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Abstract

The effect of different microstructural characteristics and mechanical properties on the impact-
abrasive and abrasive wear resistance of martensitic and carbide-free bainitic (CFB) steels was
investigated. The main objectives were to study the role of retained austenite, tempering, and prior
austenite grain size on the wear performance of martensitic steels and to evaluate the wear
performance of novel carbide-free bainitic steels.

The role of retained austenite in the wear resistance of martensitic steels was investigated by
utilizing a direct quenching and partitioning (DQ&P) processing method to produce martensitic
steels with varying retained austenite content. The effect of tempering on the wear resistance was
studied by applying tempering to a medium-carbon martensitic steel and comparing the tempered
samples with direct/water quenched variants. Prior austenite grain size was altered for a
martensitic 500 HB grade wear-resistant steel to understand the influence of grain size on the
abrasive wear resistance.

Impact-abrasive wear testing revealed that no clear benefit could be obtained by having
retained austenite in the martensitic matrix. Tempering might have a minor decreasing effect on
the wear resistance when compared to untempered martensitic steels of similar hardness levels.
Prior austenite grain size and morphology also appeared to influence the abrasive wear resistance
of martensitic steels: decreasing grain size and more equiaxed grain structure improved the wear
performance.

Experimental carbide-free bainitic steels were fabricated via three ausforming routes. The
high-stress abrasive wear testing showed that the steels have highly promising wear resistance due
to the excellent work-hardening capabilities. Some CFB steels showed better wear resistance than
the martensitic reference material despite lower or similar initial hardness levels.

Work-hardening was considered a major factor affecting the wear resistance of steels. The
hardness of the deformed wear surfaces showed good correlation with wear performance.
Characterization of the wear surfaces with the electron backscatter diffraction (EBSD) method
provided information about the severely deformed regions showing very fine grain structure.
These features of the wear surfaces have a marked effect on the wear resistance of steels.

Keywords: abrasion, carbide-free bainite, retained austenite, tempering, wear resistant
steel
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Tiivistelmä

Tässä väitöskirjassa on tutkittu martensiittisten ja karbidivapaiden bainiittisten terästen mikrora-
kenteen ja mekaanisten ominaisuuksien vaikutusta iskuabrasiiviseen sekä abrasiiviseen kulumi-
senkestoon. Tavoitteena oli ymmärtää jäännösausteniitin, päästön ja perinnäisen austeniitin
raekoon vaikutus martensiittisten terästen kulumisenkestoon sekä tutkia karbidivapaiden teräs-
ten kulumista.

Jäännösausteniitin merkitystä martensiittisten terästen kulumisominaisuuksiin tutkittiin hyö-
dyntämällä suorasammutusteknologiaa (DQ&P), jossa jäähdytys keskeytetään martensiitin faasi-
muutoslämpötila-alueella jäännösausteniitin stabiloimiseksi. Päästön vaikutusta kulumisominai-
suuksiin tutkittiin päästämällä keskihiilinen teräs ja muokkaamalla parametreja niin, että päästöl-
lä saatiin aikaan suorakarkaistuja, vähähiilisempiä teräksiä vastaavat kovuustasot. Raekoon vai-
kutusta abrasiiviseen kulumisenkestoon tutkittiin lämpökäsittelemällä martensiittinen 500 HB -
kovuusluokan teräs.

Iskuabrasiivisessa kulumisessa jäännösausteniitin ei kuitenkaan havaittu olevan avuksi mar-
tensiittisilla teräksillä. Päästön havaittiin hieman heikentävän kulumisominaisuuksia, kun ver-
tailtiin tuloksia saman kovuusluokan päästämättömiin teräksiin. Raerakenteella ja -koolla havait-
tiin myös yhteys kulumisenkestoon: hienontamalla raerakennetta ja muokkaamalla siitä mahdol-
lisimman tasa-aksiaalinen saatiin paras kulumisenkesto abrasiivisissa olosuhteissa.

Kokeelliset karbidivapaat bainiittiset (CFB) teräkset osoittautuivat erittäin lupaaviksi kulu-
misominaisuuksiltaan. Hyödyntämällä matalan lämpötilan kuumamuokkausta saatiin aikaiseksi
teräksiä, joiden muokkauslujittuminen oli hyvin voimakasta. Osalla CFB-koeteräksistä kovuus
jäi martensiittisen verrokkiteräksen tasolle tai jopa alle, mutta niiden massahäviö kulutustesteis-
sä oli siitä huolimatta pienempi.

Muokkauslujittumisella todettiin olevan tärkein rooli terästen kulumisominaisuuksia tarkas-
teltaessa. Kuluneen pinnan kovuudella ja kulumisenkestolla havaittiin olevan vahva korrelaatio.
EBSD-menetelmällä tutkittiin terästen muokkautuneen pinnan ominaisuuksia ja havaittiin erit-
täin hienoa raerakennetta, joka oli syntynyt kulumisen aikana. Tähän muokkautuneeseen kerrok-
seen vaikuttavat tekijät määräävät pitkälti teräksen kulumisenkeston.

Asiasanat: abraasio, jäännösausteniitti, karbidivapaa bainiitti, kulutusteräs, päästö
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wt.% weight fraction in percent 
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1 Introduction 

Wear of materials occurs almost everywhere and affects the everyday life of 

mankind. By nature, it is very difficult to avoid wear completely when two solid 

surfaces are in contact. The severity of wear, however, can be controlled to some 

extent. Lubricants, material selection, and design are methods to reduce wear. The 

wear of materials is such a complex phenomenon that still today, it is impossible to 

understand thoroughly, and therefore also nearly impossible to control completely.  

Significant work has been done in recent decades to understand the wear of 

materials, while the increase of different novel materials has been even more 

astounding. While somewhat debatable in the ever-changing and evolving field of 

materials science and engineering, steels can still be considered the most important 

material of the engineering world. Rather than one material, steels are a category 

of thousands of different grades which are constantly studied around the world. The 

adoption of novel processing routes has dramatically increased the strength and 

hardness levels of steels while the production has become more energy-efficient 

and environmentally friendly [1]. Though it is a material group that has been used 

for a long time, steels are still the only viable material option for mechanical 

engineers and machine designers in many cases. The unparalleled combination of 

mechanical properties, low price due to ease of mass production, and possibilities 

to adjust the properties make steels the most compelling materials in the world of 

engineering.  

The modern world requires increasingly energy-efficient applications to reduce 

emissions. The steel industry has answered this by developing higher strength steels 

to be used, for example, in vehicles and mobile machinery. While high hardness 

and strength levels in steels have been achievable for a long time, by applying 

enough carbon in the composition and by quenching the red-hot steel quickly 

enough, the mass-production of ultra-high strength steels only began in the early 

21st century. Steels with tensile strength levels up to 2000 MPa can now be 

produced as 30-ton strip-mill coils without the need for any special heat-treatments 

or fear of cracking.  

The increase in strength levels and subsequently higher hardness levels has 

also led to the adoption of more advanced wear-resistant steels. As hardness has 

traditionally been considered the most significant factor regarding the wear 

resistance of materials, different ultra-high strength steels with high hardness levels 

have been designed to be used as wear-resistant steels. These steels have been 

adopted for various applications especially in the field of mining and mineral 
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handling and agricultural sectors. These represent some of the harshest wear 

environments where rocks, sand, gravel, and soil cause extreme wear. Additionally, 

the machinery in mines, mineral handling, or soil cultivation is usually heavy and 

powerful, which creates systems where the wear-resistant materials are being 

subjected to large forces and high-speed contact with abrasive materials. 

Furthermore, the machinery is expected to operate at high efficiency in 

combination with low downtime and maintenance requirement. Hence, the material 

requirements are always increasing while the costs should remain at a reasonable 

level.  

The aforementioned environments create such severe wear conditions that even 

the best materials available will eventually wear out. Therefore, it is a challenge to 

have materials that exhibit and sustain high wear-resistant capabilities during 

operation while being economically feasible to replace when needed. Thus, steels 

are an excellent option as wear-resistant materials in the most extreme conditions. 

However, steels can be further developed, and the wear resistance increased to 

improve the lifespan and performance of different applications. It is therefore 

important to continue research work on understanding the wear of steels.  

1.1 Background 

Commercially available wear-resistant steels often comprise various hardness level 

martensitic steels. Generally, martensitic steels are the most economically feasible 

solution when high hardness and strength are required. Usually, the steels are 

quenched and also tempered, though modern processing routes enable the 

fabrication of high-hardness martensitic steels without need for tempering or other 

special heat-treatments. Though widely applied in wear-resistant applications, there 

has not been complete understanding of how different microstructural features 

affect the wear resistance of martensitic steels [2], [3]. Extensive work has been 

done in the field of wear research [4], which has shown that martensitic steels have 

differences regarding wear resistance. However, most of the work carried out from 

the 1950s to the 1990s has been conducted with abrasive pin-on-disc or other 

similar testing apparatuses. Later research has proven that modern martensitic 

steels show differences in terms of wear performance when tested with application-

oriented testing equipment, simulating real-world wear systems [3], [5]. Therefore, 

these current studies were conducted to understand more about the microstructural 

features of martensitic steels that affect the wear resistance: retained austenite, 

tempering, and prior austenite grain size.  
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It has also been shown that different microstructures show different wear 

behavior [6], [7]. However, the challenge has been to produce steels other than 

martensitic which exceed hardness levels of 400 or 500 Vickers hardness (HV). It 

is essential to compare steels with different microstructural features, but which 

exhibit the same hardness. Some research work has been carried out for lower 

hardness grade steels [8], [9] and recent studies have also compared higher hardness 

bainitic steels with martensitic steels [10], [11]. Yet, there are only a quite limited 

number of studies on the wear-resistant properties of high-hardness bainitic steels, 

especially in high-stress abrasive conditions. The progress of understanding the 

processing of carbide-free bainitic steels has now made it possible to produce 

bainitic steels with similar strength levels as martensitic steels. This has made the 

comparison of mechanical properties and wear performance with martensitic steels 

more viable. Hence, experimental carbide-free steels were tested and characterized 

for wear performance and compared with similar hardness level martensitic steel. 

1.2 Aims and objectives of the study 

The primary aims of this thesis are to provide new information regarding the wear 

of ultra-high strength steels in abrasive and impact-abrasive conditions and to 

understand more on how some microstructural features affect the wear-resistance 

of ultra-high strength martensitic steels. In addition to the martensitic steels, 

experimental carbide-free bainitic steels are studied to understand the wear 

behavior of these novel steels, and to evaluate the possibilities of the bainitic steels 

to be used as wear-resistant materials in abrasive conditions. Furthermore, the 

importance of wear surface work-hardening is discussed. Therefore, the main 

objectives of the study are as follows: 

1. Investigating the role of retained austenite, tempering, and prior austenite grain 

size on the wear resistance of ultra-high strength martensitic steels.  

2. Evaluating the wear performance of novel carbide-free bainitic steels in 

abrasive conditions. 

3. Understanding the role of work-hardening on the wear resistance of ultra-high 

strength steels. 

To address these objectives, studies were conducted, and the results published in 

the form of four peer-reviewed journal articles. A brief outline of the studied steels 

and the testing conditions is shown in Fig. 1. Novel direct quenching and 

partitioning (DQ&P) was applied to produce high-hardness martensitic steels with 
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different retained austenite content and tested in impact-abrasive conditions in 

Publication I. Medium-carbon press hardening steel was tempered at different 

temperatures and tested for wear resistance against similar hardness direct 

quenched steels in Publication II. A commercial 500 HB grade wear-resistant steel 

was reaustenitized for obtaining different prior austenite grain sizes to understand 

the subsequent effect on the abrasive wear resistance. The results are discussed in 

Publication III. Finally, experimental carbide-free bainitic (CFB) steels were 

fabricated for testing and characterization of abrasive wear properties in 

Publication IV. The results of all publications are discussed and summarized in this 

thesis with future considerations given in the final chapter.  

 

Fig. 1. Outline of the thesis. 

The goal of this thesis is to introduce novel results which could be utilized to further 

improve existing steels and to give ideas for a new generation of wear-resistant 

steels. Optimizing the processing route, grain structure, and phase fractions for 

improved wear resistance requires a vast amount of research work and some new 

information is provided here.  
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2 Theoretical background 

Wear is a complex phenomenon which involves several factors that should be 

accounted for when designing wear-resistant materials. Wear is generally 

understood as material or mass loss, which eventually leads to the failure of a 

component – wear is therefore considered a damage mechanism [4]. As wear itself 

is not a material property, there are always some challenges that cannot easily be 

solved when trying to protect applications from damage caused by wear. The 

surrounding environment, materials, abrasives, and contact type are some of the 

factors that will affect the severity of wear. The involved elements create a 

tribosystem that defines the outcome of the wear process. Complete understanding 

on the wear of materials is rather difficult to achieve, since not all factors can be 

addressed at once. Therefore, the research work on wear often focuses on studying 

a specific variable of a tribosystem. 

In this study, the emphasis is on understanding how selected microstructural 

features affect the wear resistance of given steels. The wear testing methods 

represent an application-oriented approach for evaluating material wear 

performance in simulated real-world conditions. Though not as controllable as 

methods like standardized scratch testing, the high-stress abrasive and impact-

abrasive methods used have shown to produce wear similar to that found in field 

tests [5]. Also, the studied steels comprise both commercially available and 

experimental materials. The theoretical background of the study and wear of steels 

are discussed in this chapter. 

2.1 Wear mechanisms of steels 

The classification of wear has been as complex as the phenomenon itself. Wear 

processes can be classified by the wear mechanisms (contact type), by wear modes 

(relative motion of the surfaces), or by terms related to the wear surfaces [4]. 

However, to simplify this, the wear mechanisms can be reduced to four principle 

classes: adhesion, abrasion, tribochemical reactions, and surface fatigue [4]. These 

are the microscopic processes that describe how material is removed from a surface 

subjected to wear [12]. There are simplified descriptions for these wear 

mechanisms: adhesion is the formation and breakage of junctions between 

materials, abrasion is the displacement of material inflicted by interaction of hard 

particles or by counter surface protrusions (scratching), tribochemical reactions 

describe the deterioration of the surfaces caused by chemical interactions in the 
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tribosystem, and surface fatigue is the destruction of the material surface caused by 

cyclic or repetitive loading [4].  

The conditions in the industrial sectors that widely use steels as wear-resistant 

materials often include heavy abrasion and impacts. Ground-engaging tools, rock 

crushers, and harvester blades are some examples of the applications or 

components that face abrasive and impact wear. Naturally, all wear mechanisms are 

nearly always simultaneously involved in these types of tribosystems. However, 

tribochemical reactions, or corrosion in the case of steels, simply do not have 

enough time to cause major damage as the tools and parts are often worn rapidly 

by other wear mechanisms in most of the described applications. Corrosion might 

have a long-term role in the tribosystem if the given component is expected to be 

used in a corrosive environment for a longer period of time, such as in a tipper body 

of a dump-truck. Adhesion, on the other hand, is a more common problem when 

materials of the same type are in constant contact, for example, bearings or gears, 

but the contact times in mining applications or farming equipment are too short for 

adhesion to take place. Additionally, the steel tools are more prone to make contact 

with other materials such as rocks, gravel, or sand, which reduces the risk for severe 

adhesive wear even further, as no or only minor steel-to-steel contact is expected. 

Therefore, adhesion and tribochemical reactions are considered to have only a 

minor effect in the current study. 

Abrasion and surface fatigue are often the more severe wear mechanisms 

which lead to the failure of components when discussing the applications that 

utilize ultra-high strength wear-resistant steels. The abrasion by hard particles and 

repetitive loading causing surface fatigue result in surface destruction and 

subsequent loss of material [13]. The severity of these mechanisms depends on the 

tribosystem and the involved elements, but generally abrasion causes rapid 

deterioration of the steel surface, while surface fatigue is more of a long-term 

damage mechanism. These two wear mechanisms are often present in many 

tribosystems, producing complex combined effects on wear surfaces. 

2.1.1 Abrasive wear  

Abrasive wear, also referred to as grooving wear, is the loss of material caused by 

a hard body or particles interacting with the surface of a material [4]. The abrading 

particle or contacting solid body and the wear surface are in a relative motion. 

Generally, the abrasive particle needs to have a higher hardness than the surface of 

the material subjected to wear in order to inflict severe damage [14]. However, this 
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is often the case when sand, rocks, gravel, or minerals are involved in the 

tribosystem. When steel is used as the wear-resistant material, even the highest 

hardness steels rarely exceed the hardness of the minerals being excavated or 

crushed [15]. The hard particles may also be products of the wear process itself, 

such as work-hardened and oxidized steel particles that have detached from the 

steel surface. Another solid body may also work as the abrading material when two 

solid bodies are in contact. Then the protuberances of the contacting surfaces will 

act as the abrasive material if there is a hardness difference between the surfaces 

[16]. An illustration of simple abrasion is shown in Fig. 2. 

 

Fig. 2. Simplified illustration of abrasion of steel by a hard particle. 

Abrasive wear can be divided into two- or three-body abrasion depending on the 

contact type [4], [16]. In two-body abrasion, two solid bodies are in direct contact 

with each other, such as a diamond tip scratching the surface of a steel sample. In 

three-body abrasion, there is a loose or freely moving particle trapped between the 

surfaces acting as the interfacial element and causing wear on both surfaces. 

Generally, three-body abrasion is considered the less severe of the two, but three-

body abrasion may transform into two-body abrasion if the third-party particle 

becomes embedded into either of the surfaces. This commonly occurs with hard 

abrasive particles and steels, for example in jaw-crushers when hard mineral 

material is embedded into the crusher plates. However, the effect of transition from 

two-body to three-body abrasion on the severity of wear is difficult to determine in 
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many real-world cases, as the wear rates are initially very high and the wear 

surfaces deteriorate rapidly.  

During the abrasive wear of materials, microploughing, microcutting, 

microcracking, and microfatigue take place [16]. Naturally, these might occur 

simultaneously when multiple abrasive particles interact with the steel surface. 

Microploughing does not necessarily lead to material loss directly; the particle 

simply pushes the plastically deforming steel aside [4]. However, this is the ideal 

case for a single particle, and usually the deformed material is eventually removed 

by local microfatigue when particles make repetitive or continuous contact with the 

surface. Also, microploughing results in grooves on the steel surface, which in turn 

leads to the work-hardening of the surface and further alters the properties of the 

wear surface. Microcutting, in its simplified form, is when a sharp particle cuts and 

removes material in the form of a chip from the wear surface. These two forms of 

abrasive wear often take place simultaneously and are common with abrasion of 

ductile materials. Surface deformation capability is necessary for microploughing 

or microcutting to occur. Brittle materials are more prone to microcracking, which 

refers to the surface damage occurring by crack formation and propagation. 

Microfatigue, on the other hand, is the result of repetitive loading of the surface by 

hard particles, which eventually results in material loss, i.e., scratching the material 

surface (microploughing) on the same location multiple times. 

The severity of abrasion depends on multiple factors such as load, angle of 

attack and velocity of the abrading particles, and both wear surface and abrasive 

particle properties. The ratio of microploughing to microcutting affects the wear 

rate and changes with the angle of attack of the particles [16]. For most cases in 

abrasive conditions, the particle angle of attack is random due to the irregular shape 

of the abrasives. Moreover, these aforementioned factors often change during the 

wear processes, and especially the surface properties may be dramatically altered 

due to plastic deformation and work-hardening of the protective material. Therefore, 

understanding the long-term wear properties and changes in steel surface 

microstructure is crucial for increasing the lifespan of steel components in harsh 

abrasive wear conditions.  

Steels have the capability for strong work-hardening, which has been 

considered one of the most essential factors influencing the performance of wear-

resistant steels [5], [17]. It has been discovered that the work-hardening in high-

stress abrasion should result in high surface hardness to inhibit abrasion, while 

extreme hardness gradients between the work-hardened surface and bulk material 

might prove detrimental. Subsequently, the interface between the deformed surface 
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layers might act as pathways for crack propagation [3], [17]. Though maximum 

hardness provided by strong work-hardening theoretically improves the resistance 

against abrasion, it should not result in the delamination of the surface as discussed 

above. Microstructure naturally has a significant role in determining the work-

hardening capabilities under severe abrasion. Steel should be able to deform in such 

a manner that the worn, deformed microstructure in the vicinity of the wear surface 

would sustain as much damage as possible before being removed or degraded 

completely, though in the event of extreme abrasion the deformed layer may be 

removed, continuously decreasing the role of work-hardening. These features 

ultimately determine the wear resistance of steels in abrasive conditions. Hence, 

the factors influencing the work-hardening of steels under high-stress abrasive wear 

are of great interest.  

Low-stress and high-stress abrasion 

Abrasive wear is often described with the terms low-stress or high-stress. 

Fundamentally, the first term refers to a process of abrasive wear which does not 

result in the fracture of the abrasive particles due to the low stresses involved [4], 

[12]. Low-stress abrasion can occur, for example, in mineral handling; hard 

abrasive particles may inflict damage by scratching while the contact stresses are 

still relatively low. However, even low-stress abrasion may cause serious damage 

to material surfaces when hard and sharp particles are present. 

 In high-stress abrasion, also referred to as grinding abrasion, the particles are 

fractured in the wear process where the stresses are high enough to cause the 

fracture of the abrasives [4], [12]. The fracture of the abrasive particles may further 

induce more sharp particles inflicting more damage by microcutting.  

Impact-abrasion 

Impact-abrasive wear is a wear mode that includes repeated impacts by abrasive 

particles [12]. The manifestation for the term is somewhat ambiguous, but there are 

several applications in the mining and mineral handling sector that face wear 

conditions which can be described as impact-abrasive. Some examples are 

tumbling mills in which the used media is highly abrasive, but impact loading is 

also present. The addition of impact loading to abrasive wear may result in more 

rapid degradation of the surface due to the increased possibility of spalling or 

delamination caused by surface fatigue [2], [18]. The wear conditions in impact-
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abrasion are somewhat similar to erosion, but generally the particle size is smaller 

for erosive wear [19], [20], though there is no clear definition for the particle size 

range [16]. 

Impact-abrasive devices have been developed for wear testing purposes such 

as the different types of impeller-tumbler rigs [6], [20], [21]. As the samples are 

rotated with high velocity inside the tumbler, the abrasives impact the samples. 

However, severe abrasion is also present, as seen in the sample surface due to the 

random motion of the abrasive particles. The incident angle causes the particles to 

move along the sample surface, causing abrasive wear [22], [23]. Therefore, the 

term impact-abrasion can be used to describe the aforementioned wear conditions.  

2.1.2 Surface fatigue 

The continuous and repetitive loading of a surface may lead to surface fatigue. The 

repeated loading leads to local accumulation of strain, which causes cracks to 

initiate and propagate after critical strain is reached. The cracks may originate at 

the solid surface or below the surface. Eventually, material loss is caused by flaking 

and delamination of the surface [4], [13]. The wear mechanism is commonly 

present when impacts are involved in the tribosystem. Impact wear can be 

considered one mode of wear processes, but the actual phenomenon leading to the 

wear of material is ultimately surface fatigue. However, wear in real-world 

tribosystems rarely consists of a single mechanism, and often abrasion is present in 

impact wear conditions as well. 

Wear by surface fatigue can be caused by sliding, rolling, or impacting particles 

on the surface of steel [4]. While rolling is the most significant cause of surface 

fatigue with railroad steels, impact loading is often the reason for surface fatigue 

with wear-resistant steels used in the mining and mineral handling sector, as an 

example. Even low-energy impacting particles may cause plastic deformation on 

steel surfaces when the particles have high hardness and sharp edges, such as small 

rocks [23]. The ability to withstand and minimize the damage from surface fatigue 

depends highly on the work-hardening capability of the steel. Extreme hardness 

usually leads to decreased toughness properties in steels, which in turn reduces the 

ability to withstand plastic deformation without cracking [17]. The formation of 

adiabatic shear bands and white etching layer has been found to exhibit a significant 

role in the fracture of steels [17], [24], [25], and it can be assumed that the 

probability of forming shear bands and white layer also affects the wear resistance 

of steels.   
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The environments and conditions in which ultra-high strength wear-resistant 

steels are applied can be complex, and above all, constantly changing. Though 

dumper-trucks and ground-engaging tools may be used at the same mine for years, 

the human operators and the size distribution of the abrasive particles change all 

the time during the excavation processes. Therefore, steels are also facing different 

wear and loading conditions throughout the component lifespan. This is especially 

challenging when it comes to steels that should withstand abrasive and impact wear 

occurring simultaneously. High hardness inhibits abrasive wear but sufficient 

toughness should be maintained to withstand impact wear and to reduce surface 

fatigue. Overall, no single mechanical property or microstructural feature can be 

used to predict the wear performance of a given steel due to the complexity of the 

tribosystems. 

2.2 Wear-resistant steels 

The category of wear-resistant steels is somewhat arbitrary, but generally the steels 

in this category exhibit higher hardness and strength levels compared to structural 

steels. The commercially available wear-resistant steels are often abbreviated by 

the Brinell hardness number (HB), indicating the nominal surface hardness level of 

the steel. Wear-resistant steels are provided in different conditions by steel 

producers, but the final properties are usually obtained by quenching and tempering, 

though tempering is not always necessary.  

The chemical compositions vary, and different alloying elements can be used 

to obtain the desired mechanical properties. For steels with hardness levels from 

400 to 700 Brinells, the carbon content ranges from 0.15 to 0.60 wt.%. The hardness 

and strength of the commercial wear-resistant steels comes from the martensite 

phase, whereas the role of large carbides as hardness providing elements is 

significantly smaller compared to the higher carbon tool steels. Austenite may be 

present in the final microstructure when increasing the carbon content, but usually 

the fraction of retained austenite remains lower than 5%.  

The martensitic wear-resistant steels are inarguably the most common type of 

wear-resistant steels. However, the continuous steel development and research 

work has led to the introduction of new steels that could be utilized as wear-resistant 

material. The thesis focuses on understanding the wear-resistant properties of two 

novel steel types. The first is direct quenched and partitioned (DQ&P) steels that 

consist of a martensitic matrix and different amounts of retained austenite. The 

second is carbide-free bainitic steels (CFB), which essentially comprise different 
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fractions of bainitic ferrite, granular bainite, martensite, and retained austenite. 

Although these steels are novel and therefore less studied than martensitic steels, 

this thesis also covers the effects of tempering and prior austenite grain size on the 

wear resistance of martensitic steels.  

2.2.1 Microstructures  

The mechanical and wear-resistance properties of steels are determined by the 

microstructure. Steels show distinct microstructures that comprise different phases. 

As mentioned, the commercial wear-resistant steels have mostly been martensitic 

but bainitic steels have also been developed to reach ultra-high strength levels. The 

bainitic steels, however, often consist of multiple phases in the microstructure, such 

as different bainitic phases in combination with retained austenite. In contrast, the 

martensitic steels are more homogeneous and the volume fraction of retained 

austenite is usually kept low.  

The mechanical properties of multiphase CFB steels can be altered by varying 

the phase fractions via processing routes, whereas the martensitic steels are mainly 

treated by low-temperature tempering after quenching for improving impact 

toughness. Naturally, chemical compositions can be adjusted to change the 

properties of almost any given steel, but when considering the processing routes of 

martensitic and CFB steels, the latter provides more possibilities for achieving 

different multiphase microstructures. Undoubtedly, the bainitic microstructure also 

requires more complex processing routes compared to the martensitic counterpart. 

However, advances have been made in the processing of martensitic steels as 

well. While martensitic microstructure is rather simple to obtain with suitable 

composition and rapid quenching, the advanced methods of thermomechanically 

controlled processing (TMCP) and direct quenching (DQ) are nowadays applied in 

the fabrication of ultra-high strength steels [1], [26]–[29]. The TMCP in 

combination with DQ has a significant effect on the cost-effectiveness of the 

processing route and provides possibilities for leaner alloying, but improvements 

in low temperature impact toughness have also been achieved. Research work on 

martensitic microstructure has continued for decades and nowadays focuses on 

understanding the strength and hardness of the phase [30]–[32].  
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Martensite 

The martensite phase has generally been considered the phase that shows the 

highest hardness and strength among carbon steels [33]. The metastable phase gets 

its strength from the carbon supersaturated body-centered tetragonal lattice, which 

is formed during rapid cooling from the face-centered cubic lattice of parent phase 

austenite. The resulting strained structure shows high dislocation density and 

subsequently high strength. The phase transformation of austenite to martensite is 

diffusionless, and therefore quenching is required for the fabrication of martensitic 

steels.  

The martensite phase can have different morphologies depending on the carbon 

content, but generally the low- or medium-carbon steels (< 0.5 wt.%) show lath-

like structure [34]. The laths are grouped inside the parent austenite grain to packets, 

which are further divided into blocks and sub-blocks. Low-angle boundaries 

separate the laths from each other and high angle boundaries separate packets and 

blocks from each other [35], [36]. These micron or sub-micron features inside the 

parent austenite grains are essential for defining the mechanical properties of lath 

martensite. Therefore, the prior austenite grain size and morphology have a 

significant role in determining the strength and toughness properties of martensitic 

steels, as the classical Hall-Petch equation dictates [37], [38]. 

The transformation from austenite to martensite takes place during quenching, 

starting at a certain temperature abbreviated as the martensite start temperature (Ms), 

which varies with the alloying element content of the steel. All austenite has 

transformed into martensite when reaching the martensite finish temperature (Mf), 

but this is mainly theoretical for many alloy steels. Though the transformation is 

diffusionless, some precipitate formation may take place after surpassing the Ms 

temperature during quenching, noted as autotempering. Usually fine transition 

carbides are present in martensitic steels due to autotempering or low-temperature 

tempering [39]. Larger carbides are found in martensitic steels with higher carbon 

content designed to be heat-treated and used in hardened condition, such as tool 

steels.  

Tempering is often applied for increasing the toughness properties of 

martensitic steels [40]. Low-temperature tempering (150–200 °C) does not 

drastically decrease the strength and hardness but may increase the impact 

toughness, especially in sub-zero temperatures. Transition carbides are formed and 

the tetragonality is partially lost when tempering below 250 °C, while 

decomposition of retained austenite also takes place. Increasing the tempering 
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temperature to around 250 to 450 °C may increase the risk of tempered martensite 

embrittlement due to the formation of cementite [41]. Also, higher tempering 

temperatures lead to decreased hardness and strength. Thus, low-temperature 

tempering is more relevant for martensitic ultra-high strength steels, such as the 

wear-resistant grades discussed here.  

Martensitic steels have been widely used as wear-resistant steels as mentioned 

earlier. The main reasons for the use of martensitic steels are undoubtedly the high 

mechanical properties (which can be adjusted by the processing route), alloying, 

and heat-treatments. Ultra-high strength martensitic steels also show decent 

usability, allowing welding and bending to be applied with most grades.  

Carbide-free bainite 

The category of ultra-high strength steels has mainly been based on martensitic 

steels, tempered or not, but during the past two decades, the ultra-high strength 

bainitic steels have become widely studied [42]–[46]. Though the idea for carbide-

free steels was introduced much earlier [47], [48], some challenges were later 

overcome, resulting in more feasible processing routes for the production of ultra-

high strength bainitic steels [49], [50]. The CFB steels have also been studied in 

terms of wear performance with different hardness levels [9]–[11], [51]–[53] 

revealing highly promising results.  

The microstructure of carbide-free bainitic steels varies and depends on the 

composition and on the applied processing route. Generally, the phases present in 

CFB steels comprise bainitic ferrite, retained austenite, and some martensite [49]. 

In order to reach ultra-high strength properties, a careful assessment of the 

compositional design (silicon to suppress cementite formation, aluminum or cobalt 

for accelerated bainite transformation [47], [48], [54]) and processing route is 

needed. Conventionally, bainitic steels have required high carbon content and 

isothermal holding times from a few hours to several days to achieve the desired 

ultra-high strength levels. However, medium-carbon compositions have recently 

been explored by applying low-temperature deformation (ausforming) to refine the 

microstructure and increase the dislocation density of austenite in order to obtain 

the high strength and hardness levels [46], [55], [56].  

The carbide-free bainite shows higher mechanical properties than traditionally 

realized with bainitic steels. The ultra-fine, or even nanoscale, features of the CFB 

microstructure account for the strength; the thickness of the bainitic ferrite laths 

can be in the range of 20–40 nm, which results in extremely fine structure with a 
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high density of interfaces resulting in very high strength and hardness [42], [56]. 

Hence, the term nanobainite is also often used to describe this new generation of 

bainitic steels that may exceed tensile strength values greater than 2000 MPa with 

hardness beyond 600 HV [43]. The rapidly growing interest in the development 

and industrialization of CFB steels has made them a genuine option to challenge 

the martensitic steels in different applications, including wear-resistant components. 

Retained austenite 

Some amount of retained austenite is usually present in the metastable structure of 

martensitic steels [33]. This applies to the medium and high carbon steels especially 

as the increasing carbon content lowers the Ms and Mf temperatures. Additionally, 

some other alloying elements, such as nickel, lower the martensite transformation 

temperature and increase the possibility for small amounts of austenite to be 

retained in the matrix at room temperature. Still, the quenched martensitic steels 

often show less than 5% austenite. However, steels fabricated via the quenching 

and partitioning (Q&P) process exhibit a higher amount of retained austenite in the 

matrix. The Q&P process fundamentally aims to produce martensitic 

microstructure with carbon-enriched, stable retained austenite [57]–[59], a 

combination for improved work-hardening, toughness, and elongation via the 

transformation induced plasticity (TRIP) effect. The direct quenching and 

partitioning (DQ&P) is a variation of the Q&P process which replaces the 

traditional reheating process by the utilization of TMCP and DQ methods [60]–[63]. 

The morphologies of retained austenite can be distinguished as pools in the 

matrix or as film-like in between martensite laths (martensitic steels) or between 

bainitic ferrite laths (CFB steels). Blocky austenite as pools in the matrix, whether 

martensitic or bainitic, has been found less stable than when it is film-like [64]. In 

general, both blocky and film-like retained austenite are required for maximizing 

the TRIP effect, but other mechanical properties, such as elongation, might suffer 

from the blocky variant.   

The effect of retained austenite on the wear performance of steels seems to be 

controversial [2]. In the case of CFB steels, the retained austenite appears to 

improve the wear performance by the strain-induced transformation to martensite, 

but generally the austenite content of CFB steels is significantly higher compared 

to martensitic steels [10], [11], [52]. It appears that the retained austenite should be 

stable enough to improve wear resistance, but too high stability may inhibit the 

strain-induced transformation of austenite to martensite, impairing the wear 
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resistance [65]. The mechanical stability of retained austenite is determined by the 

chemical composition, morphology, and grain size [66]–[69]. However, for 

martensitic steels, the role of retained austenite in determining wear resistance is 

still unclear.  

2.2.2 Mechanical properties 

Hardness has traditionally been considered the main factor influencing the wear of 

steels. Obviously, the definition of hardness already explains the significance of the 

material property for wear resistance; it is the material’s ability to resist penetration 

by other materials – a material’s resistance to plastic deformation, for example [70]. 

Harder material scratches the softer material which is also the fundamental rule for 

abrasive wear [4]. However, the conditions in different wear environments are very 

rarely purely abrasive, as discussed earlier. The hardness of a given steel cannot 

solely predict the wear performance, though results often do indicate this type of 

behavior. Therefore, there are two aspects regarding the hardness of steels that 

should be emphasized when discussing the wear resistance to avoid confusion in 

the hardness debate. First, distinction should be made between the initial hardness 

of the steel prior to wear and the deformed hardness after the wear process. Steels 

with similar hardness levels may perform differently due to different work-

hardening capabilities and subsequently show differences in wear resistance. 

Secondly, the correlation between the initial hardness and wear resistance appears 

strong when steels with similar microstructures are studied [6], [71], i.e., the 

increasing hardness for steels generally improves the wear resistance. However, the 

correlation might not apply when different microstructures are compared. 

Accordingly, hardness alone cannot explicitly predict the wear performance of 

steels. 

The hardness and strength of steels are related, and the increase of tensile 

strength also generally increases the hardness and vice versa. Yield strength does 

not seem to affect the wear resistance as drastically as tensile strength, but naturally 

the ultra-high strength steels exhibit high yield strength values as well. Ductility is 

often expressed as percent elongation with ultra-high strength steels. However, the 

strength values measured by tensile testing, as well as hardness, are mainly 

measured with quasi-static conditions, which might not be the case in different 

abrasive and impact-abrasive wear conditions.  

Impact toughness measured as Charpy-V notch test absorbed energies is often 

debated, whether the results correlate well with the wear-resistant properties, 
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especially regarding impact wear. Typically, the impact toughness decreases with 

the increasing carbon content but the link between the wear performance and 

impact toughness remains somewhat unclear [2]. On the other hand, fracture 

toughness has been discussed as having a more important role in determining the 

wear resistance of steels [4], [72], [73]. It has been shown that increasing the 

fracture toughness properties improves the wear performance in impact-abrasive 

conditions [18]. Therefore, the toughness properties of steels should be considered 

carefully when assessments are made on different mechanical properties which 

affect the wear performance of steels.  

Work-hardening, also referred to as strain-hardening, is considered one of the 

most significant factors affecting the wear resistance of steels [2]. Work-hardening 

in abrasive or impact wear conditions occurs when the steel surface is deformed 

plastically by the abrasive or impacting particles. High local strain increases the 

dislocation density, which leads to increased hardness of the deformed surface, 

eventually affecting the wear resistance of the steel [4], [14]. The highly deformed 

regions near the wear surface may show different characteristics from the unworn 

material, such as deformation twins, fragmented grains, and cell structures [4]. 

However, in severe high-stress abrasive or impact-abrasive conditions, the increase 

in hardness may result in brittle behavior, for example the stresses near the surface 

grow too high for the surrounding microstructure to accommodate, and 

subsequently crack initiation and propagation lead to surface damage by 

delamination [17]. Hence, understanding the work-hardening properties is vital for 

improving the wear resistance of steels in abrasive and impact-abrasive conditions. 

The link between the different microstructural features and work-hardening should 

be more carefully studied in order to understand the wear behavior of steels.   
  



34 

 



35 

3 Materials and methods 

In this chapter, the studied materials and the employed research methods are 

described. Several different steels were included in the work. The materials were 

characterized for microstructural features and tested for mechanical properties and 

wear resistance.  

3.1 Materials 

The materials studied in this work were commercially available and experimental 

steels. The commercial steels were two 500 HB grade wear-resistant steels and a 

medium-carbon press-hardening steel. The experimental steels covered a direct 

quenched medium-carbon steel, direct quenched and partitioned steels, and 

multiple carbide-free bainitic steels. The steels were selected to cover a hardness 

range of 400 to 600 HV, but the main focus was on the 500 HB (approximately 540 

HV) hardness level. In addition to the actual test materials, a reference material was 

always included in the wear testing. This was done to monitor the test rounds for 

any possible distortions or abnormalities. The reference material was either a 400 

HB (Publications II and III) or 500 HB (Publications I and IV) commercial wear-

resistant steel.   

3.1.1 Commercial steels 

The 500 HB grade steels were selected to represent the wear-resistant steel category 

that combines high hardness and decent toughness level; the combination of 

mechanical properties, usability (welding, forming, cutting), and wear performance 

was found compelling. Also, similar 500 HB grade steels have been studied 

previously and used as reference material in several studies [5], [17], [23], [29], 

[74], [75]. The 500 HB steels were abbreviated as C30 (Publication II) and C27 

(Publication III). The press-hardening steel was selected due to the carbon content 

of 0.43 wt.%, which allowed the adjustment of hardness level by tempering 

treatments. Furthermore, the tempered variants could be compared to similar 

hardness level, lower carbon content direct quenched steels. The press-hardening 

steel was abbreviated as C43, referring to the carbon content. 

The commercial C30 wear-resistant steel was tested in the as-received 

condition (12 mm thick heavy plate), i.e., no further heat-treatments were applied 

prior to testing. The C27 steel was tested in the as-received condition and the steel 
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was also heat-treated to alter the prior austenite grain size. The C43 press-hardening 

steel was received in hot-rolled condition for subsequent reheating and quenching 

at the Materials and Mechanical Engineering (MME) laboratory at the University 

of Oulu. 

The C27 steel heat treatments were done for pre-cut plates which had 

dimensions of 300 x 250 x 6 mm. The plates were heated to either 860 or 960 °C 

and held for 25 minutes. Then, the plates were submerged into a water tank for 

rapid quenching. The C43 steel was also cut to smaller test plates (300 x 250 x 10 

mm) from the hot-rolled large strip-mill sheet. The test plates were subjected to 

austenitization at 980 °C for 40 min before water quenching. Tempering for 2 hours 

at different temperatures (150, 200, 300, and 400 °C) were then applied. In addition, 

a water quenched (WQ) variant without tempering and a hot-rolled (HR) variant 

were included in the testing for the C43 steel. The chemical compositions for the 

steels are shown in Table 1 with the respective publication in which the given steels 

were studied. The C43 chemical composition was provided by SSAB Europe, 

Raahe, Finland, and the analysis was done with a spark source-optical emission 

spectrometer. The chemical compositions for the other commercial steels are given 

as nominal maximum content from the product sheet given by the manufacturer.  

Table 1. Alloying element content of the tested steels; balance Fe [Publications I–IV]. 

Material 

 

Alloying element content (wt.%) 

C Si Mn Al Cr Mo Ni V Nb 

Publication I          

Steel A  0.30 0.56 2.000 1.1 2.20 0.004 0.001 0.0010 0.0050 

Steel B  0.29 0.99 1.860 0.01 1.01 0.003 0.003 0.0005 0.0006 

Publication II          

C301 0.30 0.80 1.70 - 1.50 0.50 1.00 - - 

C35 0.35 0.25 0.51 0.033 0.77 0.15 2.00 - - 

C43 0.43 0.20 0.25 0.035 0.05 0.69 0.05 - - 

Publication III          

C271 0.27 0.50 1.60 - 1.20 0.25 0.25 - - 

Publication IV          

Steel A 0.40 1.30 2.00 <0.01 0.70 <0.01 - 0.02 <0.01 

Steel B 0.40 1.30 2.00 <0.01 0.70 0.3 - 0.02 0.02 

Steel C 0.40 1.30 2.00 <0.01 0.70 <0.01 - 0.1 0.02 

Steel D 0.40 1.00 2.00 0.5 0.70 <0.01 - 0.1 0.02 

Steel E 0.50 1.30 2.00 <0.01 0.70 <0.01 - 0.1 0.02 

500 HB1 0.30 0.80 1.70 - 1.50 0.50 1.00  - 

1Nominal maximum content from product sheet. 
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3.1.2 Experimental steels 

The experimental steels were designed in the Materials and Mechanical 

Engineering (MME) research unit for introducing new concepts to the ultra-high 

strength steel category. The casts were provided by partners outside MME, but all 

the hot-rolling and heat-treatments were done at the MME facilities.  

The initial idea of the direct quenching and partitioning (DQ&P) was to 

provide a new, more feasible and energy-efficient processing route for medium-

carbon quenched and partitioned (Q&P) steels. The retained austenite content was 

to be controlled by altering the quench stop temperature in between the martensite 

start and finish temperatures. The resulting microstructure would be a martensitic 

matrix with different levels of retained austenite for improved toughness properties. 

The concept for the carbide-free bainitic steels (CFB) was to utilize medium-

carbon compositions in combination with ausforming methods to produce new 

CFB steels to meet the 500 HV hardness level. The main novelty was in the use of 

different ausforming routes to control the phase fractions. Therefore, different 

bainitic steels could be produced with varying phase constituents and versatile 

mechanical properties.  

An experimental direct quenched 600 HB grade steel was also produced for 

comparison purposes. The composition had previously been designed to exceed the 

600 HB hardness level when using the direct quenching processing route. The steel 

was abbreviated C35, based on the carbon content.  

The temperature monitoring during the heat treatments and cooling processes 

in all the tests was done with an ANSI K-type thermocouple. The thermocouple 

was either inserted to a pre-drilled hole (slabs, blocks) or spot welded to the surface 

of the sample (plates). The cooling rate for the water quenching was between 60 to 

80 °C/s depending on the sample size. The chemical compositions are listed in 

Table 1.  

Direct quenched and partitioned steels 

The direct quenched and partitioned steels were received as laboratory scale casts 

(OCAS, Ghent, Belgium) and further cut to smaller dimensions (120 x 80 x 60 mm). 

The compositions were analyzed with a spark source-optical emission spectrometer 

(Steel A), inductively coupled plasma-optical emission spectrometer (Steel B) and 

combustion method provided by OCAS. The slabs were reheated to 1200 °C and 

held for two hours prior to hot-rolling. The DQ&P steels were hot-rolled in two 
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stages before the actual quenching and partitioning treatment. The first stage 

included hot-rolling the slab with four passes to 26 mm thickness, aiming for a 

temperature range of 1020–1040 °C with the fourth pass. The second stage was 

initiated by holding until the temperature dropped below 900 °C followed by hot-

rolling with four passes. The finish rolling temperature (FRT) aimed for was 800–

820 °C. Subsequently, the rolled plates were directly quenched to the quench stop 

temperature (TQ), which was followed by immediate transfer to the furnace pre-

heated to the corresponding partitioning temperature. The selected TQ and 

partitioning temperatures were 175 and 225 °C, which were chosen based on earlier 

simulations conducted with the Gleeble 3800 thermomechanical simulator [76]. 

After placing the hot-rolled plates in the pre-heated furnace, the heating was 

switched off and the plates were allowed to cool slowly to room temperature. The 

cooling process in the furnace was estimated to have taken over 50 hours. The DQ 

variants were also hot-rolled with the similar two-stage rolling schedule, but the 

quenching was applied directly to room temperature without the partitioning 

treatment. 

Carbide-free bainitic steels 

The carbide-free bainitic steels comprised five medium-carbon compositions with 

varying levels of carbon, vanadium, niobium, molybdenum, and aluminum (see 

Table 1). Cast blocks with dimensions of 150 x 150 x 500 mm were homogenized 

at 1250 °C for 24 hours, which was followed by rough rolling to a thickness of 45 

mm. Due to the long annealing time and subsequent decarburization, the rough-

rolled blocks had 2 mm milled away from both surfaces. The blocks were then 

reheated to 1250 °C for 90 min soaking prior to the hot-rolling and ausforming. 

Three ausforming temperatures were selected for adjusting the phase fractions. The 

respective temperatures were 850, 550, and 450 °C, abbreviated as high 

temperature (HT), medium temperature (MT), and low temperature (LT). The 

realized ausforming temperatures were 820, 550, and 420 °C respectively. The final 

thickness of the plates was 12 mm after the ausforming. Each sample was followed 

by isothermal holding at 350 °C for 90 minutes after the ausforming process to 

facilitate the bainitic transformation. The isothermal holding time and temperature 

were based on physical simulations conducted with Gleeble [46]. Schematic 

illustration of the CFB processing routes is presented in Fig. 3.  
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Fig. 3. Schematic illustration of the CFB steel ausforming routes (Reprinted under CC 

BY-NC-ND 4.0 license from Publication IV © 2020 Authors).  

Direct quenched 600 HB steel 

The C35 steel was hot-rolled in the MME facilities with a laboratory scale hot-

rolling mill. The steel was vacuum-melted and cast by OCAS, Ghent, Belgium. The 

chemical composition was determined by spark source-optical emission and 

combustion analysis provided by OCAS. The lab-cast ingots were cut into smaller 

slabs with dimensions of 140 x 80 x 60 mm. The C35 steel was hot-rolled with six 

passes from the initial slab (60 mm) thickness to 12 mm thick plates. The small-

scale slabs were initially soaked for two hours at 1200 °C before hot-rolling. Direct 

quenching was applied after the final rolling pass by submerging the rolled plates 

into a water tank.   

3.2 Microstructural characterization 

Microstructural characterization of the tested materials was done in both Materials 

and Mechanical Engineering and in Centre for Material Analysis facilities at 

University of Oulu, Finland. A field-emission scanning electron microscope (Zeiss 
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Sigma, FESEM) was utilized for observing the microstructures of the steels. Basic 

grinding and polishing techniques were applied during the sample preparation, and 

Nital (2 vol.%) solution was used for etching the samples prior to the inspection. 

Generally, the images were taken with an in-lens detector [77] using 5 kV 

acceleration voltage and 5 mm working distance. The in-lens detector and the given 

parameters were found optimal for the characterization of the studied steels: the 

low acceleration voltage caused less damage on the samples, whereas the short 

working distance provided high enough resolution.  

Electron backscatter diffraction (EDAX Hikari XP, EBSD) imaging was 

utilized in Publication III for the prior austenite grain size (PAGS) calculations. The 

used working distance was 15 mm, the acceleration voltage was 15 kV, the tilt angle 

70°, and the scanning step size was 0.18 µm. The reconstruction of the grains and 

the determination of PAGS from the EBSD data were done using the MatLab 

program supplemented with an MTEX toolbox, originally developed by Nyyssönen 

et al. [78] and modified by Javaheri et al. [79], [80]. 

Retained austenite measurements as volume fraction for the steels were done 

with the X-ray diffraction method (XRD) using a Rikagu SmartLab 9 kW 

diffractometer. The radiation source was a cobalt anode (CoKα radiation) and the 

unit was operated at 135 mA and 40 kV settings. The phase fractions by volume 

were calculated from the XRD data with Rietveld’s whole powder profile fitting 

method using PDXL2 software. The retained austenite values were measured from 

both unworn and worn samples to determine the amount of austenite transformed 

during the wear testing in Publications I and IV. However, only the unworn samples 

were characterized with XRD in Publications II and III due to the low initial content 

of retained austenite.  

A laser scanning confocal microscope (Keyence VK-X200) was also utilized 

for the imaging of the microstructures and worn samples in addition to the FESEM. 

Optical, laser, and laser-optical images were taken for characterization purposes. 

Images for the PAGS measurements were taken with the laser scanning confocal 

microscope. A tool developed by Seppälä et al. [81] was used for the PAGS 

calculations based on the mean linear intercept method [82]. The samples for the 

PAGS measurements were prepared similarly to the other microscopy samples, but 

the etching was done with a saturated aqueous solution of picric acid added with a 

few drops (4–6) of hydrochloric acid to reveal the prior austenite grain boundaries. 
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3.3 Mechanical testing 

Strength, impact toughness, and hardness were the main mechanical properties 

tested for the materials used in the study. Tensile tests were carried out according 

to the EN 10002-1 standard. Different sample sizes and geometries (flat and round) 

were utilized due to the different plate thicknesses and sizes of the used materials. 

Charpy-V notch impact toughness testing (ISO 148-1) was also done with different 

sample thickness as the material thickness varied. The measured impact energies 

(J) were converted directly proportional to J/cm2.  

Hardness testing was done with the Struers Duramin A-300 tester for the 

material bulk hardness measurements. The used method was Vickers HV10. For 

each material, a minimum of five indentations were made on the cross-sectional 

samples through the thickness of the samples.  

3.4 Wear testing 

All wear tests were conducted in Tampere Wear Center (TWC) at Tampere 

University, Finland. The selected test apparatuses were the impeller-tumbler and 

the dry-pot. Both devices were designed in-house and represent application-

oriented testing methods to simulate real-world conditions with the use of natural 

rocks as the abrasive media. The abrasive medium used in the wear testing was 

crushed and sieved granite from Kuru quarry in Finland. The granite has solid 

density of 2.64 t/m3, crushability value of 38%, abrasiveness of 1380 g/t, and mean 

hardness of 977 ± 134 HV. The nominal mineral content consists of quartz (35 

wt.%), plagioclase (30 wt.%), orthoclase (28 wt.%), and biotite (3 wt.%) [75].    

3.4.1 Impeller-tumbler 

The impeller-tumbler device consists of an impeller part, in which the samples are 

attached, and the surrounding tumbler part. The device is shown in Fig. 4. The 

machine has been designed to cause high-stress, impact-abrasive wear on the 

samples [21]–[23]. Three samples can be attached to the impeller at a time, and 

three different sample holders are available at 30, 60, or 90° sample angle options. 

The samples are rotated with high speed by the impeller as the tumbler rotates 

slowly to lift the abrasives. Both the impeller and the tumbler rotate in the same 

direction. In all the tests, the rotation speed for the impeller was 700 rpm and 30 
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rpm for the tumbler. The maximum speed at the tip of the sample was 

approximately 8 m/s, which resulted in impact energies up to 80 mJ [21].  

 

Fig. 4. a) Schematic illustration of the impeller-tumbler and b) photograph of the device 

with three samples fitted at 90° angle (Reprinted, with permission, from [23] © 2013 

Elsevier and from Publication II © 2019 Elsevier). 

The testing time for all tests was 60 minutes for the actual test, and a 15-minute 

period for running in the samples to reach steady-state wear. Therefore, the total 

running time for one sample in the impeller-tumbler testing was 75 minutes. The 

testing was paused every 15 minutes to weigh the samples and replenish the gravel. 

The cleaning of the samples was done with pressurized air prior to every weighing.  

The used abrasive medium was natural granite from Kuru quarry in Finland. 

The granite had been crushed and sieved to a 10–12 mm size distribution to be used 

as 900-gram batches in the testing. The comminution of the gravel and rounding of 

the sharp particles occurs rapidly during the tests, and hence the gravel was 

replenished every 15 minutes during the test with a fresh batch of abrasives.  

The sample size was 75 x 25 mm with a thickness of 8 mm (Publication II) or 

10 mm (Publication I). Three samples were attached to the impeller during the 

testing and one of the samples was always a reference sample to monitor the test. 

The samples were attached to the sample holder at a 60° angle to normal to have 

mixture of both impact and abrasive wear on the samples. Most wear concentrates 

on the outermost edge of the samples due to the nature of the testing method [22]. 

Fig. 5 shows the impeller-tumbler samples prior to and after the wear testing. Two 

samples of each material variant were tested to obtain the results. The average 

standard deviation given by this test method is generally less than 3% [21], and this 

was also achieved with the samples tested in the current research.   
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Fig. 5. Impeller-tumbler samples prior to wear testing (left) and after wear testing (right). 

3.4.2 Dry-pot method 

Dry-pot is a pin-mill type wear tester designed to simulate harsh, high-stress 

abrasive conditions [10], [29], [75]. The device consists of a shaft that is rotated 

inside a steel pot. The sample holders are attached to the shaft, which is then 

lowered to the pot filled with abrasives. The samples are rotated through the gravel 

bed and the rotation speed can be adjusted. The method was utilized for wear testing 

in Publications II, III, and IV. The device can also be used as a slurry-erosion tester 

[74], [83], [84]. A schematic illustration with a photo of the device is shown in Fig. 

6. 
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Fig. 6. a) Schematic illustration of dry-pot tester and b) the device fitted with four 

samples at +45° angle (right) (Reprinted, with permission, from Publication III © 2020 

Elsevier). 

The setup and parameters for the tests were designed to cause maximum differences 

between the samples, and to observe the effects of work-hardening due to the long 

testing time. Therefore, the total running time for one round of testing was 240 

minutes and the rotation speed was set to 250 rpm. The testing round was split into 

four 60-minute periods, and between the periods the samples were cleaned with 

pressurized air, weighed, and the gravel batch was replenished. The samples were 

placed on a +45-degree angle (see Fig. 6b).  

The selected abrasive medium was the same type of gravel used in the impeller-

tumbler testing: natural granite from Kuru quarry, Finland. The size distribution for 

the abrasives was 8–10 mm and each batch of gravel weighed 9000 grams for a 

single 60-minute test period. In addition to the granite abrasives, some quartzite 

from Nilsiä quarry, Finland, was placed underneath the gravel to prevent the granite 

particles from descending below the shaft head, i.e., to ensure maximum contact of 

the granite gravel with the samples. The quartzite batch was 1350 grams for each 

60-minute test period with a size distribution of 100–600 µm.  

The dry-pot is generally run with four samples at a time: two on the upper part 

and two on the lower part, all samples being submerged in the gravel. However, the 

gravel is more densely packed in the lower section of the test chamber, creating 

more severe abrasive conditions for the lowermost sample holder slots. Therefore, 
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to minimize this effect, the samples were rotated through all four sample holder 

slots, and the starting positions for the samples were reversed for the second sample 

for each material variant. The dry-pot samples face heavy edge wear as seen in Fig. 

7, similar to the impeller-tumbler samples [74]. The sample size was 60 x 40 mm 

with a thickness of 6 mm (Publications II and III) or 10 mm (Publication IV). A 

minimum of two samples per material variant were always tested. The average 

standard deviation for the mass loss during testing was less than 3%. 

 

Fig. 7. Dry-pot samples prior to wear testing (left) and after wear testing (right). 

3.5 Characterization of wear surfaces 

FESEM was also used for the characterization of the worn samples. Cross-sectional 

imaging of the wear surfaces was done with the same detector and parameters (in-

lens, 5 kV, 5 mm working distance) as the imaging of the bulk microstructure. 

Backscattered electron (BSE) images were taken with the FESEM to investigate 

the granite covered wear surfaces of the worn samples. The acceleration voltage 

was 20 kV and the working distance was 10 mm for the BSE imaging. The BSE 

images were taken directly from the wear surfaces and the images were also used 

for the granite coverage calculations. The calculations of the granite coverage 

consisted of first imaging the sample surface with the BSE detector and then 

processing the image with FIJI image analysis software. The BSE images were 

converted to black and white images by using threshold values, and then the area 
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covered in granite (black) was measured as a fraction covered of the whole area. 

An example of a raw BSE image and FIJI converted image is shown in Fig. 8. This 

image processing allowed the quantitative comparison of the surface area covered 

in granite in addition to the visual inspection of the surfaces. Three images per 

sample were used for the granite coverage calculations. However, it should be 

pointed out that the depth of the granite embedment cannot be estimated with this 

method.  

 

Fig. 8.  a) BSE image before image processing and b) the same image converted to 

black and white for granite coverage calculations. 

The wear surfaces were also characterized with the laser scanning confocal 

microscope. Cross-sectional imaging and surface roughness measurements were 

conducted with the device. The scans were done directly on the wear test sample 

surfaces for determining the Ra (arithmetic mean roughness) and Rq (root mean 

square height) values based on the ISO 4287-1997 standard method.  

Retained austenite content was measured from the worn samples. A focused 

parallel beam optical device fitted on the Rikagu XRD device allowed the 

measurement of different phases directly from the wear surfaces. In addition, EBSD 

mapping was done on the cross-sectional wear samples. The worn samples were 

coated with nickel to improve the quality of the mapping of the deformed 

microstructures and a special polishing method [85] was applied during the sample 

preparation. The use of nickel coating caused less distortion when mapping the 

wear surface close to the interface of the sample and the plastic mount. Step size 

ranged from 0.1 µm to 0.015 µm depending on the used magnification. The 

acceleration voltage was 15 kV and the working distance was 15 mm. The 

deformed grain structures were reconstructed with the MatLab program and MTEX 

toolbox similar to the reconstruction of grains for the PAGS measurements.  
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Microhardness measurements were made on the worn samples to examine the 

effect of work-hardening on the steels. In Publication II, the microhardness 

measurements were done on the cross-sectional samples cut from the impeller-

tumbler samples (0.5 N load), whereas in Publications III and IV the microhardness 

measurements were done on the tapered dry-pot samples (0.25 N load). The latter 

method was considered more reliable as the indentations were made directly on the 

wear surfaces instead of the cross-sectional samples.  

The tapered samples were prepared by cutting a small piece from the worn 

samples and placing it on a taper section sample holder (Fig. 9). Then the samples 

were cold mounted, polished, and subsequently etched with Nital (2 vol.%). This 

allowed the microhardness testing to be conducted beneath the interface of the 

granite embedded surface and the deformed microstructure, i.e., as close as possible 

to the wear surface without any interference of the embedded granite particles.   

 

Fig. 9. Tapered samples: sample and taper section angle prior to cold mounting (left) 

and polished and etched cold-mounted sample (right).  
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4 Results 

The results of studying the effect of different factors on the wear resistance of ultra-

high strength martensitic steels and carbide-free bainitic steels are introduced in 

this chapter. Summary of the results from Publications I–IV is presented here. The 

chapter is divided into four similarly constructed subchapters each presenting a 

summary of results from the respective publication. The chemical compositions for 

the steels were given in Table 1 (see page 36). 

4.1 Effect of retained austenite content on the impact-abrasive 

wear characteristics of direct quenched and partitioned steels 

The novel direct quenching and partitioning (DQ&P) processing method was 

studied in Publication I. Two chemical compositions (abbreviated Steels A and B) 

were included and processed via two DQ&P routes with quench stop temperatures 

(TQ) of 175 and 225 °C to achieve different levels of retained austenite in the 

martensitic matrix. For comparison, direct quenching (DQ) to room temperature 

(RT) was also applied to include DQ variants of the Steels A and B. A commercial 

500 HB grade wear-resistant steel was used as a reference material in the wear 

testing.  

4.1.1 Microstructures and mechanical properties 

The microstructures of the steels are shown in Fig. 10. All studied steels showed 

martensitic microstructure in the FESEM imaging, but XRD measurements 

confirmed the presence of retained austenite for the experimental steels, whereas 

the commercial 500 HB showed no austenite retained in the final microstructure. 

The direct quenched variants had approximately 3% austenite, the samples with the 

175 °C quench stop temperature had roughly 6% austenite, and the 225 °C variants 

showed 10% of retained austenite. The retained austenite was presumed to be in 

the form of thin films in between the martensitic laths (interlath) as the EBSD 

measurements did not show any larger pools of austenite in the microstructure. The 

prior austenite grain size was estimated to be around 15 µm with slightly elongated 

morphology (aspect ratio 1.3–1.5) for the DQ&P steels.  
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Fig. 10. Microstructures of the martensitic steels: Steel A and B with DQ (2.6 and 2.8% 

retained austenite) and DQ&P treatments at 175 (A: 6.3%, B: 6.6% RA) and 225 °C (A: 

10.1%, B: 10.2% RA), and the fully martensitic 500 HB steel (Reprinted, with permission 

from Publication I © 2017 Elsevier). 
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The martensitic structures did not show significant differences between the samples, 

except for the extent of the white precipitates. Fig. 11 shows a close-up comparison 

of Steel B DQ and DQ&P 225 °C variants. There are more untempered or less-

tempered darker regions (I) in the DQ sample, which show very fine precipitates. 

These have presumably been formed during the direct quenching to room 

temperature by auto-tempering. Also, the precipitate size in the more tempered 

regions (II) is smaller for the DQ sample as the DQ&P sample has had more time 

for the precipitates to coarsen during the slow cooling.  

 

Fig. 11. FESEM images of Steel B DQ (a) and Steel B DQ&P 225 °C (b) showing the darker, 

untempered regions (I) and more tempered precipitate rich regions (II). A prior austenite 

grain boundary is shown for the Steel B DQ (dashed line).  

The mechanical properties for yield strength, tensile strength, bulk hardness, 

elongation, and Charpy-V impact toughness at −40 °C, are given in Table 2 along 

with the measured retained austenite contents. Unsurprisingly, the highest strength 

and hardness were achieved using the direct quenching route, while the DQ&P 

method improved the impact toughness and elongation.  
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Table 2. Mechanical properties of the tested steels: Rp0.2 (0.2% offset yield strength), Rm 

(tensile strength), Ag (plastic component of the uniform elongation), HV10 (Vickers hardness 

kgf/mm2), KV (−40 °C, J) (Charpy-V impact energy at −40 °C for 10 x 10 x 55 mm samples), 

and RA (retained austenite content) with standard deviations included (Adapted, with 

permission, from Publication I © 2017 Elsevier).  

Material TQ 

(°C) 

Rp0.2 

(MPa) 

Rm 

(MPa) 

Ag 

(%) 

Bulk HV10 

(kgf/mm2) 

KV 

(J) 

RA 

(%) 

Steel A DQ RT 1477 ± 44 2086 ± 9 3.7 ± 0.1 627 ± 11 8 2.6 

Steel B DQ RT 1475 ± 69 2095 ± 9 3.9 ± 0.2 628 ± 10 11 2.8 

        

Steel A DQ&P 175 1322 ± 26 1910 ± 12 4.6 ± 0.1 544 ± 7 38 6.3 

Steel B DQ&P 175 1196 ± 71 1871 ± 11 4.6 ± 0.2 573 ± 6 45 6.6 

        

Steel A DQ&P 230 1026 ± 54 1717 ± 20 5.7 ± 0.3 505 ± 5 43 10.1 

Steel B DQ&P 220 1108 ± 44 1659 ± 14 5.1 ± 0.4 526 ± 6 41 10.2 

        

500 HB1 - 1300 1600  510–570 30 <0.5 

1Information from the manufacturer’s data sheet (typical properties). 

4.1.2 Wear test results 

The impeller-tumbler impact-abrasive testing device was utilized for the evaluation 

of the wear performance. The results for the average mass loss and the measured 

surface roughness values after the wear testing are given in Table 3. The mass loss 

and the initial surface hardness were in good correlation (Fig. 12), though the 500 

HB steel showed relatively better wear performance in terms of hardness-to-mass 

loss ratio when compared to the experimental steels. Surface roughness values for 

the DQ&P 225 °C steels were lower than the DQ&P 175 °C variants despite the 

latter showing lower mass loss in the impeller-tumbler tests.  
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Table 3. Mass loss, surface hardness, and surface roughness values of the tested steels 

(Adapted, with permission, from Publication I © 2017 Elsevier). 

Material TQ 

(°C) 

Surface HV10 

(kgf/mm2) 

Mass loss 

(g) 

Ra 

(µm) 

Rq 

(µm) 

Steel A DQ RT 635 ± 20 0.231 ± 0.010 7.20 ± 0.30 9.56 ± 0.43 

Steel B DQ RT 616 ± 15 0.238 ± 0.002 7.21 ± 0.17 9.62 ± 0.26 

      

Steel A DQ&P 175 535 ± 15 0.263 ± 0.015 9.39 ± 0.71 12.48 ± 0.96 

Steel B DQ&P 175 565 ± 15 0.253 ± 0.001 9.08 ± 1.22 11.85 ± 1.80 

      

Steel A DQ&P 230 524 ± 15 0.268 ± 0.001 8.29 ± 0.28 10.79 ± 0.39 

Steel B DQ&P 220 507 ± 16 0.276 ± 0.009 8.90 ± 0.40 11.69 ± 0.64 

      

500 HB - 479 ± 20 0.268 ± 0.001 8.98 ± 0.19 11.63 ± 0.29 

 

Fig. 12. Correlation between mass loss and surface hardness for the DQ and DQ&P 

steels (500 HB excluded from the fitting curve) (Reprinted, with permission, from 

Publication I © 2017 Elsevier). 

4.1.3 Wear surfaces 

The examination of wear surfaces with laser scanning confocal microscope and 

FESEM for the cross-sectional samples showed the severity of the impact-abrasive 

wear. Adiabatic shear bands and white etching layer were discovered in all samples, 
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and deformed microstructures near the wear surfaces showed highly orientated 

martensitic structure (Fig. 13). It should be noted that the white etching layer and 

shear bands appear white in light optical microscopy images, while in FESEM 

images they appear dark. 

 

Fig. 13. Cross-sectional FESEM image of sample Steel B 225 °C wear surface with 

plastically deformed microstructure (Adapted, with permission, from Publication I © 

2017 Elsevier). 

The DQ steels with the highest initial hardness had the least embedded granite, but 

the wear surface cross-sections showed notable white layer formation, whereas the 

DQ&P samples appeared to have more shear bands beneath the surface (Fig. 14–

16). However, the highest amount of embedded granite was seen with the 500 HB 

steel, which also showed the deepest penetration for the granite particles and 

subsequently a higher depth of plastic deformation. The XRD measurements on the 

wear surfaces confirmed that the retained austenite had transformed into martensite.  
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Fig. 14. Laser scanning confocal micrographs of Steel A wear surfaces (Adapted, with 

permission, from Publication I © 2017 Elsevier).  
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Fig. 15. Laser scanning confocal micrographs of Steel B wear surfaces (Adapted, with 

permission, from Publication I © 2017 Elsevier). 
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Fig. 16. Laser scanning confocal micrographs of 500HB steel wear surface (Adapted, 

with permission, from Publication I © 2017 Elsevier).  

4.2 Effect of tempering on the impact-abrasive and abrasive wear 

resistance of martensitic steels 

Publication II investigated the effect of tempering on the impact-abrasive and 

abrasive wear resistance of martensitic ultra-high strength steels. Medium-carbon 

(0.43 wt.%) press-hardening steel (C43) was austenitized and quenched before 

being given different tempering treatments (2 hours at 150, 200, 300, and 400 °C). 

A water-quenched (WQ) sample of C43 with no tempering treatment and a hot-

rolled (HR) sample of the C43 were also included. The steels were tested with the 

impeller-tumbler and dry-pot devices, and the results were compared to a 

laboratory rolled 600 HB (C35) steel and a commercial 500 HB (C30) grade 

martensitic steel.  

4.2.1 Microstructures and mechanical properties 

The C43 steel subjected to quenching and low-temperature tempering (WQ, 150, 

and 200 °C) showed typical martensitic microstructure. The major differences in 

the microstructures were discovered in the amount of small precipitates, which was 

increasing with the tempering temperatures whereas the darker, untempered 

martensite areas were decreasing. The higher tempering temperatures of 300 and 

400 °C introduced cementite formation and carbide spheroidization. The C43 HR 

showed banded ferritic-pearlitic microstructure. The C35 steel exhibited 

microstructure similar to the C43 WQ and 150 °C variants, whereas the commercial 

C30 was closer to the C43 200 °C. The typical microstructures are shown in Fig. 
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17. Prior austenite grain sizes for the steels were: 12.3 ± 0.6 µm for the C43 steels, 

20.2 ± 1.4 µm for the C35, and an estimated 20 µm for the C30. 

 

Fig. 17. Microstructures of the tested steels: a) C43 with ferritic-pearlitic microstructure, 

and b-h) other steels showing martensitic microstructures with different degrees of 

tempering (C30, C35, and C43 variants) (Reprinted, with permission, from Publication II 

© 2019 Elsevier). 
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The mechanical properties of the steels are presented in Table 4. The water 

quenched and low temperature tempered (150 °C) variants of the C43 steel showed 

the highest hardness and strength, whereas the increase of tempering temperature 

resulted in decreasing hardness and strength. The direct quenched C30 and C35 had 

hardness on par with the C43 300 °C (C30) and C43 200 °C (C35), allowing the 

further comparison of similar hardness level steels in regard to wear performance. 

The hot-rolled (HR) variant of the C43 had very low mechanical properties 

compared to the other steels, except for elongation. The room temperature impact 

toughness for the C43 variants was improved with the tempering, while a plateau 

was reached with the low-temperature testing (−40 °C) for the 300 and 400 °C 

tempered samples, presumably due to the effects of tempered martensite 

embrittlement. The highest impact toughness values were measured for the 

commercial C30 wear resistant steel, while the C35 had somewhat similar impact 

toughness properties as the C43 WQ.  

Table 4. Mechanical properties of the tested steels including 0.2% offset yield strength 

(Rp0.2), ultimate tensile strength (Rm), uniform elongation (Ag), bulk Vickers hardness 

(HV10), impact toughness at room temperature (RT) and −40 °C with Charpy-V results 

converted proportionally to J/cm2, and retained austenite content (RA) (Reprinted, with 

permission, from Publication II © 2019 Elsevier).  

Material Rp0.2 

(MPa) 

Rm 

(MPa) 

Ag 

(%) 

Bulk HV10 

(kgf/mm2) 

Charpy-V (RT / 

−40 °C 

(J/cm2) 

RA 

(%) 

C43 HR 471 ± 24 711 ± 23 9.4 ± 0.4 195 ± 4 8 ± 0 / 5 ± 0 - 

C43 WQ 1528 ± 13 2233 ± 9 5.5 ± 0.3 653 ± 16 18 ± 5 / 14 ± 2 3.6 

              

C43 150 °C 1606 ± 22 2168 ± 28 5.1 ± 0.4 668 ± 15 25 ± 2 / 20 ± 3 2.8 

C43 200 °C 1616 ± 13 1997 ± 15 4.1 ± 0.2 622 ± 11 31 ± 2 / 28 ± 2 2.8 

       

C43 300 °C 1482 ± 13 1667 ± 14 3.0 ± 0.2 493 ± 11 31 ± 1 / 26 ± 3 - 

C43 400 °C 1330 ± 2 1445 ± 2 3.0 ± 0.2 417 ± 11 43 ± 2 / 24 ± 6 - 

       

C30 1251 ± 10 1552 ± 10 4.4 ± 0.2 482 ± 10 57 ± 3 / 37 ± 4 1.1 

C351 1429 ± 9 2120 ± 10 5.3 ± 0.4 597 ± 9 19 ± 1 / 14 ± 1 1.9 

1Only two tensile test samples tested. 
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4.2.2 Wear test results 

The impeller-tumbler and dry-pot wear test results are given in Table 5 and 

illustrated in Fig. 18. The correlation between the initial hardness and mass loss 

was very prominent in both testing methods. The steels with the highest initial 

hardness also showed the lowest mass loss. Comparing the DQ/WQ variants with 

the tempered steels revealed that the latter might suffer slightly in terms of wear 

performance, but the differences were minor. In other words, the DQ/WQ steels 

might have marginally better impact-abrasive and abrasive wear performance with 

the same hardness level. C43 HR results for the dry-pot method were dismissed as 

one of the samples became loose during a testing round. 

Table 5. Hardness and mass loss measured for the tested steels for impeller-tumbler 

and dry-pot methods (Reprinted, with permission, from Publication II © 2019 Elsevier). 

Material Bulk HV10 

(kgf/mm2) 

Mass loss – impeller- 

tumbler (g) 

Mass loss – dry-pot 

(g) 

C43 HR 195 ± 4 0.318 ± 0.001 - 

C43 WQ 653 ± 16 0.158 ± 0.002 1.358 ± 0.016     

C43 150 °C 668 ± 15 0.159 ± 0.001 1.406 ± 0.084 

C43 200 °C 622 ± 11 0.178 ± 0.002 1.494 ± 0.021 

    

C43 300 °C 493 ± 11 0.222 ± 0.004 1.952 ± 0.009 

C43 400 °C 417 ± 11 0.247 ± 0.019 2.280 ± 0.079 

    

C30 482 ± 10 0.220 ± 0.006 1.934 ± 0.066 

C35 597 ± 9 0.179 ± 0.001 1.469 ± 0.003 
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Fig. 18. Impeller-tumbler and dry-pot results for the tested steels for the C30, C35, and 

C43 steels (C43 HR excluded) (Reprinted, with permission, from Publication II © 2019 

Elsevier).  

The surface roughness measured with the laser scanning confocal microscope and 

granite coverage area calculated from BSE images are given in Fig. 19. There is 

almost linear correlation observed between the mass loss and surface roughness for 

the impeller-tumbler tested samples, but the dry-pot samples did not exhibit such 

strong correlation, mainly due to the very low R-values. Granite coverage generally 

decreased with the increasing hardness for both impeller-tumbler and dry-pot tested 

samples.  

 

Fig. 19. (a) Measured surface roughness values for the impeller-tumbler testing (IT) and 

dry-pot testing (DP), and (b) area covered by granite in percentage for both wear testing 

methods for the C30, C35, and C43 steels (Reprinted, with permission, from Publication 

II © 2019 Elsevier). 
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4.2.3 Wear surfaces and deformed layer hardness 

The wear surfaces examined with the laser scanning confocal microscope and 

FESEM showed the typical microploughing and microcutting marks that are found 

when tested with the impeller-tumbler and dry-pot devices (Fig. 20). Severe surface 

deformation had occurred, and the granite embedment was substantial, but more 

pronounced for the impeller-tumbler samples (Fig. 21). Microhardness 

measurements for the cross-sectional impeller-tumbler samples (Fig. 22) revealed 

that the deformed surface layer hardness results also correlated fairly well with the 

wear test results, but the C30 and C35 steels showed higher increase of hardness 

for the deformed microstructures when compared to C43 steels.   

 

Fig. 20.  Microcutting and microploughing on C43 300 °C impeller-tumbler sample (BSE 

image). 
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Fig. 21. Cross-sectional laser-optical images of the wear surfaces: (a–c) impeller-

tumbler samples, and (d–f) dry-pot samples for the C43 WQ, C43 200 °C, and C43 400 °C 

(Adapted, with permission, from Publication II © 2019 Elsevier). 

 

Fig. 22. Microhardness of the deformed surface layer of the impeller-tumbler samples 

for the C30, C35, and C43 steels tested (Adapted, with permission, from Publication II © 

2019 Elsevier). 

Generally, impeller-tumbler testing produced white layer and adiabatic shear bands 

in all samples. The more abrasive type testing with the dry-pot device showed a 

lower penetration of granite particles and a thinner deformation layer with less or 

no visible shear bands, though white layer formation had taken place. The surface 

roughness measurements and the granite coverage calculations confirmed larger 
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granite coverage and a rougher surface for the impeller-tumbler samples. The 

absolute mass losses were higher for the dry-pot testing, up to ten times more 

despite a test duration of only four times longer, but the wear surfaces of the 

impeller-tumbler appeared much more damaged and critically deformed, as seen in 

Fig. 21. Additionally, some cracking was clearly visible for the impeller-tumbler 

samples, whereas the dry-pot had not caused such a notable number of cracks 

propagating underneath the tribolayers. Some examples of the cracks can be seen 

Fig. 23. 

 

Fig. 23. FESEM images of impeller-tumbler (a–c) and dry-pot (d) samples: a) C30, b) C43 

400 °C, c) C35, and d) C43 150 °C wear samples (Reprinted, with permission, from 

Publication II © 2019 Elsevier).  

4.3 Effect of prior austenite grain size on the abrasive wear 

resistance of martensitic steels 

Commercial 500 HB grade wear-resistant steel (C27) was obtained for studying the 

effect of prior austenite grain size on the wear resistance characteristics in 

Publication III. The steel was tested in the quenched condition as received 
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(abbreviated C27-DQ), and in two reaustenitized (860 and 960 °C, C27-860 and 

C27-960) conditions.  

4.3.1 Microstructures and mechanical properties 

The three variants of the C27 steel had very similar microstructures with only minor 

differences in the number of precipitates, which were presumed to be transition 

carbides formed during quenching. The C27-DQ appeared with slightly more 

precipitates than the reaustenitized variants. Retained austenite content measured 

with the XRD showed less than 1% austenite for the C27-DQ and C27-960, while 

the C27-860 had 2.5% austenite retained in the martensite matrix. The 

microstructures are presented in Fig. 24. 

 

Fig. 24. Microstructures of the tested martensitic C27 steels (Reprinted, with permission, 

from Publication III © 2020 Elsevier).  

The prior austenite grain size measurements were done from planar cross-sectional 

images taken with the laser scanning confocal microscope. The mean linear 

intercept values for the PAGS are given in Table 6 and the grain structures etched 

with picric acid are shown in Fig. 25 with grain size distributions. The mean linear 
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intercept was similar for the C27-DQ (13.7 ± 8.6 µm) and C27-860 (14.5 ± 6.0 µm), 

but the aspect ratio was very different. The C27-DQ had highly elongated grain 

structure with an aspect ratio greater than two, while the C27-860 had nearly 

equiaxed grain structure (aspect ratio close to one). The C27-960 also had equiaxed 

grains, but the mean linear intercept was more than twice as large (34.3 ± 15.1 µm) 

than the other two variants.  

Table 6. Prior austenite grain sizes of the tested steels. L1 for the rolling direction (RD), L2 

for the normal direction (ND) and mean linear intercept (MLI) with standard deviations and 

calculated aspect ratio (Reprinted, with permission, from Publication III © 2020 Elsevier). 

Material L1 (RD) [µm] L2 (ND) [µm] Aspect ratio MLI [µm] 

C27-DQ 21.5 ± 9.8 9.2 ± 2.9 2.33 13.7 ± 8.6 

C27-860 14.9 ± 6.2 13.9 ± 5.7 1.07 14.5 ± 6.0 

C27-960 35.0 ± 16.0 33.3 ± 13.8 1.05 34.3 ± 15.1 
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Fig. 25. Picric acid etched samples for grain size measurements (left) and the calculated 

grain size distributions for each variant (right) of the C27 steels (Reprinted, with 

permission, from Publication III © 2020 Elsevier).  

The mechanical properties for the steels are shown in Table 7. The most significant 

effect of the grain size alteration was arguably on the Charpy-V impact toughness 

values measured at −40 °C: doubling the mean grain size halved the impact energy 

with the two equiaxed variants (C27-860 vs. C27-960). The C27-DQ had impact 

toughness in between the two reaustenitized variants, whereas the strength values 

were highest for the as-received steel. The bulk hardness values were very close to 
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each other, showing only a minor decrease for the increased grain size with the 

C27-960. Elongation was lowest for the C27-DQ whereas the two reaustenitized 

steels were on par with each other.   

Table 7. Mechanical properties of the tested steels including: 0.2% offset yield strength 

(Rp0.2), ultimate tensile strength (Rm), percentage elongation after fracture (A), bulk 

Vickers hardness (HV10), impact toughness at −40 °C with Charpy-V results converted 

proportionally to J/cm2, and retained austenite content (RA) (Reprinted, with permission, 

from Publication III © 2020 Elsevier).   

Material Rp0.2 

(MPa) 

Rm 

(MPa) 

A 

(%) 

Bulk HV10 

(kgf/mm2) 

Charpy-V 

 (−40 °C, 

J/cm2) 

RA 

(%) 

C27- DQ 1279 ± 25 1624 ± 31 8.8 ± 0.4 469 ± 8 65 ± 3 <1.0 

C27-860 1211 ± 16 1577 ± 15 11.9 ± 0.3 475 ± 8 100 ± 3 2.5 

C27-960 1117 ± 10 1510 ± 11 11.5 ± 0.4 455 ± 10 48 ± 3 <1.0 

4.3.2 Wear test results 

The dry-pot test results, 3D-topography maps, surface roughness, and granite 

coverage area in percent are shown in Fig. 26. The highest mass loss was measured 

for the C27-DQ (1.836 ± 0.001 g) despite not having the lowest initial hardness. 

The C27-860 showed the best performance of the three steel variants with mass 

loss of 1.626 ± 0.005 g, more than 10% less than the C27-DQ had. Granite coverage 

was measured as nearly identical for the reaustenitized variants, but the C27-DQ 

had slightly more granite covered surface area. Surface roughness values followed 

the trend with the mass loss, i.e., the higher the mass loss, the higher the R-values. 
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Fig. 26. Left: Mass loss (ML) with standard deviation included, surface roughness values (Ra 

and Rq), granite area coverage, and 3D-topography maps (cropped to 2 mm x 1.5 mm area), 

a) C27-DQ, b) C27-860, and c) C27-960. Right: BSE images of the worn surfaces of the given 

sample. Note: 3D-topography maps and BSE images were taken at different locations with 

different magnifications (Reprinted, with permission, from Publication III © 2020 Elsevier).  

The 3D-topography maps did not reveal any large differences between steels, but 

the BSE images showed slightly more scratches and pits for the reaustenitized 

variants. The C27-DQ was observed to have more craters in the wear surface than 

the other two steels.  

4.3.3 Wear surfaces, deformed surface hardness, and EBSD imaging 

Cross-sectional images of the wear surfaces taken with the laser scanning confocal 

microscope are shown in Fig. 27. The panorama images show the granite 

embedment and tribolayer formed on the surfaces. The depth of deformation was 

estimated at less than 20 µm for all samples. A little less granite could be seen 

embedded to the surface of the C27-860 sample compared to the other two variants. 
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Fig. 27. Panorama images of the cross-sectional wear surfaces of the tested C27 steels 

(Reprinted, with permission, from Publication III © 2020 Elsevier). 

Similar observations were made for the tapered samples as well (Fig. 28). The C27-

860 appeared to have had less granite penetrated into the surface, although the 

differences between the steels were quite small. However, hardness measurements 

from the tapered samples revealed drastic differences between the three variants. 

The C27-860 wear surface hardness increased to 793 ± 63 HV, the C27-DQ had 

wear surface hardness of 589 ± 22 HV, and the C27-960 had 602 ± 38 HV. The 

C27-860, with the highest increase and the greatest work-hardening, also had the 

lowest mass loss. 
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Fig. 28. Laser-optical images of the tapered sample surfaces of the C27 steel samples 

(Reprinted, with permission, from Publication III © 2020 Elsevier).  

The EBSD image quality maps and schematic illustrations of the deformed layers 

of the wear surfaces are shown in Fig. 29. The layers were divided into two regions: 

severely and highly deformed layers. The depths of these layers were manually 

drawn based on the contrast and both grain shape and size appearance. Though only 

a section of each sample was examined, the C27-860 seemed to have greater depth 

for the layers. This might have improved the wear resistance, but it was not 

conclusive whether the thickness of the layer could result in the higher wear surface 

hardness of the C27-DQ.  
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Fig. 29. EBSD image quality maps (left) and schematic illustrations of the wear surface 

layers (right) of the worn C27 samples (Reprinted, with permission, from Publication III 

© 2020 Elsevier). 

4.4 Abrasive wear resistance of experimental carbide-free bainitic 

steels 

Publication IV focused on experimental carbide-free steels and their wear 

performance in high-stress abrasive conditions. A total of fifteen CFB steel variants 

were produced from five experimental compositions via three different ausforming 

routes: high temperature 850 °C (HT), medium temperature 550 °C (MT), and low 

temperature 450 °C (LT, 420 °C realized). A dry-pot device was used for evaluating 

the wear performance, and a commercial 500 HB wear-resistant steel was selected 

as the reference material for comparison of wear performance.  
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4.4.1 Microstructures and mechanical properties 

The experimental CFB steel microstructures are shown in Fig. 30. Various phases 

were present in the microstructures, revealing different mixtures: bainitic ferrite, 

granular bainite, martensite, and retained austenite. The phase fractions of the steels 

presented in Table 8 were measured with XRD (retained austenite) and estimated 

with a point counting method from FESEM images (other phases). 

Bainite was discovered in the form of both fine bainitic laths and plates 

(thickness) and coarse granular bainite (diameter), which both have been taken into 

account in the bainitic ferrite features (BFF) calculations given in Table 8. Retained 

austenite was observed either in the form of fine, inter-lath films as fine as 30–50 

nm in thickness or as coarse pools with diameter of 5–10 µm. More interlath 

austenite was found with those steels containing larger bainitic plates, but mainly 

the size of retained austenite correlated with the size of the bainitic ferrite features. 

Generally, the HT-treated steels showed the highest amount of martensite, while 

the LT-steels had more retained austenite and almost an absence of martensite. 

Bainitic ferrite fractions varied less between the three ausforming methods. Though 

not shown here, the 500 HB wear-resistant steel exhibited a fully martensitic 

microstructure.  
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Fig. 30. Microstructures of the tested carbide-free bainitic steels (Reprinted under CC BY-

NC-ND 4.0 license from Publication IV © 2020 Authors).  
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Fig. 31. FESEM images of samples a) LT-D with some fine bainitic ferrite (BF), granular 

bainite (GB), and retained austenite, and b) HT-D with some granular bainite (GB), fresh 

martensite (FM), martensite/austenite (M/A), and retained austenite (RA). 

Table 8. Phase fractions of the experimental carbide-free bainitic steels (Reprinted under 

CC BY-NC-ND 4.0 license from Publication IV © 2020 Authors). 

Material Image analysis  XRD 

Bainitic 

ferrite (%) 

Martensite 

(%) 

BFF 

(nm) 

 RA 

(%) 

LT-A 61 4 343 ± 43  29.0 

LT-B 56 0 686 ± 39  29.8 

LT-C 56 14 532 ± 41  29.8 

LT-D 62 0 444 ± 17  26.5 

LT-E 61 0 395 ± 35  33.6 

      

MT-A 50 25 285 ± 15  21.3 

MT-B 67 4 329 ± 18  20.0 

MT-C 59 12 574 ± 33  20.8 

MT-D 52 21 400 ± 34  22.6 

MT-E 63 16 368 ± 24  22.9 

      

HT-A 60 21 523 ± 37  20.8 

HT-B 58 22 532 ± 28  22.9 

HT-C 60 22 371 ± 30  23.6 

HT-D 58 22 352 ± 27  24.0 

HT-E 68 3 175 ± 15  27.7 

The mechanical properties for the steels tested in Publication IV are shown in Table 

9. The yield strength of the CFB steels varied between 700 to 900 MPa while the 
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tensile strength reached values of up to 1900 MPa. The highest initial hardness 

exceeded 500 HV but the mean hardness for the steels was below 450 HV. 

Table 9. Mechanical properties with standard deviations and retained austenite content 

(RA) of the tested steels: 0.2% offset yield strength (Rp0.2), ultimate tensile strength (Rm), 

and uniform elongation (Ag) measured at room temperature and the bulk hardness 

(HV10) with standard deviations included (Reprinted under CC BY-NC-ND 4.0 license 

from Publication IV © 2020 Authors).  

Material Rp0.2 

(MPa) 

Rm 

(MPa) 

Yield 

ratio 

Ag 

(%) 

Bulk HV10 

(kgf/mm2) 

RA (%) BFF 

(nm) 

LT-A 807 ± 21 1342 ± 17 0.60 19.8 ± 1.1 375 ± 7 29.0 343 ± 43 

LT-B 819 ± 28 1391 ± 24 0.59 18.4 ± 0.5 416 ± 13 29.8 686 ± 39 

LT-C 781 ± 18 1413 ± 18 0.55 18.8 ± 0.3 412 ± 7 29.8 532 ± 41 

LT-D 833 ± 7 1294 ± 3 0.64 18.2 ± 0.3 393 ± 11 26.5 444 ± 17 

LT-E 910 ± 9 1462 ± 20 0.62 25.2 ± 0.5 445 ± 10 33.6 395 ± 35 

        

MT-A 796 ± 62 1702 ± 65 0.47 9.6 ± 1.0 458 ± 18 21.3 285 ± 15 

MT-B 870 ± 49 1566 ± 9 0.56 11.0 ± 0.2 455 ± 18 20.0 329 ± 18 

MT-C 758 ± 26 1626 ± 32 0.47 11.3 ± 1.2 460 ± 12 20.8 574 ± 33 

MT-D 712 ± 20 1500 ± 7 0.47 11.5 ± 0.3 418 ± 19 22.6 400 ± 34 

MT-E 821 ± 10 1912 ± 9 0.43 7.9 ± 0.6 535 ± 22 22.9 368 ± 24 

        

HT-A 828 ± 138 1490 ± 2 0.56 10.6 ± 0.2 436 ± 19 20.8 523 ± 37 

HT-B 855 ± 6 1423 ± 23 0.60 12.3 ± 0.4 451 ± 13 22.9 532 ± 28 

HT-C 713 ± 35 1436 ± 14 0.50 12.3 ± 0.1 435 ± 18 23.6 371 ± 30 

HT-D 914 ± 67 1425 ± 14 0.64 11.4 ± 1.2 436 ± 12 24.0 352 ± 27 

HT-E 935 ± 39 1469 ± 24 0.64 14.1 ± 0.7 472 ± 17 27.7 175 ± 15 

        

500HB 13001 16001  - 535 ± 16 -  

1Nominal values taken from the product sheet. 

4.4.2 Wear test results 

The dry-pot wear testing results are given in Table 10 and also shown in Fig. 32a. 

The initial hardness was a strong factor influencing the abrasive wear resistance, 

but some exceptions could be observed. The highest hardness sample (MT-E; 535 

± 22 HV) had the best wear performance in the tests, and the highest mass loss was 

measured for the sample with lowest initial hardness (LT-A; 375 ± 7 HV). However, 

the CFB steels had some variants that did not seem to follow the initial hardness 

and mass loss correlation; the LT-C and MT-E variants showed greater performance 
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than expected for their hardness level. Both had lower mass loss compared to the 

500 HB reference steel, with similar (MT-E) or even lower (LT-C) measured initial 

hardness.  

Table 10. Tested materials with initial hardness (HV10), dry-pot test results (mass loss, 

g), and difference to the reference material (%) with standard deviations included 

(Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2020 Authors).   

Material Bulk HV10 

(kgf/mm2) 

Mass loss 

(g) 

Diff. To 500 HB 

(%) 

LT-A1 375 ± 7 1.773 ± 0.051 13.7 

LT-B 416 ± 13 1.665 ± 0.016 6.7 

LT-C1 412 ± 7 1.547 ± 0.015 -0.8 

LT-D1 393 ± 11 1.653 ± 0.018 6.0 

LT-E 445 ± 10 1.588 ± 0.027 1.8 

    

MT-A 458 ± 18 1.583 ± 0.011 1.4 

MT-B 455 ± 18 1.616 ± 0.054 3.6 

MT-C1 460 ± 12 1.591 ± 0.026 2.0 

MT-D 418 ± 19 1.653 ± 0.042 5.9 

MT-E1 535 ± 22 1.470 ± 0.040 -5.8 

    

HT-A 436 ± 19 1.605 ± 0.019 2.9 

HT-B 451 ± 13 1.572 ± 0.016 6.7 

HT-C1 435 ± 18 1.660 ± 0.015 6.4 

HT-D 436 ± 12 1.631 ± 0.081 4.6 

HT-E1 472 ± 17 1.560 ± 0.018 0.0 

    

500 HB1 535 ± 16 1.560 ± 0.044 - 

1Samples selected for further investigation. 
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Fig. 32. a) Initial hardness vs mass loss for all tested steels, b) initial hardness vs mass 

loss for steels selected for the detailed characterization. The dashed line shows the 500 

HB mass loss (Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2020 

Authors). 

Eight steels (Table 10, Fig. 32b) were selected for further inspection and 

characterization. LT-C, MT-E, and HT-E were selected as they showed low mass 

loss in respect to the initial hardness. In contrast, LT-A and LT-D were selected due 

to the poor wear performance. In addition to the LT-C, the other two C-composition 

samples were also included to study the effect of ausforming methods on the wear 

performance. The reference material, 500 HB wear-resistant steel, was included for 

a comparison of martensitic steel with the CFB steels. 

4.4.3 Wear surfaces and deformed surface hardness 

Laser scanning confocal microscopy panorama images of the selected steels are 

shown in Fig. 33. All the samples showed some degree of granite embedment, but 

a white etching layer was clearly visible only with the 500 HB steel. The mixture 

of granite and steel had formed a composite tribolayer on all samples, but the 

thickness was less for the harder steels. The maximum deformation depth was 

around 25 µm, but the different microstructural features of CFB steels made it 

difficult to interpret which parts were actual deformed microstructures with image 

analysis. Generally, the deformation depth was higher for those steels with lower 

initial hardness. The least damaged surfaces based on the cross-sectional views 

belonged to the HT-E steel and the 500 HB wear-resistant steel.  
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Fig. 33. Laser-optical images of the wear surfaces (cross-sections) of selected steels, 

CFB steels, and the 500 HB martensitic steel. Abrasive flow during the test went from 

left to right (Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2020 

Authors). 

The samples were mounted with tapered sections to observe the wear surfaces from 

another angle to measure the hardness of the deformed surface. The wear surfaces 
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of the tapered samples are shown in Fig. 34. The images confirmed that white layer 

formation did not occur as evidently for the CFB steels, while the martensitic 500 

HB steel had a notable amount of white etching layer present near the wear surface. 

 

Fig. 34. Tapered sample section images taken with a laser scanning confocal 

microscope (Reprinted under CC BY-NC-ND 4.0 license from Publication IV © 2020 

Authors).   
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The wear surface hardness measured from the tapered samples (Table 11) showed 

that some of the CFB steels had a drastic increase in hardness, which indicates 

extreme work-hardening capability. As retained austenite measurements confirmed 

that less austenite was present in the samples after the wear testing (Table 11), it 

can be presumed that most of the retained austenite had transformed into martensite. 

When the hardness is plotted against the measured mass loss (Fig. 35), it can be 

seen that the hardness of the wear surfaces correlates well with the mass loss, while 

the initial hardness does not show such a strong connection in terms of hardness 

and mass loss. Thus, some of the CFB steels outperformed the martensitic 500 HB 

when considering the hardness-to-mass loss ratio. 

Table 11. Bulk hardness prior to wear testing, surface hardness after testing, and 

retained austenite prior and after wear testing measured with XRD (Reprinted under CC 

BY-NC-ND 4.0 license from Publication IV © 2020 Authors). 

Material Bulk hardness 

(kgf/mm2) 

Deformed 

hardness 

(kgf/mm2) 

Difference 

(kgf/mm2) 

 

RA 

- prior (%) 

RA 

- after (%) 

LT-A 375 ± 7 629 ± 38 254 29.0 6.5 

LT-C 412 ± 7 751 ± 79 339 29.8 5.2 

LT-D 393 ± 11 671 ± 63 278 26.5 5.4       

MT-C 460 ± 12 716 ± 50 256 20.8 2.9 

MT-E 535 ± 22 839 ± 64 304 22.9 3.9 

      

HT-C 435 ± 18 708 ± 62 273 23.6 4.1 

HT-E 472 ± 17 743 ± 46 271 27.7 11.7 

      

500 HB 535 ± 16 804 ± 83 269 - - 
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Fig. 35. Initial bulk hardness and deformed surface hardness with mass loss of selected 

samples (500HB not included in the fitting curve) (Reprinted under CC BY-NC-ND 4.0 

license from Publication IV © 2020 Authors). 
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5 Discussion 

The following chapter includes discussion of the results published in Publications 

I–IV. The discussion focuses on the factors affecting the wear resistance of the 

ultra-high strength steels studied, and the emphasis will be on examining the role 

of retained austenite, tempering, and prior austenite grain size for martensitic steels. 

Carbide-free bainitic steels and their wear performance will be included in a 

separate chapter, while all studied steels will be included for debate in the chapter 

regarding work-hardening. The wear surface characterization methods utilized and 

the wear mechanisms involved will also be discussed. 

5.1 Factors affecting the wear resistance of martensitic steels 

Publication I introduced the direct quenched and partitioned steels with different 

levels of retained austenite. A comparison was made between the DQ&P, the DQ, 

and the commercial 500 HB grade wear-resistant steel. The main objective was to 

examine whether the retained austenite would bring an advantage to martensitic 

steels in terms of wear resistance in impact-abrasive conditions. Publication II 

focused on the tempering of steels; tempered higher carbon content steels were 

compared to direct quenched steels with similar hardness levels and lower carbon 

content in both impact-abrasive and abrasive wear systems. The third objective 

with the martensitic steels was to discover whether prior austenite grain size would 

have an effect on the abrasive wear performance; a 500 HB wear-resistant steel was 

heat-treated for different PAGS and morphologies, and the results were presented 

in Publication III.  

5.1.1 The role of retained austenite 

The direct quenching and partitioning process utilized for the fabrication of 

experimental steels in Publication I resulted in different levels of retained austenite. 

The DQ&P steels with a quench stop temperature of 175 °C had 6.3–6.8% of 

austenite retained in the martensitic matrix, whereas the samples with a higher 

quench stop temperature (225 °C) had 10.1–10.2% of retained austenite present. 

The morphology of the austenite was assumed to be film-like in between the 

martensite laths as there were no visible pools of austenite in the EBSD 

measurements nor could any large fractions of austenite be found in the FESEM 

inspection. The direct quenched variants also had some austenite preserved (2.6–
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2.8%), arguably due to the carbon content (0.3 wt.%) and other alloying elements. 

The commercial 500 HB grade showed an absence of any retained austenite. 

The impeller-tumbler wear testing revealed that the major factor determining 

the wear resistance of the experimental steels was the initial hardness (see Fig. 12, 

page 53). The DQ variants with the highest initial hardness outperformed the other 

steels in terms of wear performance. Therefore, the expected TRIP effect did not 

seem to improve the wear performance in the impact-abrasive conditions. 

Additionally, there was no evidence of the DQ&P steels showing any decrease of 

wear rate during testing, which could have been a result of the improved work-

hardening capability of the wear surface. The cumulative mass loss was quite linear 

for all the tested steels (Fig. 36), and no further conclusions about the change of 

wear rate during testing could be made. The XRD measurements on the wear 

surfaces after impact-abrasive testing showed no retained austenite; it is assumed 

that all austenite was transformed into martensite during the wear testing. Therefore, 

the lack of TRIP effect did not explain the higher mass loss of the DQ&P steels.  

 

Fig. 36. Cumulative mass loss of the materials during wear testing (Reprinted, with 

permission, from Publication I © 2017 Elsevier).   

Examination of the wear surfaces showed more white layer formation for the DQ 

samples, but in general, the surfaces appeared more damaged and the granite 

embedment was more prominent for the DQ&P steels with lower initial hardness. 

Somewhat surprisingly, the DQ&P 175 °C steels had a rougher surface (see Table 

3, page 53), which was also discovered in the micrographs of the wear surfaces 



85 

(Fig. 14–16, pages 55–57). A plausible explanation for the phenomenon was 

thought to be work-hardening. The DQ steels had less wear damage on the surfaces 

due to the higher initial hardness (> 600 HV), while the DQ&P 175 °C variants 

were subjected to some work-hardening but did not match the performance of the 

DQ steels. In contrast, the DQ&P 225 °C samples with the highest mass loss had 

slightly lower surface roughness compared to the DQ&P 175 °C variants. Therefore, 

it was suggested that the highest mass loss could have been the product of more 

brittle wear behavior and some delamination or flaking could have taken place due 

to surface fatigue. The retained austenite carbon content might have been high, 

making it very stable, but so that the transformation to martensite could still be 

possible during the impact-abrasive loading. The freshly formed, strain-induced 

martensite would then have been of very high hardness, resulting in too high 

hardness gradients and subsequent stresses between the surrounding martensitic 

matrix. However, no clear signs of delamination or extensive flaking could be 

observed, though some minor crack-like features were found on the wear surfaces 

of the DQ&P 225 °C samples, an example shown in Fig. 37. 

 

Fig. 37. Crack-like features on Steel B DQ&P 225 °C wear surface (BSE image).  
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Another viewpoint on the effect of retained austenite in the martensitic matrix 

regarding wear behavior is that the martensitic matrix was initially too hard to 

accommodate the stresses created by the TRIP effect irrespective of the hardness 

of the strain-induced martensite. Nevertheless, the conclusion was that the 

martensitic matrix was not able to withstand the stresses created by the strain-

induced transformation of austenite to martensite, leading to a structure more prone 

to surface fatigue. Hence, the DQ&P steels did not benefit from the higher austenite 

content compared to the DQ and 500 HB steels. It should also be noted that the 

DQ&P steels followed very linear correlation with mass loss and initial hardness. 

The most simplified conclusion would be that the initial hardness was the major 

factor in determining the wear performance irrespective of the retained austenite.  

In general, the DQ&P steels had significantly better impact toughness and 

elongation values (see Table 2, page 52) compared to the DQ variants, but these 

properties did not improve the wear resistance sufficiently to compete with the 

higher hardness DQ variants. Small adjustments to the chemical composition of the 

steels (Steel A and B) did not cause any major differences in the mechanical 

properties or wear performance. The commercial 500 HB grade wear-resistant steel 

performed quite well and matched the wear performance of the DQ&P 225 °C 

steels despite showing lower initial hardness. The 500 HB steel had no retained 

austenite in the martensitic matrix. 

Publications II and III also had martensitic steels with some retained austenite 

which were tested for wear performance, but the highest content was only 3.6% 

(C43 WQ in Publication II). It could not be concluded whether retained austenite 

affected the wear resistance, though the best performing steels in both publications 

did have the highest amount of retained austenite among the tested samples. 

However, the results for other steels with some retained austenite were too scattered 

for any further conclusions about the role of retained austenite in improving wear 

resistance.  

5.1.2  The effect of tempering 

Publication II presented three different steels with different alloying, and more 

importantly, different carbon, content. This allowed the comparison of direct 

quenched/water quenched steels with similar hardness level tempered variants. The 

steels were tested with both impeller-tumbler and dry-pot testers. Again, the initial 

hardness of the steels proved to be the main factor in determining the mass loss of 

the steels, and the highest initial hardness samples showed the lowest mass loss in 
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the impact-abrasive and abrasive testing. The results were expected, but a more 

thorough comparison was made between similar hardness level tempered and 

untempered steels. 

The water quenched variant of the C43 had the lowest mass loss with both 

testing methods, while the low-temperature (C43 150 °C) tempered variant had 

slightly higher mass loss. However, the tempered C43 150 °C had higher initial 

hardness and better impact toughness (see Table 4, page 59). The C43 200 °C had 

a marginally better result in the impeller-tumbler testing, but higher mass loss in 

the dry-pot testing when compared to the direct quenched C35. On the other hand, 

the C35 had slightly lower hardness (597 ± 9 HV) compared to the C43 200 °C 

(622 ± 11 HV). Similarly, the commercial direct quenched wear-resistant steel C30 

showed better wear performance than the same hardness level C43 tempered at 

300 °C, though only marginally. Nevertheless, the trend in the comparisons made 

between the direct quenched/water quenched and tempered samples was that steels 

with no subsequent tempering appeared to have better hardness-to-mass loss ratio. 

 Tempering at 300 and 400 °C might have caused a decrease of wear-resistant 

properties due to the tempered martensite embrittlement (TME) phenomenon. The 

elongation values and wear surface work-hardening measured by microhardness 

(see Fig. 22, page 63) were lower for the C43 300 °C when compared to the C30. 

Some cracking was observed for the C43 400 °C (Fig. 38), but it could not be 

confirmed whether the cracks resulted in brittle behavior. Some of the cracks appear 

to have been propagated along shear bands, while some crack-like features might 

have actually been the result of the severe deformation of the surface, i.e., deformed 

steel folding on top of the unworn surface. It can be quite safely stated that 

tempering temperatures between 300 to 400 °C are not suitable for the given C43 

steel, though it is quite obvious due to the TME temperature region. 
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Fig. 38. FESEM image of the C43 400 °C impeller-tumbler sample (Reprinted, with 

permission, from Publication II © 2019 Elsevier). 

Low-temperature tempering at 150 and 200 °C did not impair the wear-resistant 

properties of the C43 steel, although mass loss was marginally higher for the 

tempered steels. On the contrary, the improved impact toughness due to the 

tempering might be a more attractive factor for some applications. However, if only 

the absolute values are considered, the results suggest that the direct 

quenched/water quenched condition shows slightly better wear resistance 

compared to the tempered condition for martensitic steels of the same hardness 

level.  

5.1.3 The effect of prior austenite grain size 

A commercial 500 HB grade wear-resistant steel (C27) was reaustenitized at 860 

and 960 °C and compared with the condition as-received for wear resistance in 

Publication III. The high-stress abrasive testing conducted with the dry-pot device 

revealed some differences in the wear characteristics and mass loss. Despite the as-

received variant, presumably direct quenched and possibly low-temperature 

tempered, having similar mean linear intercept values for the prior austenite grain 
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size as the variant austenitized at 860 °C, the measured mass loss was higher for 

the C27-DQ. The explanation for this was drawn from the deformed wear surfaces 

and work-hardening capabilities of the steels, as the steels also had similar 

mechanical properties and chemical composition. 

The as-received, quenched variant of the 500 HB steel had a strongly elongated, 

“pancaked” grain structure, while the reaustenitized variants had equiaxed grain 

structure. Low-temperature impact toughness was significantly improved by 

refining the grain size (see Table 7, page 68) but the hardness and strength were 

nearly on par between the three steels. After the wear testing, the surface roughness 

measurements and granite coverage were not drastically different, but the most 

significant findings were observed with the microhardness measurements and 

inspection of the wear surfaces with EBSD. 

Microhardness measurements made on the tapered samples showed that the 

C27-860 sample had the highest increase of hardness and the lowest mass loss. It 

can be stated that the hardness of the wear surface dictated the wear performance 

of the given steels in abrasive testing. Though this was essentially in agreement 

with literature [6], [14], the novelty lies in the explanation of what resulted in the 

improved work-hardening: prior austenite grain size was ultimately the only 

parameter that was changed. All steel samples were initially cut from the same plate 

and only the subsequent heat-treatments for altering the grain size were used as the 

variable. The manipulation of the PAGS undoubtedly changed the mechanical 

properties, but none of them can be stated as an obvious reason for the improved 

wear resistance. Therefore, the change in the wear behavior due to the different 

grain morphology and structure was considered the major factor controlling the 

abrasive wear resistance of the tested steels. Additionally, the grain size distribution 

was the closest to normal distribution for the C27-860 steel.  

The EBSD imaging done on the wear surfaces, and the subsequent 

reconstructions of the grains, suggested that the degree of deformation could be 

divided into severely and highly deformed layers. Though only one section per 

sample was imaged and the illustrations were manually drawn, the interpretation 

was that the C27-860 exhibited thicker deformation layers compared to the other 

two steels. This suggested a smoother transition from the severely deformed 

structure to the bulk material, which might have improved the wear resistance 

against abrasion. However, it was not concluded whether the depth of the deformed 

layers had an effect on the increased hardness of the wear surface.  

The prior austenite grain sizes were also measured in Publication II, but no 

further analysis was subsequently conducted. The C43 steels were assumed to have 
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similar grain size (12.3 ± 0.6 µm) as all samples were austenitized at the same 

temperature to focus more on the effect of tempering. The direct quenched C30 and 

C35 both had a PAGS around 20 µm. However, the results of the PAGS affecting 

the wear resistance in Publication II could not be directly evaluated due to the 

complex effects of tempering and different alloying content of the steels.  

5.2 Abrasive wear resistance of experimental carbide-free steels 

Novel carbide-free bainitic steels were tested for wear performance in Publication 

IV. A total of 15 variants were fabricated utilizing three ausforming routes for five 

different compositions. Eight of the CFB steels were chosen for more thorough 

inspection and comparison against a commercial 500 HB grade wear-resistant steel. 

Some of the CFB steels proved to have excellent abrasive wear resistance, mainly 

due to the great work-hardening capabilities.  

The lowest mass loss was measured for the sample (MT-E), austempered via a 

medium temperature route (550 °C), which had initial hardness on par with the 

martensitic 500 HB steel. The CFB steel had notably higher wear surface hardness, 

which explains the improvement of the abrasive wear resistance. Generally, the 

selected CFB steels fell on the same line when comparing the deformed wear 

surface hardness (see Fig. 35, page 82), which again confirmed that the initial 

hardness cannot always predict the wear resistance of steels. The hardness-to-mass 

loss ratio for the CFB steels proved to be superior, even though the martensitic steel 

showed some major work-hardening as well.  

The three most intriguing samples among the tested CFB steels were: LT-C, 

MT-E, and HT-E. The first had an initial hardness of only 412 ± 7 HV, but still 

showed lower mass loss in the dry-pot testing than the martensitic 500 HB steel. 

The work-hardening for the LT-C was extreme; the deformed surface hardness 

reached a hardness of 750 HV. The MT-E and HT-E also showed great work-

hardening capabilities, leading to similar or better wear test results as the 

commercial 500 HB wear-resistant steel. These features which led to the high 

deformed surface hardness, and subsequently to great wear resistance, may be 

addressed on the strain-induced transformation of the austenite to martensite. The 

XRD measurements done on the wear surfaces confirmed that most austenite had 

transformed (see Table 11, page 81). Therefore, it can be assumed that the 

microstructure consisting of bainitic ferrite, retained austenite, and some martensite 

can withstand the stresses created by the formation of fresh strain-induced 

martensite better than the martensitic matrix discussed earlier with the DQ&P steels.  
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The carbide-free steels were found to be highly promising as abrasion resistant 

steels, but it was still quite unclear which ausforming route or phase fraction 

combination would be the most feasible. The results were quite scattered but in 

general, the MT-treatment showed the best performance among the ausforming 

methods. Similarly, no suggestions could be made for the most promising alloying 

content; no single composition could be said to have outperformed the others, but 

composition E with the highest carbon content was the best on average (see Table 

10, page 77). Nevertheless, the CFB steels can be considered a serious alternative 

to martensitic steels in respect to abrasive wear resistance. 

5.3 Work-hardening of the wear surface 

The discussion of the importance of work-hardening on the wear resistance of 

different steels has been emphasized throughout the research work in all the 

publications included in this thesis. The work-hardening of metals has long been 

considered essential for abrasive wear resistance but fundamental understanding on 

how different metals, especially steels, harden during abrasive or impact-abrasive 

wear has been lacking. Furthermore, adding repetitive contacts which lead to 

surface fatigue makes the study of work-hardening even more challenging as the 

conditions change from the laboratory scale wear testing to more real-world ones 

[5], [29], [75]. Yet, some new aspects of the work-hardening of ultra-high strength 

steels can be addressed here. 

The measure of work-hardening was interpreted as increased surface hardness 

of the steels. The major factor increasing the hardness for the carbide-free steels 

was inarguably the TRIP effect by the transformation of retained austenite to 

martensite. In addition to the increased hardness, the retained austenite in CFB 

steels might have improved the wear resistance by reducing the probability to crack 

initiation and propagation [65], [73]. The transformation of austenite to martensite 

may absorb energy from crack propagation and the compressive stresses caused by 

the volumetric change due to the phase transformation may affect the crack 

propagation further [73], [86]. In contrast, the martensitic DQ&P steels did not 

appear to benefit the strain-induced transformation in a similar manner. Therefore, 

based on these results, the role of retained austenite on work-hardening is very 

different depending on the surrounding microstructure, as discussed. The simplified 

question would then be, whether a given steel benefits retained austenite or not, can 

the matrix withstand the stresses caused by the phase transformation? Considering 

the CFB steels, the interesting feature is the work-hardening of the matrix: how 
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much of the hardness increase can be attributed to the bainitic features? Is the 

retained austenite the only factor leading to the excellent work-hardening 

capabilities? These questions could not be directly answered in this thesis and 

should be considered in the future.  

The retained austenite appeared to be the major contributor to the work-

hardening of CFB steels, but the martensitic steels did not exhibit such high 

austenite content that would have induced the hardness increase. Therefore, one of 

the key aspects was to investigate the deformed surfaces of the fully martensitic 

steels. EBSD was used for the characterization of the wear surfaces in Publication 

III. The reconstructed images revealed very fine grain structure closest to the 

surface (Fig. 39), which was attributed to the increased hardness. The deformed 

layer in the topmost region of the wear surface showed such fine structure that it 

was assumed to have undergone a phase transformation. The grain structure 

beneath (Fig. 39c–d) was clearly deformed based on the strong elongation and 

bending of the martensite grains in the direction of the abrasive flow, but the grain 

structure in the fine region showed more equiaxed grains (Fig. 39b). Some very 

fine grain structures have been discovered in shear bands [87]–[89], which 

undoubtedly show similarities with the strongly deformed wear surfaces. The scale 

of this deformed structure in the wear surface is so fine that high hardness can be 

expected. It is unknown whether the formation of this type of ultra-fine structure 

shares similarities, for example, with ultra-fine grain formation during severe 

plastic deformation based on the fragmentation of grains and formation of new 

grains [90], but the results do suggest so. Therefore, the work-hardening properties 

of martensitic steels in severe abrasive wear conditions can be at least partly 

explained by the formation of the discussed ultra-fine structure.  
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Fig. 39. High resolution images of the cross-section of the wear surface of the C27-DQ 

sample: a) grain distribution map of a selected area (Fig. 39b), b) selected area on the 

wear surface with an almost nanosized grain structure (inverse pole figure), c–f), image 

quality (c and e), and inverse pole figure map (d and f) at two different magnifications 

(Reprinted, with permission, from Publication III © 2020 Elsevier). 
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Considering the differences between the steels of similar initial hardness, the 

significant work-hardening was presumed to be the major factor influencing the 

wear resistance in the abrasive and impact-abrasive conditions. In Publication II, 

the deformed hardness was greater for the DQ steels than their tempered 

counterparts, which could be an explanation for the slightly better wear resistance. 

Similarly, some of the CFB steels had notoriously work-hardened surfaces, 

resulting in great wear performance. However, it was not obvious which features 

of the CFB steels affected the work-hardening, as some of the CFB steels did not 

exhibit such great abrasive wear resistance. One key aspect in explaining the 

differences in the wear performance of the CFB steels could be the stability of the 

retained austenite [65]. Therefore, more in-depth analysis with different 

characterization methods (EBSD, TEM, nanoindentation) should be conducted in 

order to connect the wear performance with the microstructural features of the CFB 

steels. 

Summarizing the case for martensitic steels, two factors remain which affected 

the work-hardening of martensitic steels in high-stress abrasive and impact abrasive 

conditions: tempering and prior austenite grain size. The former showed very minor 

decreasing output, i.e., tempering might reduce surface work-hardening capabilities 

of martensitic steels. Secondly, the decreasing prior austenite grain size and 

equiaxed grain structure showed to improve the work-hardening of martensitic 

steels. These features should be studied more to find the most suitable processing 

routes for future wear-resistant steels. 

5.4 Wear surface characterization methods 

Microscopy is always an essential part of metallographic studies and is also vital in 

studying the wear surfaces of worn materials. In addition to the traditional cross-

sectional views, two important methods were included in the research: 

microhardness measurements and EBSD characterization of the wear surfaces. 

Neither of the methods were new for metallographic characterization, but the 

approach (microhardness from tapered samples) and the results (EBSD) were 

considered novel.  

The microhardness indentations in Publications III and IV were done on the 

wear surfaces with the granite layer polished off. Traditionally, the indentations are 

made on the cross-sections of the samples to also study the depth of deformation. 

However, there are some major problems when conducting hardness measurements 

on the cross-sectional samples. First, the reliability of the indentations, which are 
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made as close as possible to the surface, can be questioned. According to the 

standard (ISO 6507), the Vickers indentations should have a minimum distance of 

2.5 times the indentation diameter from the edge, and 3 times the indentation 

diameter between the test points. Thus, measuring directly on the surface (the edge 

of the sample) does not comply with the minimum edge distance according to the 

standard. The second problem is with the size of the indentation mark; it is 

recommended that the diagonal width of the indentation should be a minimum of 

20 µm [91]. If the deformation depth is not very high, less than 100 µm, even 

indentation with a diagonal of less than 20 µm might cover depth of layers with 

different degrees of deformation. This leads to an unreliable measurement 

illustrated in Fig. 40. The third challenge comes with very low deformation depth; 

if the depth is very low, less than 20 µm, the standard claims that reliable 

measurements cannot be done as the indentation diameter should be greater. 

However, despite these challenges with the measuring technique, the 

microhardness measurements done on the cross-sectional samples are widely used 

in wear research to determine the hardness and depth of the deformed layer. The 

measurements should be done carefully, and the indentations should be inspected 

for any distortions. 

 

Fig. 40. Schematic illustration of Vickers pyramid indentation mark on deformed 

surface cross-section.  

Tapered section samples were therefore used to tackle some of the aforementioned 

problems. Measuring directly on the wear surface beneath the tribolayer was made 

possible by polishing the tilted sample, as explained in the Materials and methods 

chapter (see page 47). Though this did not solve all the challenges related to the 



96 

hardness testing [92] and both unreliable results and distorted indentations were 

also observed with the tapered samples, it provided an alternative to the cross-

sectional measurements. After all, the samples are worn from the surface and not 

from the side. Furthermore, it should be noted that in order to obtain more relevant 

accurate hardness data from the wear surfaces, whether cross-sectional samples or 

tapered samples, the indentations should be preferably made with a 

nanoindentation technique. This would allow the measurement of single phases and 

smaller deformed features of the microstructure. 

The second method, electron backscatter diffraction imaging of the wear 

surfaces, was the result of recent advances made in the reconstruction techniques 

used for extracting information of grain structures from EBSD data [78]–[80]. The 

EBSD imaging of the wear surfaces was eventually successful, and the results 

provided valuable information to supplement microhardness measurements and 

FESEM images. The novelty of the EBSD results was in the quality of the imaging, 

which was considered very good. Although there have been high-quality images of 

deformed structures with very fine grain size, such as of adiabatic shear bands [89], 

the difficulty has been the deformed wear surface. The conductivity is very different 

for the mounting material compared to the steel sample, and also the abrasive 

particles may interfere with the measurements. However, the combination of 

careful sample preparation, accurate focusing, and the use of the novel 

reconstruction techniques allowed very fine details to be extracted from the wear 

surfaces showing the ultra-fine grain structures. Though the method was only used 

in Publication III, it provided highly promising results and should be utilized for 

other tested steels as well.  

5.5 Wear mechanisms and granite embedment 

The wear mechanisms present in the impeller-tumbler and dry-pot testing were 

mainly impact-abrasion and high-stress abrasion. Surface fatigue and possible 

flaking, spalling, or delamination was also expected, but features suggesting the 

involvement of these mechanisms were not extensively found. However, it can be 

debated whether the presumably very hard, and possibly brittle, white layer could 

have detached from the surface as larger flakes [93], [94]. White layer, shear bands, 

cracks, and heavily deformed lips or burrs were found in many samples, but clear 

signs of delaminated surface areas or pits could not be detected. Yet, some of the 

cross-sectional images showed wear surfaces with some features indicating that 
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material removal as larger fragments could be expected, with an example in Fig. 

41.  

 

Fig. 41. Steel A DQ&P cross-sectional laser scanning confocal micrograph of the wear 

surface (Adapted, with permission, from Publication I © 2017 Elsevier). 

It can be speculated that the wear test parameters had a major role in the change of 

wear mechanisms during the testing. The test time was quite long for both methods: 

60 min for the impeller-tumbler (75 min with running-in period included) and 240 

min for the dry-pot. The impeller-tumbler gravel batch was renewed every 15 min 

and the dry-pot gravel batch every 60 min, respectively. The comminution of gravel 

is substantial for both test methods, and the initially sharp granite particles become 

blunted during the testing [29], [84]. This leads to a possible change of less 

microcutting and more microploughing towards the end of each testing period [73], 

especially with the long dry-pot tests. Similar suggestions can be made on the 

severity of the impact wear and subsequent surface fatigue during impeller-tumbler 

testing. The comminution and rounding of the impacting particles may cause the 

wear conditions to become less severe towards the end of the test. Therefore, the 

appearance of the wear surfaces may be very different after the testing as it would 

be after only few minutes of testing, and it may be difficult to draw conclusive 

remarks on which wear mechanisms had caused the most damage or mass loss on 

the samples.  

Another distinct feature of the used testing methods is the granite embedment. 

The granite particles were found embedded to the surface and some had particles 

penetrated beneath the surface. A mixture of granite and steel had formed a 

composite tribolayer on the sample surface in most cases. The effect of this 

tribolayer on the wear resistance was not discussed thoroughly in the publications, 

but some research work has been done on the matter [74], [95], [96]. However, the 

possible protective features of the composite layer were not considered a major 

factor in this work. First, the difficulty in calculating the true volume of the 
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embedded granite was found too complex. Secondly, the correlation of mass loss 

and hardness was quite linear, whether compared to the initial hardness or deformed 

surface hardness, despite the lower hardness steels showing more granite coverage 

in general. If the embedded granite would have increased the weight of the samples 

significantly, this would have resulted in the lower hardness steels performing 

better in terms of mass loss, but this was not observed. Thus, any added mass of 

the embedded granite was not considered to have had a significant role regarding 

the wear performance of the studied steels. 
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6 Future considerations 

In order to understand more about the wear behavior of martensitic steels, the 

properties of the ultra-fine and severely deformed layers should be studied further. 

The EBSD characterization was done only in Publication III but should be 

conducted for the other tested steels as well. The EBSD measurements should also 

be further improved in order to obtain high quality images of the deformed regions, 

and to provide more statistical information about deformed layers. Now the method 

was only applied to martensitic steels, but it should also be experimented with 

carbide-free bainitic steels as well. EBSD should also be used for characterization 

of the sub-surface shear bands found mostly in the impeller-tumbler samples. Other 

novel methods and preparation techniques should also be utilized, such as 

transmission electron microscopy (TEM) and focused ion-beam (FIB), to conduct 

even more in-depth analysis of the wear surfaces. TEM could be used for 

dislocation density measurements of both worn and unworn material to understand 

more about the work-hardening of steels during wear processes. For mechanical 

testing, fracture toughness should be measured as it may have a significant role in 

determining the wear resistance of steels. 

The tapered sample microhardness measurements should be applied for all 

samples tested in the future. The method should also be improved to always have 

the sample at the exact same angle and position to allow measurements to be 

conducted along the surface so that deformation depth could be determined. The 

challenge in the current work was knowing the exact angle that might have changed 

during the cold mounting. As a result, the hardness measurements were only 

applied as close as possible to the interface of granite embedment and steel surface 

to avoid any distortions caused by sample misalignment. Additionally, 

microhardness measurements to determine the depth of deformation were not 

conducted. Nanoindentation testing would provide even more information about 

the wear surfaces and could be utilized for both cross-sectional and tapered samples. 

Nanoindentation would also enable the hardness measurement of individual phases, 

which is essential for understanding the work-hardening on multiphase steels, such 

as the CFB steels studied in this work. 

Regarding the studied materials, there are at least two separate options for 

further work on the topic of developing new steels: improving the wear resistance 

of martensitic steels by thorough understanding of the properties related to the wear 

performance and developing the carbide-free steels in order to have even higher 

initial hardness and more feasible production routes. For martensitic steels and 
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other conventional steel grades, more energy-efficient fabrication and leaner 

alloying are nowadays the main objectives for many steelmakers, while improving 

the properties and usability of the steels at the same time. However, the CFB steels 

are still in the early stages of being adopted by component manufacturers, while 

steelmakers are researching the possibilities for the best possible processing routes 

for the fabrication of the CFB steels. It will be interesting to see whether CFB steels 

can take a share of the commercial wear-resistant steel market in the future.  
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7 Summary and conclusions 

The aim of this thesis was to investigate the wear characteristics and properties of 

different commercial and experimental laboratory steels to find the features which 

affect wear resistance. The wear tests were conducted with application-oriented 

wear testing equipment to simulate real-world conditions. The main objectives of 

the study were: 1) investigating the role of retained austenite, tempering, and prior 

austenite grain size on the wear resistance of ultra-high strength martensitic steels, 

2) the characterization of carbide-free steels and their wear performance in high-

stress abrasive conditions, and 3) broadening the existing knowledge on 

understanding the work-hardening of ultra-high strength steels subjected to 

abrasive wear. 

The study encompassed martensitic and carbide-free bainitic steels. The 

commercial steels included in the study were 500 HB grade wear-resistant steels 

and a 0.43 wt.% carbon press-hardening steel. Heat-treatments and tempering were 

applied to adjust the microstructural and mechanical properties of the steels to study 

the effect of different microstructural features on wear resistance. The experimental 

steels consisted of direct quenched (DQ), direct quenched and partitioned (DQ&P), 

and ausformed carbide-free bainitic (CFB) steels. All steels were tested for 

mechanical properties and characterized with microscopy. X-ray diffraction was 

applied to detect retained austenite. 

Wear testing was done utilizing impact-abrasive and high-stress abrasive 

methods. The wear surfaces were characterized with different methods to 

understand the damage mechanisms involved and to distinguish which features 

affect the wear resistance of ultra-high strength steels. Based on the results, the 

following summary and main conclusions can be drawn: 

– Martensitic steels did not benefit from retained austenite in a similar manner to 

the carbide-free bainitic steels. Direct quenching and partitioning resulted in 

decreasing hardness but increasing retained austenite content and toughness. 

Initial hardness was the main factor controlling the wear resistance in impact-

abrasive conditions, and the expected TRIP effect for the DQ&P steels did not 

improve the wear resistance. 

– Tempering martensitic steels might cause a minor decrease of wear resistance 

when compared to the untempered, quenched condition with a similar hardness 

level. Low-temperature tempering (< 200 °C) does not drastically reduce the 

mechanical properties nor the wear surface work-hardening capabilities but 
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improves the impact toughness properties. Higher tempering temperatures lead 

to risk of temper martensite embrittlement and reduce the wear resistance 

properties of martensitic steels.  

– Prior austenite grain size and morphology affect the abrasive wear resistance 

of martensitic steels. The smaller and more equiaxed the structure with 

normally distributed grains, the better the work-hardening capability and 

subsequently, the better the wear resistance. The results were obtained for the 

same chemical composition steels with similar hardness levels. 

– Carbide-free bainitic steels showed highly promising wear resistance in high-

stress abrasive conditions. The hardness-to-mass loss ratio proved to be 

outstanding for some of the CFB steels when compared to the martensitic 

reference steel. The main factor for the high wear resistance was the extreme 

work-hardening.  

– The importance of work-hardening was emphasized as the main feature 

affecting the wear resistance in impact-abrasive and abrasive conditions. The 

correlation between wear resistance and wear surface hardness was found to 

be strong, and the initial hardness could not predict the wear performance in 

all cases.  

– Existing wear surface characterization methods were updated by utilizing 

tapered sample sections for microhardness measurements of the deformed 

surfaces and the electron backscatter diffraction (EBSD) method on the 

characterization of wear surfaces. The latter provided some new information 

about the grain structure and morphology of the deformed regions in the 

vicinity of wear surfaces.  
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8 Novel features 

The following observations are believed to be novel at the time of publishing: 

– Direct quenched and partitioned steels were compared with commercial wear-

resistant steels in impact-abrasive conditions; film-like retained austenite was 

not found to be beneficial in the case of high-hardness martensitic steels. 

– Similar hardness level steels tested in tempered and direct quenched/water 

quenched condition were compared for wear performance. The direct 

quenched/water quenched steels proved to exhibit marginally better wear 

resistance.  

– Steels of the same composition with different prior austenite grain size and 

morphology were tested for abrasive wear resistance. It was shown that 

decreasing grain size with equiaxed grain structure would improve the work-

hardening capabilities in high-stress abrasive conditions. 

– Novel carbide-free steels processed via three ausforming routes were 

characterized and tested for wear performance. The experimental CFB steels 

showed highly promising wear resistance due to excellent work-hardening 

capabilities. 

– EBSD imaging was utilized in the investigation of wear surfaces. The image 

quality was high, and the latest reconstruction techniques were applied to 

characterize the heavily deformed regions of the wear surfaces. Near nano-

scale grain structure was observed, presumably formed by severe plastic 

deformation of the wear surface. 
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