxide 

crystal. However, the elongated patterns shown in Fig. 5.10c indicating that a strain 

exists in location “A,” means that a plastic deformation has happened in this area on 

the oxide crystal. 

Table 5.2 summarises the results of Young’s modulus and hardness of the inner and 

outer oxide layers obtained from the nano-indentation tests at 20mN. Generally the 

outer oxide layer has a higher Young’s Modulus and hardness than the inner layer, 

although there is a significant variation in the indentations on the outer oxide layer, 

as it can be seen that the minimum Young’s modulus and hardness was just 

134.3GPa and 4.4GPa while the maximum Young’s modulus and hardness reached 

239.1GPa and 16.2GPa, respectively.  

Table 5.2 Young’s modulus and hardness of the inner and outer oxide layers (in dry air at 

20mN).  

 Young’s modulus / GPa Hardness / GPa 

Inner oxide layer 

134.1 9.6 

178.1 9.6 

142 11.1 

133.4 10.8 

183.4 13.4 

 

Outer oxide layer 

238.1 16.2 

239.1 16.2 

219.2 13.1 

134.3* 4.4* 

194.1* 8.1* 

The values with * correspond to the indentation locations on the pores in the oxide scale. 

Fig. 5.11 shows the AFM image of nano-indentations on the HSS matrix/oxide scale 

interface where the residual indents on the interface are much larger than those on 

the HSS matrix, or the oxide scale. Fig. 5.11b shows the typical feature of a residual 

indent on the HSS matrix/oxide scale interface, indicating that cracks are 
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propagating from the indent. Fig. 5.12 shows the Young’s Modulus and hardness of 

the HSS matrix/oxide scale interface obtained by the nano-indentation tests at 

10mN. The results show that the hardness of the interface was approximately 2GPa, 

which is much lower than the HSS matrix and oxide scale (Table 5.1 and Table 5.3). 

Table 5.3 summarises the results of Young’s modulus and the hardness of the inner 

and outer oxide layers obtained from the nano-indentation tests at 10mN. 

Compared to the results obtained at 20mN (Table 5.2), it can be seen that the 

results obtained at two different normal peak loads are consistent with each other. 

 

Fig. 5.11 (a) AFM image of nano-indentations from HSS matrix to cross sectional oxide scale 

at a maximum normal load of 10 mN; (b) higher magnified AFM of indent on the HSS 

matrix/oxide interface. 

 

Fig. 5.12 Young’s modulus and hardness of the HSS substrate/oxide interface obtained from 

the nano-indentation tests. 
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Table 5.3 Young’s modulus and hardness of inner oxide layer and outer oxide layer (in dry air, 

at 10mN). 

 Young’s modulus / GPa Hardness / GPa 

Inner oxide layer 

141.1 8.5 

189.2 11.7 

210.8 13.1 

180.4 10.7 

163.7 8.8 

 

Outer oxide layer 

213 14.1 

231.4 13.6 

189.9* 8.2* 

258.1 15.1 

234.6 16.4 

The values with * correspond to the indentation locations on the pores in the oxide scale. 

 

Fig. 5.13 (a) TEM bright field image of FIB thin-foil of HSS matrix/oxide interface; (b) 

TEM/X-ray mapping on the HSS matrix/oxide interface; (c) EDS spectra of areas “A” and “B” 

labelled in (a). 

Fig. 5.13a shows the TEM bright field image of the cross section of the HSS 

matrix/oxide scale interface and location of the indentation on the interface where 

micro-cracks are visible on the interface. Fig. 5.13b shows the TEM/X-ray mapping of 
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the HSS matrix/oxide scale interface indicating that the Cr element in the interface is 

rich. Fig. 5.13c shows the EDS patterns of the HSS matrix/oxide scale and the inner 

oxide layer. The results show that the inner oxide layer and the interface consist of 

Cr-Fe oxides, and the concentration of Cr elements on the interface is much higher 

than in the inner oxide layer. 

As shown in Fig 5.4, oxide islands existed on the original V-rich carbide region after 

oxidation. Fig. 5.14a shows the AFM image of nano-indentations on the oxide island 

at 5 mN. The AFM image reveals that the microstructure of the oxide island is 

similar to the oxide scale on the HSS matrix, and the inner oxide layer consists of 

fine-grained crystals and fine pores and the outer layer consists of large oxide 

crystals and large pores. Fig. 5.14b and 5.14c show the typical residual indents on 

the inner and outer oxide layers, respectively. It can be seen that the size of indent 

on the inner oxide layer is approximately 1.25μm and 0.7μm on the outer layer. The 

load-displacement curves of nano-indentations at 5mN on the inner oxide layer are 

shown in Fig. 5.15a and the Young’s modulus and hardness obtained from the 

nano-indentations are shown in Fig. 5.15b. It can be seen that the maximum 

indentation depth on the inner oxide layer was kept at 0.15μm, although a few 

indentations approached 0.2μm. The Young’s modulus of the inner oxide layer was 

130 to 150GPa and its hardness was 8 to 9GPa. The maximum nano-indentation 

depth on the outer oxide layer was less than on the inner layer. The depth was 

approximately 0.11μm, Young’s modulus was 210 to 230GPa, and the hardness from 

13.5 to 16GPa. Compared to the results shown in Table 5.2, the oxide island has the 

same mechanical properties as oxide scale formed on the HSS matrix. 
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Fig. 5.14 (a) AFM images of nano-indentation from HSS matrix to oxide scale of oxide island 

at 5mN, (b) higher magnified AFM image of indent on the inner layer, (c) higher magnified 

AFM image of indent on the outer layer. 

 
Fig. 5.15 (a) plots of load-displacement curves on inner oxide layer of oxide island at 5mN, 

(b) Young’s modulus and hardness of inner oxide layer of the oxide island obtained by 

nano-indentation test at 5 mN. 
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Fig. 5.16 (a) plots of load-displacement curves on inner oxide layer of oxide island at 5mN, 

(b) Young’s modulus and hardness of inner oxide layer of the oxide island obtained by 

nano-indentation test at 5 mN. 

5.2.2 Indentations on oxide scale formed in 12.5% H2O humid air 

Fig. 5.17 shows the AFM image of nano-indentations on the cross section of the 

oxide scale formed in 12.5% H2O humid air. Although the previous investigation 

indicated that the oxide scale formed in 12.5% H2O humid air had exactly the same 

microstructure as that formed in dry air, water vapour in the atmosphere increased 

the oxidation rate of the high speed steel. However, the microstructure of the oxide 

scale contained more defects such as cracks and pores than that in dry air. Table 5.4 

shows the Young’s modulus and hardness of the oxide scale formed in 12.5% H2O 

humid air. It can be seen that the outer oxide layer generally has a higher Young’ 

modulus and hardness than the inner layer has, although there are significant 

variations between the values. Compared to the oxide scale formed in dry air (Table 

5.2, Table 5.3, Figs. 5.15, and 5.16), the mechanical properties of the oxide scale 

formed in the 12.5% H2O humid air has lower values. 
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Fig. 5.17 AFM image of nano-indentations on the cross-section of the oxide scale formed in 

12.5% H2O humid air at 10mN. 

Table 5.4 Young’s modulus and hardness of inner oxide layer and outer oxide layer (in 12.5% 

H2O humid air).  

 Young’s modulus / GPa Hardness / GPa 

Inner oxide layer 

91.9 6.9 

115.4 8.9 

92.6 7.9 

76 3 

81.1 3.3 

 

Outer oxide layer 

170.1 7.2 

96.9* 3.5* 

142.2 5.2 

116.1* 5.3* 

205.5 8.8 

The values with * correspond to the indentation locations on the pores in the oxide scale. 

5.3 Discussion 

The UMIS nano-indentation system was calibrated on a standard fused silicon 

sample at loads ranging from 2 to 30mN (as seen in Appendix A). After the 

calibration the obtained mechanical properties, i.e., Young’s modulus and hardness, 

were consistent when the peak load was kept between 2 to 30mN. Therefore, it is 
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believed that the results obtained from the nano-indentation tests, and afterwards 

on the HSS samples, are reliable when the peak load is between 2 to 30mN. 

The nano-indentation tests performed on the HSS sample revealed how carbides 

increased the hardness in the matrix. The hardness and Young’s modulus obtained 

from the nano-indentation tests at three different maximum normal loads tended to 

be consistent, although the results  varied due to the influence of a soft HSS matrix 

when a relative small indentation load was used. Young’s modulus and hardness of 

the HSS matrix obtained from the nano-indentation tests in this study are 

approximately 270GPa and 9GPa (equal to 66HRC or 900HV), respectively. 

Compared with 210-230GPa and 61-65HRC (740-850HV) presented in previous 

research papers [159-162], the mechanical properties of the HSS matrix obtained in 

this work are a slightly higher. This was probably due to the Oliver and Pharr method 

(O & P method) used to calculate the Young’s modulus and hardness in UMIS 

nano-indentation system. It should be noted that the Oliver and Pharr method was 

only developed for monolithic materials and the modified contact area function was 

only established for sink-in phenomenon [163]. From the indentation images (Fig. 

5.1) and the plots of indents (Fig. 5.6), it can be confirmed that pile-up happened at 

the edge of the indent on the HSS matrix after nano-indentation. This resulted in an 

over estimation of the hardness and elastic modulus and an under estimation of the 

contact area. The hardness of MC and M2C/M7C3 carbides in the HSS matrix 

obtained from the nano-indentation are around 21GPa and 13GPa, respectively 

(Table 5.1). Compared to the other previous works [159-161] which indicate that the 

hardness of MC is 25.5-30.6GPa and M2C/M7C3 12.2-20.4GPa, the results here are 

smaller but still in a reasonable range. The reason why the carbides measured from 

the test are not as hard may be due to the soft, surrounding HSS matrix. 

The nano-indentations on the cross section of the oxide scale formed on the HSS 

sample in dry air revealed the different mechanical properties between the inner 

and outer oxide layers. The results showed that the hardness of the both oxide layer 
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is higher than the HSS matrix and less than the carbides in the HSS samples, while 

Young’s modulus of both layers is less than the HSS matrix and more less than the 

carbides.  

From the oxidation investigation in Chapter 4, it has been known that the oxide 

scale formed on the HSS sample consists of two oxide sub-layers. The outer layer 

consists of large columnar grains of iron oxide (Fe2O3) and the inner layer consists of 

fine-grained Fe3O4, Cr2O3 and (Fe, Cr)2O3-spinel oxides. The microstructure of these 

two sub-layers can be observed in detail in Figs. 5.9 and 5.10. The residual indent 

size on the outer oxide layer at 20mN is around 1.5μm (Fig. 5.5d and Fig. 5.9b), 

while the average size grain of the iron oxides in the outer layer is more than 2μm 

(Fig. 5.9b). Hence, the indentations on this layer are more likely to land on a single 

grain of oxide, as shown in Fig. 5.18a. Although there is a large variation in the 

results of the nano-indentation on the outer oxide layer, as shown in Table 5.2, the 

Young’s modulus and hardness of the outer oxide layer are between 200-240GPa 

and 13-16GPa, respectively. The results are similar to Schütze’s work where he 

reported that Young’s modulus of a single crystal of Fe2O3 is 220GPa [164]. The TEM 

image (Fig. 5.9a) also showed a number of large pores existing in the outer oxide 

layer. The nano-indentations on these locations are very close to these large pores 

(as seen in Fig. 5.18b), where the obtained results will be affected significantly. This 

is why some very low Young’s modulus and hardness were obtained on the outer 

oxide layer (as shown in Table 5.2).  
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Fig. 5.18 Schematic illustration of nano-indentation on the outer oxide layer. (a) An 

indentation on a single oxide crystal, (b) an indentation on the location close to pores and 

grain boundary. 

The Young’s modulus and hardness of the inner oxide layer is between 130-180GPa 

and 9-11GPa, respectively. The residual indent size on the inner oxide layer at 20mN 

is approximate 2.5μm. Compared to the size of fine-grained oxides (<200 nm) in the 

inner oxide layer, the indentations on this layer are similar to indentations on 

sintered composites, as shown in Fig. 5.19. The results of the indentations are more 

sensitive to the porosity, grain size, grain boundaries, and binding energies among 
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the oxides. Young’s modulus of a single crystal of Fe3O4, Cr2O3 and FeCr2O4 are 220, 

280, and 233GPa, respectively [164]. But Young’s modulus of the inner oxide layer is 

much lower than these values. It is believed that nano-indentation on the inner 

oxide layer well reveals the mechanical properties of the inner oxide scale instead of 

the single oxide crystals in [164].  

 
Fig. 5.19 Schematic illustration of nano-indentation on the inner oxide layer. 

The difference in Young’s modulus and hardness between the inner and outer oxide 

layers is not only because of the different oxide phase compositions, but more 

importantly due to the huge difference in the size of the oxide crystal (oxide grains 

in the outer layer is more than 10 times larger than those in the inner layer). The 

hardness of both the inner and outer oxide layer obtained by the nano-indentations 

is higher than the HSS matrix, which indicates that the oxide scale protects the 

material from wear. However, the results of nano-indentations on the HSS 

matrix/oxide scale interface (Figs. 5.11 and 5.13) indicate a weak binding between 

the oxide scale and the HSS substrate. This may cause the oxide scale to peel off 

from the HSS roll surface due to shear force during hot rolling.  

The nano-indentations on the oxide scale formed in 12.5% H2O humid air showed 

that the mechanical properties of the oxide scale are less than those of the oxide 

scale formed in dry air. The previous investigation indicated that the oxide scale 



Chapter 5 – Mechanical properties of oxide scale on HSS surface 

116 
 

formed in humid air has exactly the same phase composition and microstructure as 

that formed in dry air. The water vapour in the atmosphere increases the oxidation 

rate of the HSS sample and promotes defects such as cracks and pores in the 

microstructure of the oxide scale. These defects significantly weaken the mechanical 

properties of the oxide scale. 

5.4 Conclusions 

Nano-indentation tests were successfully performed to investigate the mechanical 

properties of the HSS sample, and oxide scales formed in both dry and 12.5% H2O 

humid air. The following conclusions were obtained in this work: 

The nano-indentation tests on the HSS sample revealed that the hardness of MC 

carbides, M2C/M7C3 carbides, and HSS matrix are approximate 21, 13, and 9GPa, 

respectively. The huge difference in hardness between the carbides and the HSS 

matrix indicated that adding carbides significantly enhance the wear resistance of 

the HSS sample. 

The nano-indentation tests on the cross section of oxide scale well revealed the 

different mechanical properties of the inner and outer sub-layers. Young’s modulus 

and hardness of the inner oxide layer is between 130-180GPa and 9-11GPa, 

respectively. Young’s modulus of the outer oxide layer is from 200-240GPa and the 

hardness is from 13-16GPa. The difference in Young’s modulus and hardness 

between the inner and outer oxide layers is due to the very different oxide phase 

composition and microstructures of these two sub-layers. The average size of the 

columnar iron oxide (Fe2O3) grains in the outer layer is more than 2μm while the 

fine-grained Fe3O4, Cr2O3 and (Fe, Cr)2O3-spinel oxides in the inner layer are less 

than 200nm. The nano-indentations on the outer oxide layer are more likely to land 

on a single crystal, while the nano-indentations on the inner oxide layer are more 

similar to indenting sintered fine-grained composites. The hardness of the HSS 

matrix/oxide scale interface (Figs. 5.10 and 5.11) is only 2GPa, which is much lower 
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than the HSS matrix and oxide scale, which indicates a weak binding between the 

oxide scale and the HSS substrate. The mechanical properties of the oxide scale 

formed in 12.5% H2O humid air are less than those formed in dry air because there 

are more defects in the microstructure. 
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Chapter 6 

Influence of oxides on tribological behaviour 

by a pin-on-disc test 

In hot rolling, a superficial oxide scale forms on the work rolls due to the thermal 

cyclic working conditions. This oxide scale plays a major role in hot rolling because it 

allows for the starting and driving of metal sheet between the rolls [14, 164]. Under 

thermo-mechanical working conditions this scale grows to a critical thickness and 

then deteriorates and causes damage by inlaying and breaking down on the surfaces 

of rolled product and tools. The wear mechanisms of the work rolls in hot rolling are 

well known, i.e. thermal fatigue, abrasion, adhesion and oxidation. However, little 

attention has been given to the oxidation of rolling-mill roll surface and its effects on 

the tribological behaviour [112]. The tribological behaviour of oxides is very complex. 

It could be abrasive and therefore detrimental, or be lubricated and form a 

protection against wear, either way it is influenced by the nature and physical 

properties of the oxide scales into which it makes contact [109, 166-168]. 

Disc-on-disc configuration, one simulating the hot strip, the other one simulating 

the roll, has often been used to study the wear of the hot rolls [4, 8, 10, 12, 68, 99, 

104-108]. However, the aim of this study is to identify the role of oxide scale on the 

tribological behaviour. The tribological properties are strictly system-dependent and 

have been clearly correlated to the ability of the contact surfaces towards the 

formation, accumulation, agglomeration and sintering of wear particles [108, 111]. 

From this point of view the choice of a conformal contact (pin-on-disc) rather than a 

non-conformal contact (disc-on-disc) is more suitable. In this chapter a pin-on-disc 

configuration was used to simulate the contact established between a HSS work roll 

and a hot strip material in hot rolling. This work only focus on the contact of oxide 

scale in the roll bite, therefore only the sliding part of the motion was considered 
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and the rolling part omitted. Although the operating conditions of tests are rather 

different from industrial rolling conditions, the testing temperature was close to the 

rolling temperature, the Hertzian pressure was similar to the contact pressure and 

the sliding speeds were close to those in the rolling bite. The coefficient of friction 

was monitored and recorded in-situ during the tribological tests. SEM and TEM 

techniques were used to characterise the morphologies and micro-structures of the 

contact zones on the surface of the pin. 

6.1 Experimental 

The pin-on-disc tests were carried out on the CETR tribometer. This device is not a 

hot rolling simulator, but this laboratory apparatus may give an understanding of the 

oxidational wear mechanism involved in hot rolling [110]. In a pin-on-disc 

configuration, the pin represents the HSS roll grade material (chemical composition 

listed in Table 4.1) and the disc represents a strip steel (Fig. 6.1). The pin is 

manufactured into a mushroom shape with a 3mm radius hemispherical end (Fig. 

6.1). The chemical composition of the disc is given in Table 6.1. 

Table 6.1 Chemical composition of the disc material (wt%, analysis by atomic emission 

spectroscopy). 

C P Mn Si S Ni Cr Mo Cu Al 

0.215 0.015 0.79 0.34 0.029 0.006 0.020 <0.002 0.014 <0.003 

The tribological tests were carried out in the following two steps: 

(1) In the first step the disc was heated up to 900 oC in a heating chamber, while the 

pin was kept at room temperature outside the heating chamber. A K-type 

thermocouple was placed underneath the disc to monitor its temperature 

during the tribological test (Fig. 6.1). 

(2) In the second step, when the temperature of the disc reached 900 oC, the pin 

was brought into contact with the disc and held for 20 min for pre-oxidation 

before starting to rotate the disc. The duration of the tribological test was 1 h. A 

K-type thermocouple was embedded into the pin, approximately 2mm vertical 
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distant away from the contact (shown in Fig. 6.1) to monitor its temperature 

during the test. The heating of the disc was not interrupted in order to maintain 

the high temperature (900 oC) during the sliding test. After each tribological test, 

the pin was pulled up out of the heating chamber and cooled in the air. 

 

Fig. 6.1 Schematic illustration of a high temperature pin-on-disc test configuration. 

Table 6.2 shows the operating conditions of the tribological tests. Test parameters 

such as the Hertzian pressure were chosen mild and close to the practical rolling 

conditions in order to observe the behaviour of the antagonistic oxide scales in the 

contact zone without destroying them too fast. The coefficient of friction was 

monitored and recorded in-situ during the test. Some interrupted tests were 

performed to understand the interaction of the oxides corresponding to the 

evolution of friction coefficient curve during the tests. After the tribological tests, 

SEM and TEM were used to characterise the morphologies, cross sections, and 

microstructures of the pin surface at both the contact and non-contact zones. 

Table 6.2 Operating conditions of the tribological tests. 

Normal load Hertzian pressure Sliding speeds Disc temperature Testing duration 

5N 650 MPa 
0.05 m/s, 0.2 m/s 900 oC 1 h 

10 N 825 MPa 

 

Thermocouple
Normal load

HSS pin

Mild carbon steel disc

Thermocouple

Heating chamber

 Disc rotation

Insulated cover
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6.2 Results 

6.2.1 The evolution of coefficient of friction during the test 

Fig. 6.2 shows the evolution of temperatures of disc and pin during the tribological 

tests. It can be seen that the temperature of the disc remained stable at 900 oC 

throughout the whole test while the pin quickly reached 660 oC (less than 300 

seconds) after making contact with the hot disc, and then kept at this temperature 

throughout the test. The pin was pre-oxidised at 660 oC for approximately 20 

minutes before the test started. It should be noted that this monitored pin 

temperature refers to the location 2mm vertically away from the sliding contact 

zone. 

 

Fig. 6.2 Temperatures of disc and pin surface during a typical tribological test. 

Fig. 6.3 shows the evolution of the coefficient of friction under different normal 

loads (i.e. 5 and 10N) at sliding speed 0.05 m/s. It can be seen that the coefficient of 

friction decreased from the start of the test and increased for a short time before 

stabilising for the remainder of the test. However, for the case of 5N, the value of 

coefficient of friction was gradually increasing from 0.26 to 0.28 during the 
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stabilising period until the end of the test. While for the case of 10 N, the coefficient 

of friction quickly stabled at 0.25. The evolution of the coefficient of friction 

remained similar when increasing the sliding speed from 0.05 m/s to 0.2 m/s, but 

the values of the coefficient of friction varied at the end of different tribological 

tests as shown in Table 6.3. It can be seen that a higher normal load leads to a lower 

coefficient of friction at the same sliding speed and a faster sliding speed leads to a 

higher coefficient of friction at the same normal load. 

 

Fig. 6.3 Evolution of the coefficient of friction during the tribological tests. (a) Normal load 

5N, and sliding speed 0.05 m/s, (b) normal load 10 N, and sliding speed 0.05 m/s. 
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Table 6.3 Friction coefficient at the end of the test. 

Test conditions Friction coefficient 

Normal load 5N, sliding speed 0.05 m/s 0.280 

Normal load 5N, sliding speed 0.2 m/s 0.326 

Normal load 10N, sliding speed 0.05 m/s 0.250 

Normal load 10N, sliding speed 0.2 m/s 0.306 

Fig. 6.4a shows a friction coefficient curve of a typical tribological test under a 

normal load of 5 N and a sliding speed 0.05 m/s. It can be seen that the friction 

stabilises in a very short time (less than 300 seconds) from the start of the test and 

the coefficient of friction remained at approximately 0.26-0.28 for most of the test 

period. According to the friction coefficient curve, the tribological test can be 

divided into three stages, as shown in Fig. 6.4b. i) The first one, noted Stage I, 

corresponds to the start of the friction test when the coefficient of friction 

decreased,  ii) The second one, noted Stage II, corresponds to an increase in the 

coefficient of friction after the minimum value, iii) the last one, noted Stage III, is the 

stabilisation step of the friction. To better understand tribological behaviour, two 

interrupted tribological tests, which have been labelled in Fig. 6.4b, were performed 

to investigate the evolution of tribological contact mechanisms during the test. The 

first interrupted test corresponds to the end of stage I (around 90 seconds from the 

start of the test), the second interrupted test refers to the middle of stage II (around 

150 seconds from the start of the test). 
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Fig. 6.4 (a) Evolution of friction coefficient during the tribological test with conditions of 

normal load 5N, and sliding speed 0.05 m/s (reproduced of Fig. 6.3a), (b) three tibological 

stages and two interrupted points considered in a typical tribological test. 

6.2.2 SEM/TEM observations on pin wear track 

Fig. 6.5a shows the wear track of the pin surface after the tribological test at a 

normal load of 5 N and a sliding speed 0.05 m/s for 90 seconds. According to the 

typical coefficient of friction curve shown in Fig. 6.3, it is near the end of stage I. It 

can be seen a compact and smooth “glaze” oxide scale covering was visible on the 

surface of the worn pin after the test (Fig. 6.5a). Fig. 6.5b shows the TEM bright field 

image of the cross section of the pin wear track where this “glaze” oxide scale was 

approximate 850 nm thick. The oxide scale was highly compressed because the 

microstructure of the scale is dense and free of pores. The interface between the 
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oxide scale and the HSS matrix can be clearly seen, although the bond between the 

oxide scale and HSS matrix must be good because there are no visible cracks and 

micro-pores at the interface. Underneath the oxide the HSS matrix has been 

deformed into the banding crystals in an array and direction consistent with a sliding 

direction. 

 

Fig. 6.5 (a) Secondary electron (SE) image of the pin wear track after the tribological test at 

normal load 5N and sliding speed 0.05 m/s for 90 seconds (in stage I), (b) TEM bright field 

image of the cross section of the pin wear track, FIB was used to prepare the cross section. 
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Fig. 6.6 (a) Secondary electron (SE) image of the pin wear track after the tribological test at 

normal load 5N and sliding speed 0.05 m/s for 150 seconds (in stage II), (b) higher magnified 

SE image of the pin wear track, the sample is titled 53o, (c) TEM bright field image of the 

cross section of the pin wear track, FIB was used to prepare the cross section. 

Fig. 6.6a shows the wear track of the pin surface after the tribological test at a 

normal load of 5 N and a sliding speed of 0.05 m/s for 150 seconds (in stage II). The 

morphology of the surface of the pin is quite different from that at the stage I. A 

discontinuous “glaze” oxide scale covers the worn surface of the pin.  A higher 

magnification SEM observation on the wear track indicates that the discontinuity of 

the “glaze” oxide scale was due to the oxide scale spalling in some areas of the 

sliding contact zone of the pin surface (Fig. 6.6b). In this spallation area the 

sub-surface of the pin was oxidised again because it had no protection from the 

oxide scale. Fig. 6.6c shows the TEM bright field image of the cross section of the 

contact zone (non-spallation area) of the pin showing a compact oxide scale of 

approximately 800 nm covering the pin surface. The bonding of the oxide scale and 
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the HSS matrix was also very good because there are no visible cracks and 

micro-pores at the interface. 

Fig. 6.7a shows the morphology of the surface of the pin outside the wear track, but 

very close, after the test at a normal load of 5 N and a sliding speed of 0.05 m/s for 

150 seconds. The surface of the pin is covered by iron oxides and large 

parallelepiped vanadium oxides, which is similar to the oxidation test shown in Fig. 

4.15 in Chapter 4. Fig. 6.7b shows the TEM bright field image of the cross section of 

the non-contact surface of the oxidised pin where the oxide scale consists of a large 

crystalline outer layer of iron oxide (Fe2O3) and a fine-grained inner oxide layer of 

Fe3O4, Cr2O3 and (Fe, Cr)2O3-spinel oxides. There is a porous and clear interface 

between the oxide scale and the HSS matrix. The oxide layer is approximately 1μm 

thick. The surface of oxidised pin has become rough due to protrusions of iron 

oxides and vanadium oxides. 
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Fig. 6.7 (a) Secondary electron (SE) image of non-contact pin surface after the tribological 

test at normal load 5N and sliding speed 0.05 m/s for 150 seconds ( in stage II), (b) TEM 

bright field image of the cross section of the non-contact zone, FIB was used to prepare the 

cross section. 

Fig. 6.8 shows the wear track of the pin after the tribological test at a normal load of 

5 N and a sliding speed of 0.05 m/s for 3600 seconds (end of stage III). It can be seen 
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that the morphology of the wear track at stage III is similar to stage II. The contact 

zone of the pin surface is covered by a discontinuous “glaze” oxide scale, however, 

the adherent no-spallation “glaze” oxide scale seems much thicker compared with 

that at stage II, as shown in Fig. 6.6. There is a clear interface between the sliding 

contact zone and non-contact area (as shown in Figs. 6.8b and 6.8c), and oxide 

debris were only found in the contact region, not around the interface between the 

sliding contact zone and non-contact area. In the sliding contact zone there was 

oxide spallation, as shown in Fig. 6.6 at Stage II, and also crack propagation and 

oxide debris from oxide scale in the same area, as shown in Fig. 6.8d. 

 
Fig. 6.8 (a) Secondary electron (SE) image of the pin wear track after the tribological test at 

normal load 5N and sliding speed 0.05 m/s for 3600 seconds (end of stage III), (b) 

morphology of the wear track front, (c) morphology of the wear track tail, (d) spallation and 

wear debris at the wear track. 

Fig. 6.9a shows the SE and TEM bright field images of the cross section of wear track 

after a tribological test at a normal load of 5 N and a sliding speed of 0.05 m/s for 

3600 seconds (end of stage III). It can be seen that the pin wear track is covered by 
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an oxide scale of non-uniform thickness and at the centre of the wear track, a small 

piece of material has been rubbed off and cracks underneath propagated into the 

material. It is possible that this material rubbed off is vanadium MC carbide. Fig. 

6.9b shows the detailed microstructure of the cross section of the pin wear track 

where “glaze” oxide scale is adhering to the substrate and after the tribological test, 

a thick oxide scale has developed in the contact zone. The total thickness of the 

adherent no-spallation oxide scale was approximately 9.5μm. From a top down view 

the “glaze” oxide scale seems to be compact and smooth, but there are two large 

cracks inside the oxide scale parallel to the surface, which actually divides the oxide 

scale into three sub-layers (Fig. 6.9b). Fig. 6.9c shows very fine-grained oxides (less 

than 200nm in size) where the outside part consists mostly of oxide scale, while 

inside the oxide scale the oxides are a little larger, at about 400nm (Fig. 6.9d). Fig. 

6.10 shows the TEM/X-ray mapping of the inner part of the oxide scale and its 

interface between the oxide scale and HSS matrix. The results indicated that the 

adherent oxide scale mainly consists of iron oxides (Fe2O3). Chromium oxides and 

vanadium oxides only appeared in the most inner part of the oxide scale and at the 

interface between the oxide scale and HSS matrix. 
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Fig. 6.9 (a) Secondary electron (SE) image of the cross-section of the pin wear track after 

tribological test at normal 5N and sliding speed 0.05 m/s for 3600 seconds (end of stage III), 

(b) TEM bright field image of cross-section of the wear track, (c) higher magnified TEM 

bright field image of the oxide scale at the contact frontier, (d) higher magnified TEM bright 

field image of the oxide scale near the interface of oxide scale and the HSS matrix. 
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Fig. 6.10 TEM/X-ray mapping of the cross-section pin wear track after tribological test at 

normal 5N and sliding speed 0.05 m/s for 3600 seconds (inner part of the oxide scale and 

the HSS matrix). 

Fig. 6.11a shows the morphology of the non-contact area of the pin, very close to 

the sliding contact zone. It can be seen that the surface is covered by a continuous 

porous oxide scale with iron oxide whiskers and parallelepiped vanadium oxides 

protruding from the scale, which is similar to the oxidation test shown in Fig. 4.15 in 

Chapter 4. Fig. 6.11b clearly shows the morphology of the oxide scale in a cross 

sectional view. TEM/X-ray mapping of the cross section of the oxide scale confirmed 

that the scale consists of two sub-layers, with the outer layer being mainly large 

columnar iron oxide (Fe2O3) and the inner layer a mixture of fine iron oxides and 
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chromium oxides (Fe3O4, Cr2O3 and (Fe, Cr)2O3-spinel oxides). The parallelepiped 

vanadium oxides are protruding from the oxide scale (Fig. 6.11c). The oxide scale 

outside of the contact area was around 2.8μm thick after a 1h tribological test (the 

protruding vanadium oxides were not included). 

 

Fig. 6.11 (a) Secondary electron (SE) image of pin surface morphology at the non-contact 

area after a pin-on-disc test, (b) TEM bright field image of the cross section of the 

non-contact area, (c) TEM/X-ray mapping of the cross section of the non-contact area. 

Fig. 6.12a shows the pin wear track after a tribological test at a normal load of 5N 

and a sliding speed of 0.2 m/s for 3600 seconds. The wear track is also covered by a 
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discontinuous “glaze” oxide scale. However, compared to the morphology of the 

wear track after a test at a normal load of 5N and a sliding speed 0.05 m/s, the 

adherent “glaze” oxide scale seemed to be much thicker.  A lot of oxide debris has 

spread out of the pin wear track due to a relative high sliding speed (Figs. 6.12b and 

6.12c). In the sliding contact zone there was spallation of small pieces of oxide scale, 

as shown in Fig. 6.12d. 

 
Fig. 6.12 (a) Secondary electron (SE) image of the pin wear track after a tribological test at 

normal load 5N and sliding speed 0.2 m/s for 3600 seconds, (b) morphology of the wear 

track front, (c) morphology of the wear track tail, (d) spallation and wear debris in the wear 

track. 

Fig. 6.13a shows the detailed microstructure of the cross section of the pin wear 

track after a tribological test at a normal load of 5N and a sliding speed 0.2 m/s for 

3600 seconds. The microstructure of the “glaze” oxide scale is similar to that formed 

under a normal 5N load and sliding speed of 0.05 m/s (Fig. 6.9b). There are two 

cracks inside the oxide scale, parallel to the worn surface of the pin which divided 

the oxide scale into three sub-layers. A clear interface (just like another crack) exists 

at the interface between the oxide scale and HSS matrix, which severely weakens 
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the bonding between the oxide and matrix. The oxide scale in the contact area is 

approximately 11μm thick. Fig. 6.13b shows detailed microstructure of the outside 

part of the “glaze” oxide scale where this sub-layer consists of very fine grained 

oxides ranging in size from 50-100nm. As for the inner part of the oxide scale, the 

sintered oxides are around 200nm in size (Fig. 6.13c). The results of TEM/X-ray 

mapping (Fig. 6.14) indicated that the outside part of the “glaze” oxide scale 

(contact frontier) consisted of pure iron oxides. Chromium oxides are rich at the 

interface between the oxide scale and HSS matrix, and at some locations on the 

inner part of the oxide scale. Vanadium oxides were hardly detected in the oxide 

scale. 

 

Fig. 6.13 (a) TEM bright field image of the cross-section of the pin wear track after the 

tribological test at normal load 5N and sliding speed 0.2 m/s for 3600 seconds, (b) higher 

magnified TEM bright field image of the oxide scale at the contact frontier, (c) higher 

magnified TEM bright field image of the inner part oxide scale. 
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Fig. 6.14 TEM/X-ray mapping of the cross section of the pin wear track after a tribological 

test at a normal load of 5N and a sliding speed 0.2 m/s for 3600 seconds. 

Fig. 6.15 shows the SE images of the cross section of oxide scale formed on the mild 

carbon steel disc after a 1 h tribological test at 900 oC. The oxide scale was around 

70μm thick after the test. The oxide scale consists of three sub-layers; the outer 

layer should be hematite (Fe2O3) approximate 4.7μm thick, the columnar crystalline 

middle layer is magnetite (Fe3O4) approximate 19μm thick, and the large-grained 

inner layer is wüstite (FeO) approximate 46μm thick. 
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Fig. 6.15 Secondary electron (SE) image of the cross section of oxide scale on the surface of 

the disc after a 1 h tribological test (outside the wear track). 

6.3 Discussion 

The temperature of the disc and pin were well controlled during the tribological 

tests (Fig. 6.2). The surface temperature of the disc was kept at 900 oC, with 

fluctuations less than 2 oC. The surface temperature of the pin reached 660 oC in a 

very short time (less than 300 seconds) after making contact with the disc due to 

thermal conduction and radiation. The temperature of the pin was monitored from 

a position located 2 mm above the contact zone. However, after comparing the 

morphology of pin close to the contact zone (Figs. 6.7 and 6.11) with the oxidation 

results obtained in Chapter 4, the temperature of the pin at the contact zone was 

probably around 700 oC. During hot rolling the temperature of strip ranges from 

800-1200 oC, and the temperature of the surface of a work roll can reach up to 650 

oC, or even up to 800 oC due to heat generated by plastic deformation and friction [2, 

13, 62, 73-75]. Therefore, the tribological tests reproduced the temperatures of hot 

rolling very well. From Fig. 6.2 it can be known that the pin was oxidised at 660 oC 

for nearly 20 min before the tribological test began, and therefore the contact 

mechanism between the pin and the disc must be oxide-to-oxide. 

The coefficient of friction obtained from the tests (Table 6.3) indicated that the 

sliding speed has a significant influence on the tribological behaviour. The 
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coefficient of friction increased when the sliding speed was increased from 0.05 m/s 

to 0.2 m/s. An interesting result should be noticed when increasing the normal load 

from 5N to 10N, the coefficient of friction at the stable stage of the tests decreases 

both at the sliding speeds 0.05 m/s and 0.2 m/s. It seems controversial, but it should 

be noted that mild testing conditions (small Hertzian contact pressures) were used 

in this study to investigate the role of oxides in tribological behaviour in the contact 

zone. The normal loads 5N chosen (equals a Hertzian contact pressure of 

approximately 650MPa) and 10N (825MPa) will not destroy the antagonist oxide 

scales too fast during the tests, but increasing the normal load from 5N to 10N 

results in a more compact and smoother antagonist oxide scale because it can be 

deformed at high temperatures. The smoother the antagonistic surfaces, the lower 

the coefficient of friction.  

The tribological test conditions of a normal load of 5N and a sliding speed of 0.05 

m/s is close to the tribological conditions in the roll bite during hot rolling. Three 

stages were identified after analysing friction coefficient curve: Stage I where the 

coefficient of friction decreased dramatically from around 0.4 to 0.23 (minimum 

value) in a very short time (less than 100 seconds). Stage II where the coefficient of 

friction increased from a minimum value to approximately 0.29 in a short time 

(about 150 seconds), and Stage III, where the coefficient of friction remained at 

about 0.27 for the remainder of the test. The results were similar to the work of 

Vernge et. al.s work [109] where Vernge defined the period before the friction 

stabilised as a running-in period. In this work the running-in period consisted of 

Stages I and II, and Stage III corresponds to the friction stabilisation period. 

Table 6.4 summarises the morphology of pin wear at different stages during the 

tribological tests. SEM and TEM investigations showed that a thin, compact, and 

smooth “glaze” oxide scale around 800-850nm formed on the pin during the 

running-in period of Stages I and II. Compared to the thickness of the oxide scale 

formed at the non-contact zone (approximate 1μm) in the period, the “glaze” oxide 
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scale has been compressed and it is believed that no oxides transferred from the 

disc to the pin. Therefore the adhesive oxide scale consists of iron oxides (Fe2O3 and 

Fe3O4), (Fe, Cr) oxides and some vanadium oxides (V2O5). This “glaze” oxide scale has 

a good adhesion to the HSS matrix, as seen in Figs. 6.5b and 6.6b, and the interface 

between the oxide scale and HSS matrix was very compact and free from pores and 

cracks.  The formation of the “glaze” oxide scale protects the pin from surface wear, 

which can be reflected from the coefficient of friction whose value in the running-in 

period was lower than the rest of the tribological test. From the beginning of Stage I, 

the pin began to slide from static to dynamic, with an oxide to oxide contact 

configuration. The oxide on an HSS pin was deformed from 1 µm to 850 nm and a 

continuous and complete “glaze” oxide scale (Fig. 6.5a) covered the whole contact 

area to act as a solid lubricant and leading to the minimum friction. However, this  

protection did not last long, at the Stage II running in period the oxide scale spalled 

from the shear stress generated by sliding friction, from oxide scale growing, from 

thermal impact, and from stress growing inside the oxide scale, and so forth (seen in 

Fig. 6.6c). The contact surface became rougher due to the oxide spallation, hence 

the coefficient of friction quickly increased from its minimum value. However, there 

was no debris or cracks on the contact surface of the pin at this stage. Therefore the 

main wear mechanism of the pin in the running in period is adhesive wear.  

As the test proceeded, friction between the pin and the disc stabilised (stage III), 

while the wear mechanisms became complicated. Local spallation of the oxide scale 

kept happening during the rest of the test and oxide debris generated on the wear 

track because the disc was horizontal and the sliding speed was quite slow. On one 

hand, spallation of the oxide scale may cause superficial damage and increase the 

rate of oxidation on the HSS pin. On the other hand, oxide debris on the wear track 

may act as free third bodies abrading the antagonistic surfaces [169]. Vanadium MC 

carbides have been rubbed off the surface due to the relative weak binding energy 

between them (Fig. 6.9a). The adhesive non-spallation oxide scale in the contact 

region was around 9.5μm thick after a 1h tribological test, whereas the oxide scale 
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at the non-contact zone was only 2.8μm thick. A much thicker non-spallation oxide 

in the contact region is only possible from oxidation by the HSS pin itself. It is 

believed that oxides transferring from the disc to the pin thicken the adhesive oxide 

scale. Because the external oxide scale on the surface of the HSS pin consisted 

mainly of iron oxides (Fe2O3 and Fe3O4), as shown in Fig. 6.14, which was the same 

phase composition of oxide on the disc surface, it provided further evidence that 

oxide transferred from the disc to the pin. The dense, fine-grained and equiaxed 

oxides (mainly Fe2O3) found in the contact zone is the result of the combination of 

compression, sliding, oxidation, accumulation, agglomeration and sintering of wear 

particles during the high temperature pin-on-disc testing. Although the unbroken 

adhesive oxide seemed compact and smooth from a top view, there were large 

cracks inside the oxide scale. Bonding between the oxide scale and the HSS matrix 

also weakened because cracks and pores appeared at the interface. It could be 

predicted that catastrophic spalling might happen under certain circumstances, 

which may be the possible mechanism for why the “banding” phenomenon [134, 

170] occurred during hot rolling.  

When the sliding speed was increased from 0.05 m/s to 0.2 m/s, the adhesive oxide 

scale (approximate 11μm) was thicker, which meant that this action caused the 

transfer of oxides from the disc to the pin to accelerate. The TEM observation shows 

that more cracks appeared inside the oxide scale and a large crack appeared at the 

interface between the oxide scale and HSS matrix. This indicates that increasing the 

sliding speed accelerated the failure of the oxide scale during the test. A large 

amount of wear debris found at the non-contact zone surrounding the wear track 

also indicates that increasing the sliding speed increases the free third body 

abrasion. The more the oxide scale fails and the more amount of wear debris due to 

the higher sliding speed cause an increase of the friction coefficient at the lower 

sliding speed. 

The influence of the disc surface has not been considered in this study because an 
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SEM observation (Fig. 6.15) indicated that a quite thick and uniform oxide scale 

formed on the disc during the test, which ensured that the contact was always 

oxide-on-oxide. However, it is difficult to measure the mass loss of the disc after the 

tests because the pin-on-disc tests were carried out under a high temperature (the 

disc temperature was 900 oC) and oxidation continually occurred during the tests. 
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6.4 Conclusions 

Pin-on-disc high temperature tribological tests have been successfully carried out to 

simulate the tribological behaviour of the oxide scale in the role bite. The pin 

represents hot work rolls and the disc represents the hot steel strip. Contact 

between the pin and the disc is actually oxide-on-oxide because both antagonistic 

surfaces were oxidised under a high temperature before the test started. The results 

of the coefficient of friction show that the sliding speed has a significant influence 

on the tribologcial behaviour. It takes much longer for the coefficient of friction to 

stabilise when the sliding speed was increased from 0.05 m/s to 0.2 m/s, and the 

coefficient of friction increased in value with the sliding speed. Increasing the 

normal load from 5N to 10N lowered the coefficient of friction and resulted in a 

more compact and smoother “glaze” oxide scale forming under a higher normal 

load. 

A typical tribological tests has been analysed; and based on the evolution of the 

friction coefficient, it can be divided into three stages: i) Stage I corresponds to the 

start of the friction curve when the coefficient of friction decreased, ii) Stage II 

corresponds to an increase in the coefficient of friction after the minimum value, 

and iii) Stage III is the stabilisation step of the friction. Stages I and II can be 

summarised as a running-in period which lasts less than 300 seconds from the start 

of the test. The interrupted tests indicated that adhesive wear dominated the wear 

mechanisms of the pin in this period. A thin, continuous, compact and smooth 

“glaze” oxide scale formed on the pin at the Stage I, acted like a solid lubricant and 

lead to a sharp decrease in friction. At Stage II of the running-period, oxide scale 

spallation occurred at the contact zone due to shear stress generated by friction, 

oxide scale growing, thermal impact, stress growth inside the oxide scale, so the 

contact surface became rougher and the coefficient of friction quickly increased 

from its minimum value.  
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At Stage III, friction stabilised while the wear mechanism on the pin becomes 

complicated. In addition to oxidation on the HSS pin, the oxides transfers from the 

disc to the pin which significantly thicken the oxide scale on the pin. Large cracks 

and pores can be found inside the oxide scale, indicating that the severe “banding” 

phenomena could happen when the oxide scale reaches a critical value. A large 

amount of wear debris observed on the pin wear track confirms that abrasive wear 

happens at this stage. By increasing sliding speed, more cracks and pores are 

generated inside the oxide scale and more wear debris is distributed on the pin 

wear track which causes the increase the coefficient of friction. The wear 

mechanism at this stage is a balance between adhesion, abrasion, and oxidation.  
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Chapter 7 

Oxidation and tribology tests on  

Gleeble 3500 system 

The aim of this chapter is to perform preliminary rolling experiments to simulate the 

contacts between the HSS rolls and the heated steel strip. Oxidation and tribology 

experiments were carried out on a Gleeble 3500 thermo-mechanical simulator. By 

using Gleeble system, the influence of high water vapour content (up to 46.5% H2O) 

on the oxidation rate of the high speed steel roll material can be successfully 

investigated. The surface characteristics after oxidation were characterised by 

scanning electron microscope (SEM) and X-ray diffraction (XRD) analysis. It is 

reported here for the first time that a simulation of the hot rolling process has been 

carried out on a mini rolling mill that has been adapted within the Gleeble 3500 

thermo-mechanical simulation system. Two types of roll surface were investigated in 

the simulation of the hot rolling process, one is a fresh metallic surface (virgin 

surface) and the other is a pre-oxidised surface in dry air. Test parameters such as 

rolling force, surface roughness of the strip and rollers were measured at different 

temperatures and reductions to investigate the tribological behaviours after a 

number of simulated rolling passes. 

7.1 Oxidation tests 

7.1.1 Experimental methods 

The samples were oxidised isothermally at 700 oC for 30-120 min in dry air, 12.5% 

and 46.5% H2O moist air. Compressed industrial air was used as the dry air. In the 

case of moist air, controlled moisture was obtained by passing industrial air through 

a distilled water tank which was maintained at a constant temperature. Moist air 

with 12.5% and 46.5% water vapour can be obtained by controlling the water 

temperature at 50 and 80 oC, respectively. Fig. 7.1 shows the water vapour content 
                     

The content of this chapter has been published in Wear 2011 (273): 43-48. 
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in the atmosphere according to the water temperature. The gas tube connecting the 

water tank and Gleeble chamber was pre-heated to prevent the condensation of 

water on the inside wall of the tube. The following procedure was used for each of 

the oxidation experiments: 

(1) The sample was heated to 700 oC in an Argon protective atmosphere at a 

heating rate of 100 oC/min; 

(2) When the temperature reached 700 oC, Argon was switched off and the 

oxidising gas introduced; 

(3) After oxidation, the sample was cooled down to room temperature in the Argon 

atmosphere. 

A JEOL JSM 64900 scanning electron microscope (SEM) equipped with 

energy-dispersive X-Ray (EDX) analysis was employed to investigate the surface 

morphology of the samples before and after oxidation and the microstructures of 

the oxide scale formed on the sample surface. An X-ray diffraction (XRD) using a GBC 

MMA diffractometer with monochromated Cu Kα radiation was used to analyse the 

phase composition of the oxide scale. In order to measure the thickness of the oxide 

scale, oxidised samples were cold mounted in EpoFix resin and then cut through the 

corss-sections. A Leica DMRM optical microscope was used to measure the 

thickness of oxide scale formed on the HSS sample surface. 

 

Fig. 7.1 Water vapour constitutions in the air corresponding to water temperatures. [171] 
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7.1.2 Results and discussion 

Fig. 7.2a shows the original topography of the high speed roll surface. The grinding 

marks can be seen clearly. Figs. 7.2b, 7.2c, and 7.2d show the topographies of 

oxidised HSS sample surfaces after oxidation at 700 oC for 120 min in dry air, and at 

12.5% and 46.5% H2O moisture, respectively. The oxide scale formed in different 

atmospheres shows a significant difference in morphology. The oxide scale formed 

in dry air is dense and iron oxide crystals grow well. Oxidised V-rich MC carbides can 

be found on top of the oxide scale. Because water vapour exists in a moist 

atmosphere, the oxygen partial pressure is decreased compared to the dry air, so 

the size of iron oxide is limited. With increasing water content in an oxidising 

atmosphere, the oxide scale is becoming more and more porous and the iron oxide 

crystals finer. The morphology of oxide scale formed in a moist atmosphere shows a 

sponge like structure, and V-rich MC carbides are oxidised more severely and spread 

among the oxide scale without a clear crystal shape, as shown in Figs. 7.2c and 7.2d. 

Fig. 7.3 shows the XRD results of oxidised HSS sample surfaces after oxidation at 700 

oC for 120 minutes in different atmospheres. The results indicate that the main 

phases found in oxide scale are Fe3O4 and Fe2O3. Because the XRD tests were 

conducted directly on the oxidised surface, the Fe phase appearing in the XRD result 

indicates that the oxide scale formed in dry air after oxidation is not thick enough to 

prevent the X-ray penetrating through the oxide scale and detect the metallic part 

underneath. As the water content increases in the oxidising atmosphere the Fe3O4 

phase decreases and the Fe2O3 phase increases in the oxide scale. This phenomenon 

can be explained as follows: as discussed above, the microstructure of the oxide 

scale become more and more porous as the water vapour increases in an oxidising 

atmosphere, so it is much easier for oxygen to diffuse inward through a more 

porous oxide scale and further react with Fe3O4 to form Fe2O3. 
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Fig. 7.2 Morphologies of HSS sample surface. (a) Original surface; (b) oxide scale formed in 

dry air for 120 min oxidation at 700 oC, (c) oxide scale formed in 12.5% H2O moisture air for 

120 min oxidation at 700 oC and (d) oxide scale formed in 46.5% H2O moisture air for 120 

min oxidation at 700 oC. 

 

Fig. 7.3 XRD results of oxidized surfaces of HSS samples at 700 oC for 120 min in different 

atmospheres. 

30 40 50 60 70 80 90

2 Theta / degree

in 46.5% H2O moisture

in 12.5% H2O moisture

in dry air

▲

★

◆

▲
▲◆

◆ ▲
◆ ◆

▲
◆
◆
★ ★

▲ ◆
◆

▲ ◆▲
▲ ◆ ▲

◆

◆

◆

◆

▲◆
◆▲◆

◆

◆
◆

▲

★ Fe

◆ Fe2O3

▲ Fe3O4

30 40 50 60 70 80 90

2 Theta / degree

in 46.5% H2O moisture

in 12.5% H2O moisture

in dry air

▲

★

◆

▲
▲◆

◆ ▲
◆ ◆

▲
◆
◆
★ ★

▲ ◆
◆

▲ ◆▲
▲ ◆ ▲

◆

◆

◆

◆

▲◆
◆▲◆

◆

◆
◆

▲

30 40 50 60 70 80 90

2 Theta / degree

in 46.5% H2O moisture

in 12.5% H2O moisture

in dry air

▲

★

◆

▲
▲◆

◆ ▲
◆ ◆

▲
◆
◆
★ ★

▲ ◆
◆

▲ ◆▲
▲ ◆ ▲

◆

◆

◆

◆

▲◆
◆▲◆

◆

◆
◆

▲

★ Fe

◆ Fe2O3

▲ Fe3O4

★ Fe

◆ Fe2O3

▲ Fe3O4



Chapter 7 – Oxidation and tribology tests on Gleeble 3500 system 

149 
 

 
Fig. 7.4 XRD patterns of oxidized surface at 700 oC in 46.5% H2O humid air for 30, 60 and 

120 min. 

Fig. 7.4 shows the XRD results of oxidised surfaces at 700 oC in 46.5% H2O moist air 

for different oxidation times. It can be seen that the oxide scale consists mainly of 

Fe3O4 and Fe2O3, although the constitution of Fe2O3 increases with oxidation time. It 

can be explained that the oxide scale formed under moist conditions is porous, as 

shown in Fig. 7.2, so it is much easier for oxygen to diffuse inward through the oxide 

scale and react further with Fe3O4 to form Fe2O3. 

Fig. 7.5 shows the evolving thickness of oxide scale formed at 700 oC in different 

atmospheres. It is evidenced that the growth of oxide scale on HSS surface follows 

the parabolic law in both dry and moist atmosphere. The oxide scales formed in a 

moist atmosphere are always thicker than in dry air. The growth rate of oxide scale 

seems similar for dry air and 46.5% H2O moisture. However, it is different with 12.5% 

H2O moisture where the growth in thickness is lower in the first 30 minutes, but rise 

at the end. This indicates that the water content in an oxidising atmosphere has a 

significant effect on the oxidation rate of high speed steel material. But a much 

higher water content in the atmosphere decreases the oxidation rate for a long 

period due to a significant reduction of oxygen partial pressure. 
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It was proposed in [172] that increased oxidation in the presence of water vapour 

was due to a dissociation reaction in the pores/cracks of the oxide which contained 

H2O and H2. Reduction of the oxide occurs at the outer edge of the pore/crack and 

oxidation of iron ions or metal at the inner surface, thereby transporting oxygen 

inwards to accelerate the reaction. The HSS material, which contains around 5% 

chromium, can be considered as a Fe-Cr alloy. Extensive studies about the oxidation 

behaviour of Fe-Cr alloys indicate that the presence of water vapour may increase 

the oxidation rate of the alloys due to the formation of volatile CrO2(OH)2 and 

Cr(OH)3 [173-181]. The effect of evaporation of the volatile CrO2(OH)2 and Cr(OH)3 

compound may affect the rate of oxidation if the supply of chromium from the 

substrate is rate limiting. Ehlers et al. [182] in their study of the oxidation of 9% Cr 

steel suggest that volatile Fe(OH)2 forms at low oxygen partial pressure in the inner 

layers of the scale and is then converted to haematite or magnetite in the outer 

layers of the scale so contributing to the higher rates of oxidation observed. 

 

Fig. 7.5 Thickness evolution of oxide scales formed at 700 oC in different atmospheres. 

7.2 Tribology tests 

7.2.1 Experimental methods 

The experiments were carried out on a Gleeble 3500 thermal-mechanical simulator 
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with a mini-mill fixed inside its chamber. The mini-mill is called a Lateral-setting Test 

System (LST) which is different to the upsetting rolling test (URT) [12]. Fig. 7.6 shows 

the assembly of the LST in the Gleeble chamber. To accomplish the proposed 

experiments the mini-mill must be fitted accurately into the space within the 

Gleeble chamber and be easy to assemble and disassemble the samples. In addition, 

each part of the mill must be strong enough to withstand the rolling process. The 

rolling distance was designed as 25mm due to limitations with the Gleeble chamber. 

Fig. 7.7 shows the details of theLST mini-roll. There are two load cells mounted on 

the top of the upper roller shaft, so the rolling force can be measured directly while 

simulating hot rolling. By adjusting the thickness of four spacers, a different 

reduction can be obtained. Rolling simulation is obtained by the Gleeble digital 

control system driving the sample strip. The strip is clamped with high thermal 

conductivity grips and driven into the roll gap. Before simulation, the strip is heated 

to the desired temperatures by introducing the electric current through the sample. 

The samples are mild carbon steel with a chemical composition listed in Table 7.1. 

There are three thermocouples welded on the strip, as shown in Fig. 7.8. The middle 

one is the control thermocouple and the other two are for monitoring. By 

controlling the heating rate according to feedback from the control thermocouple, a 

uniform distribution of temperature can be obtained on the rolling zone of the strip 

sample. The whole experiment was conducted in an Argon atmosphere in order to 

prevent the strip from oxidising. 
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Fig. 7.6 LST mill assembled in the Gleeble 3500 chamber. 

Table 7.1 Chemical composition of the mild carbon steel strip sample (wt%). 

C Si Mn P S Cr Ni Cu Mo Al Ti 

0.15 0.15 0.51 0.008 0.018 0.071 0.070 0.23 0.24 0.003 0.001 

Two different surface morphologies of high speed steel rolls were investigated in 

this study. One is a relatively fresh metallic surface, and the other is a surface that 

was pre-oxidised at 700 oC for 80 min in dry air (oxide was 7μm thick). The strip was 

first heated to 700 or/and 850 oC in an Argon atmosphere and then hot rolled at a 

rolling speed of 15 mm/s. During the experiments the rolling force was recorded 

in-situ by load cells, and the effect of both the strip, the original surface roughness 

of the roll, and the pass reduction were considered. A stylus type Hommel Tester 

T1000 profilometer with ISO11562 filter was used to measure the surface roughness 

of the sample. A JEOL JSM 6490 Scanning Electron Microscope (SEM) equipped with 

energy-dispersive X-ray analysis (EDX) was used to investigate the surface 

morphology of these two different rollers. 
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Fig. 7.7 Schematic illustration of mini two–high LST mill. 

 

Fig. 7.8 Schematic illustration of strip sample welded with three thermocouples. 

7.2.2 Results and discussion 

The surface morphologies of the two rollers are shown in Fig. 7.9. Grinding marks 

can be seen on the fresh metallic surface (Fig. 7.9a) and there are many voids 

appearing on the surface where some hard carbide particles were detached during 

grinding. The average roughness of the fresh metallic surface was 0.2-0.3μm. Fig. 

7.9b shows the morphology SEM image of the surface of the mini-roll after 

oxidation at 700 oC for 80 min in dry air. It can be seen that the surface has been 

totally changed; the grinding marks are not visible and the roll is covered with a 
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layer of continuous oxide scale. Fig. 7.10 shows the SEM/X-ray mapping analysis of 

oxide scale where the oxide scales not only consists of iron oxides but also the 

oxidation products of carbides due to high speed steel contains a high volume 

fraction of various carbides. In the as-received HSS roller, the volume fraction of the 

carbides occupies around 13%, which consists of 9% V-rich MC carbides and 4% 

Mo-rich M2C and Cr-rich M7C3 carbides (in Chapter 4). These carbides have oxidised 

much more than the steel matrix and protruding oxide scale. The average roughness 

(Ra) of the pre-oxidised roll surface is around 1.5μm. 

 

Fig. 7.9 Surface morphologies of HSS mini-rolls. (a) fresh metallic roll surface, (b) 

pre-oxidized roll surface after oxidation at 700 oC in dry air for 120 min. 
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Fig. 7.10 SEM/X-ray mapping of the pre-oxidised roll surface. 

Fig. 7.11 shows the distribution of temperature along the rolling zone of the strip 

before the hot rolling simulation. The rolling zone was designed to start from “A” 

and end at “B” with the distance AB being 25mm. There are two thermocouples 

welded at each end of the rolling zone to monitor the temperatures. A thermal 

gradient exists between position “A” and “B”. A larger thermal gradient can be 

obtained by increasing the rolling temperature. A thermal gradient is inevitable 

because the local heating method used by the Gleeble system cannot produce a 

completely uniform temperature distribution. However, by adjusting the heating 

control according to feedback from the controlling and monitoring thermocouples, 



 

the thermal gradient can be reduced as small as possible

simulating hot rolling.

Fig. 7.11 Temperature distribution of rolling zone of strip sample.

Fig. 7.12 Effect of reduction on rolling force (
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Temperature distribution of rolling zone of strip sample. 

Effect of reduction on rolling force (virgin roll surface). 
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which is crucial in 

 

 



 

Fig. 7.13 Effect of reduction on rolling force (pre

Figs. 7.12 and 7.13 indicate 

rolling force for two different roll surface conditions and rolling temp

figures show that the rolling force increases with lower rolling temperatures and 

higher reductions. The rolling force of 

metallic surface roll. The roughness (Ra) of the pre

while the roughness (Ra) of a metallic

The coefficients of friction are estimated from the rolling force and push force. For 

thickness reduction of 14

pre-oxidised roll was 

surface. At 700 oC the respective 

rougher surface of the pre

rolling force than the virgin roll surface. 

with temperature are similar to those by Munther and Lenard [43].

Figs. 7.14 and 7.15 respectively 

the strip with two types of roller surfaces after 

roughness of the strip surface is 

was oxidised during heating 
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indicate the respective effects of a reduction in thickness 

rolling force for two different roll surface conditions and rolling temp

figures show that the rolling force increases with lower rolling temperatures and 

higher reductions. The rolling force of the pre-oxidised surface roll is higher than the 

metallic surface roll. The roughness (Ra) of the pre-oxidised surface

while the roughness (Ra) of a metallic surface is between 0.2 and 0.3

friction are estimated from the rolling force and push force. For 

thickness reduction of 14-16% at 850 oC, the average coefficient of 

 calculated as 0.292 compared with 0.268 for the non

C the respective coefficients of friction are 0.302 and 0.297. The 

rougher surface of the pre-oxidised roll produces a higher coefficient of 

rolling force than the virgin roll surface. The amplitude of friction and its change 

with temperature are similar to those by Munther and Lenard [43].

respectively indicate the changes of average roughness (Ra) of 

types of roller surfaces after a single rolling pass

roughness of the strip surface is approximately 1.8-2.0μm. The surface of the strip 

was oxidised during heating although the Gleeble chamber was filled with argon gas 
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reduction in thickness of the 

rolling force for two different roll surface conditions and rolling temperatures. The 

figures show that the rolling force increases with lower rolling temperatures and 

oxidised surface roll is higher than the 

oxidised surface is about 1.50μm, 
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friction are estimated from the rolling force and push force. For a 

coefficient of friction of the 
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Fig. 7.14 Effect of thickness reduction on strip surface roughness (virgin roll 

(Reduction of thickness is % reduction times 6 mm).

For the case of pre-oxidised roll surface, the oxide scale peels off from the strip 

surface, and the rolled

when the reduction is higher than 12%

the oxide scale was pressed and remained on the strip surface after deformation at 

lower reductions (<10%) at 7

thicker than at 700 oC, was 

reduction of less than 10% at 700 

surface. This explains why the val

much lower than that at 850 

For both temperatures 700 and 850 
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C for all reductions. As shown in Fig. 14, the strip roughness decreases 

significantly with reduction. For low reductions (6-14%), the lower strip roughness 

value corresponds to the high temperature. At higher reductions 

roughness after rolling is close to the roll surface roughness (Ra of the roll s

0.3μm). 

Effect of thickness reduction on strip surface roughness (virgin roll 

(Reduction of thickness is % reduction times 6 mm). 

oxidised roll surface, the oxide scale peels off from the strip 

surface, and the rolled strip sample presents a clear metallic surface after rolling 

when the reduction is higher than 12%, at both 700 and 850 oC. As shown Fig. 7.16, 

the oxide scale was pressed and remained on the strip surface after deformation at 

(<10%) at 700 oC. However at 850 oC the oxide scale 

C, was broken, peeled off and sticked onto the 

less than 10% at 700 oC, the remaining oxide scale has a smoother 
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For both temperatures 700 and 850 oC, the strip roughness is getting closer to the 

on and tribology tests on Gleeble 3500 system 

158 

virgin roll, the oxide scale 

after rolling at 700 and 

s shown in Fig. 14, the strip roughness decreases 

14%), the lower strip roughness 

 (16-18%), the strip 

roughness after rolling is close to the roll surface roughness (Ra of the roll surface 

 
Effect of thickness reduction on strip surface roughness (virgin roll surface). 
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C. As shown Fig. 7.16, 

the oxide scale was pressed and remained on the strip surface after deformation at 

C the oxide scale on the strip, 
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roller surface roughness 

be stated that the roughness of

roughness. 

Fig. 7.15 Effect of thickness reduction on strip surface roughness (

(Reduction of thickness is % reduction times 6 mm).

Fig. 7.16 Digital photos of surface images of strip samples after hot rolling simulation. (a) 

With 9% reduction at 700 
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roller surface roughness when the reduction is higher than 12% after rolling. 

be stated that the roughness of the roller surface has a major effect on the strip 

Effect of thickness reduction on strip surface roughness (pre-oxidised

ickness is % reduction times 6 mm). 

Digital photos of surface images of strip samples after hot rolling simulation. (a) 

With 9% reduction at 700 oC and (b) with 10% reduction at 850 oC. 
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oxidised roll surface). 

 
Digital photos of surface images of strip samples after hot rolling simulation. (a) 
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Table 7.2 Relevant roughness parameters of the roller surface for two types of roll surfaces 

(thickness reduction 22% at 850 oC). 

Roll surface Conduction Ra Rq Rsk Rku 

Virgin surface 
Before rolling 0.25 0.32 -0.189 3.581 

After 5 passes 0.20 0.24 -0.02 0.635 

      

Pre-oxidised surface 
Before rolling 1.55 2.07 -0.356 4.284 

After 5 passes 0.85 1.16 -0.033 3.996 

For the thickness reduction of 22% at 850 oC, the surface roughness parameters of 

the two roller surfaces are tabulated in Table 7.2. The change of average roughness 

after 5 passes is much more significant with the pre-oxidised roll. The initial negative 

skewness indicated more plateau-like bearing surfaces, but after 5 passes the 

skewness decreases towards zero, which indicates a reduction of the bearing area. 

The initial Kurtosis value was more than 3 from both original surfaces, which 

indicates sharp peaks and valleys but it was reduced after 5 passes. However, for the 

virgin surface, the Kurtosis values changed much more than the pre-oxidised roll. In 

this case the Kurtosis changed significantly from 3.581 to 0.653 after 5 passes, which 

indicates that the fewer original sharp peaks and valleys become more in number of 

relatively smaller peaks and valleys. The results obtained so far have been for 

pre-oxidised rolls in dry air. As the oxide layers in moist air are non-uniform and 

more porous, it is expected that changing the roughness parameters of the roll and 

strip for the case of moist air will be more dramatic than the above case with dry air. 

A large number of stalled hot rolling experiments will need to be carried out to 

investigate the evolution of roll surface morphology and roughness in moist air, and 

eventually the wear mechanics of HSS rolls. The testing program is extensive and is 

beyond the scope of this chapter. The mini rolling mill on the Gleeble thermal 

mechanical simulator has demonstrated that this can be carried out in the future. 
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7.3 Conclusions 

7.3.1 Oxidation experiments 

The following conclusions can be made according to the oxidation experiments 

under dry and moist air (12.5% and 46.5% H2O) on the Gleeble 3500 thermal 

mechanical simulator: 

(1) The oxide scale consists mainly of Fe3O4 and Fe2O3. The influence of water 

vapour content on the oxidation behaviour of high-speed steel roll material is 

significant. The moist atmosphere not only increases the oxidation rate of the 

high speed steel, it also influences the microstructure and morphology of the 

oxide scale. The oxide scale formed, is non-uniform and more porous and 

fractured than the compact and uniform layer formed in dry air. With an 

increasing content of water vapour, more porous oxide scale forms, and more 

Fe2O3 phase formed in the oxide scale. 

(2) The oxidation rate of the HSS sample in 12.5% H2O moisture is higher than those 

in dry air and 46.5% H2O moisture. The water moisture has a significant effect on 

the oxidation rate of high speed steel material, but higher water vapour content 

during a long experiment time decreases the oxidation rate. 

7.3.2 Tribology tests 

A mini-rolling mill was successfully incorporated into the Gleeble 3500 thermal 

mechanical simulator to simulate stalled hot rolling. Two types of roller surfaces, e.g. 

a relatively virgin surface and a pre-oxidised surface were investigated. The 

experimental results reveal that the two types of roller surfaces exhibit quite 

different tribological behaviours. The rolling force and friction of pre-oxidised rolls is 

always higher than that of fresh rolls for different reductions and temperatures. 

With the pre-oxidised roll, a high rolling temperature can cause the oxide scale to 

peel off from the strip and stick onto the roll surface. 
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The tribological experiment indicates that the original surface profile of work roll 

plays an important role on the contact behaviour between the roll and strip, and in 

particular, strip roughness. Compared with the virgin surface, the pre-oxidised roller 

shows more significant changes to its roughness parameters after 5 rolling passes, 

except for the Kurtosis where the change is small. 
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Chapter 8 

Conclusions and recommendations 

8.1 Conclusions 

Detailed conclusions have been described in each Chapter 4, 5, 6 and 7. The general 

conclusions are outlined as following. 

8.1.1 Oxidation behaviour of the HSS material 

� The in-situ observations by a high temperature microscope indicated that the 

oxidation of the HSS sample initiates at the carbides/matrix interfaces, and then 

spread rapidly over the carbides, followed by a continuous growth over the 

whole surface, in both dry and 12.5% H2O humid air.  

� Chromium rich carbide (M7C3) has the greatest resistance to oxidation among 

the carbides, followed by (Mo, W)-rich carbides (M2C). Vanadium rich carbide 

(MC) is easiest to oxidise because it has a great affinity for oxygen.  

� Duplex-layer oxide scales formed in vanadium rich carbide (MC) areas after 

oxidation, consisting of fine, porous crystalline (Cr, Fe)-rich oxide inner layer and 

a large columnar iron oxide outer layer with vanadium oxides on the top. The 

carbides-free matrix also shows a very good oxidation resistance which may be 

due to the formation of a thin, compact (Cr, Fe)3O4 spinel that reduces the 

oxidation rate.  

� Temperature has a significant influence on the oxidation behaviour of the HSS 

roll material in both dry and humid air; as the temperature increased, so too 

does the rate of oxidation. As the sample surface oxidised at 700 oC is the most 

severe, the temperature of the roll surface should be kept lower than 650 oC to 

protect the surface. 
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� Water vapour in air increases the oxidation rate of HSS roll material and has a 

significant influence on morphology of the oxidised surface. The presence of 

water vapour reduces the grain size and increases the porosity of iron oxide.  

8.1.2 Mechanical properties of the oxide scale 

� The nano-indentation tests on the HSS sample successfully revealed the 

mechanical properties of MC carbides, M2C/M7C3 carbides, and HSS matrix. The 

huge difference in hardness between the carbides and HSS matrix indicate that 

adding carbides significantly enhanced the wear resistance of the HSS sample. 

� The nano-indentation tests on the cross section of oxide scale well revealed the 

different mechanical properties of the inner and outer sub-layers. The 

difference in Young’s modulus and hardness between the inner and outer oxide 

layers is mainly due to the very different microstructures of these two 

sub-layers. The nano-indentations on the outer oxide layer are more likely to 

land on a large single crystal, while the nano-indentations on the inner oxide 

layer are more similar to indenting sintered fine-grained composites. 

8.1.3 Influence of oxide scales on tribological behaviour 

� Pin-on-disc high temperature tribological tests have been successfully carried 

out to simulate the tribological behaviour of oxide scale in the role bite. The 

results indicate that both normal load and sliding speed have a significant 

influence on the coefficient of friction. 

� The evolution of the coefficient of friction in a typical tribology test can be 

divided into three stages. Stages I and II can be summarised as the running-in 

period which lasts less than 300 seconds from the test commencing. Adhesive 

wear on the pin is the dominant mechanism in this period. At Stage III the wear 

mechanism on the pin becomes complex. It is a balance between adhesion, 

abrasion, and oxidation.  
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8.1.4 Oxidation and tribology tests on Gleeble 3500 

� Oxidation tests in the Gleeble 3500 indicated that the water content in an 

oxidising atmosphere influences the morphology and phase composition of the 

oxide scale. By increasing the water content in air, more porous oxide scale 

forms and more Fe2O3 oxides are formed in the oxide scale. 

� A mini-rolling mill has been successfully incorporated in the Gleeble 3500 

thermal mechanical simulator to simulate stalled, hot rolling. Two types of roller 

surfaces, a relatively virgin surface and a pre-oxidised surface were investigated. 

The results showed that the two types of roller surfaces exhibited quite 

different tribological behaviours. The tribological experiment indicated that the 

original surface profile of the work roll plays an important role on the contact 

behaviour between the roll and strip, and in particular, the strip roughness.  

8.2 Recommendations for future work 

� The experimental technique developed in the current work has proved to be 

very effective. The in-situ observation of initial oxidation nucleation and growth 

is a powerful technique and it is strongly recommended that this type of 

observations be extended to study the oxidation of other steel compositions. As 

for the high speed steel materials, how the chromium elements and 

morphologies of the various carbides and their distribution in the material, 

influences the behaviour of oxidation should be investigated in order to gain a 

better understanding of the oxidation of the high speed steel series. 

� The work rolls actually is subjected to thermal cycling during hot rolling. The 

drastic thermal cycling leads to very different oxidation kinetics and oxidation 

behaviour of work rolls because they are sensitive to the temperature. Cyclic 

oxidation experiments will be carried out in order to simulate a closer thermal 

condition to the hot rolling. 
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� Nano-indenation has successfully revealed the mechanical properties of the 

oxide scale formed on the HSS sample surface. More nano-indentation tests and 

nano-scratch tests need to be done to investigate how the thin oxide scale 

influences the surface properties of high speed steel, such as hardness, wear 

resistance, and adhesion between the oxide scale and substrate. 

� A large number of stalled, hot rolling experiments in Gleeble 3500 will need to 

be carried out to investigate in depth the evolution of roll surface morphology 

and roughness in humid air, and eventually the wear mechanics of HSS roll. 
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Appendix A 

Calibration of nano-indentations 

The UMIS/IBIS nano-indentation system mounted with a Berkovich diamond tip 

(radius 160nm) was calibrated on a standard sample of fused silicon from 1mN to 

400mN before the nano-indentation tests. After calibration, a series of indentations 

were performed on the standard sample of fused silicon to verify the calibration. Fig. 

A.1a shows the load-displacement curves. The loading force started from 2mN to 

30mN at increments of 2mN. It can be seen that the load-displacement curves 

increased smoothly while increasing the load which means the loading force was 

controlled well by the system. Figs. A.1b and A.1c show Young’s modulus and 

nano-hardness of the standard sample of silicon obtained from the verification test. 

It can be seen that Young’s modulus was from 72-74GPa, and the nano-hardness 

from 9-10.5GPa. Comparing the measured data to Young’s modulus and Hardness of 

the standard sample of fused silicon were 72.5GPa and 9.5GPa respectively, so the 

measured results are reliable. Therefore, it can be concluded that the results 

obtained from the nano-indentations in the loading force range from 2 to 30mN 

after the calibration are reasonable and reliable. 
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Fig. A.1 (a) Load-displacement curves on a standard fused silicon sample in loading force 

range 2 to 30mN, (b) the obtained Young’s modulus, (c) the obtained nano-hardness. 
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