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ABSTRACT 

The influence of retained austenite content and morphology on the abrasive wear resistance of 

9260 and 6150 bainitic steels was evaluated. Two carbide free bainitic (CFB) microstructures were 

developed with the 9260 alloy to achieve differences in retained austenite content and morphology. These 

were compared with lower bainitic microstructures from the 6150 alloy and quench and tempered (Q&T) 

martensitic conditions of similar hardness, for a total of eight microstructures studied at hardness levels of 

37 and 50 HRC. 

Microstructural characterization was performed using field-emission scanning electron 

microscopy, electron backscatter diffraction, X-ray diffraction (XRD), hardness testing, and Charpy 

impact testing. Abrasive wear resistance was evaluated through single and multi-pass scratch tests, dry 

sand/rubber wheel (DSRW) testing, and Bond abrasion testing.  

Microstructural analysis revealed that the 50 HRC CFB sample was comprised of 17.8 vol pct 

retained austenite, mostly in the form of thin-films between bainitic ferrite. The 37 HRC CFB sample 

contained 27.3 vol pct of larger retained austenite regions and more coarse bainitic ferrite laths. The 6150 

alloy formed lower bainite upon austempering heat treatments with visible inter- and intra-lath cementite. 

The Q&T microstructures featured tempered martensite laths with carbides both within and between these 

laths.  

The scratch test results showed that the Q&T microstructures outperformed bainitic 

microstructures of similar hardness. However, in DSRW and Bond abrasion wear testing, bainitic 

microstructures exhibited superior wear resistance. The Bond abrasion test showed the most significant 

indication of a transformation induced plasticity (TRIP) mechanism in the CFB steels, evidenced by the 

combination of hardness and XRD data, improving the wear resistance over lower bainitic and Q&T 

microstructures. This effect was most pronounced in the CFB sample that had larger, unstable austenite 

which showed a 24 pct increase in hardness and 75 pct decrease in austenite content, compared to the 

sample with more stable, thin-film austenite. In wear tests where TRIP did not induce significant 

hardening, such as the DSRW test, the lower bainitic samples showed improved wear resistance 

compared to CFB and Q&T microstructures.  

 Lower Si-containing alloys such as 6150 can produce abrasion-resistant bainitic microstructures 

suitable for low-stress or elevated-temperature applications where TRIP is not expected. However, in 

higher stress or impact conditions, higher-Si alloys such as 9260 show superior wear performance.  
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CHAPTER 1 

INTRODUCTION 

1.1 Purpose Statement 

The purpose of this work is to evaluate the abrasion resistance of bainitic steels in comparison to 

quench and tempered (Q&T) steels, with a focus on the relationship between wear resistance and the 

morphology and stability of retained austenite. Alloys of interest include 9260 and 6150 with hardness 

values up to 50 HRC. By understanding the wear mechanisms and the role of different microstructural 

constituents in bainitic steels, this thesis aims to improve the performance of bainitic steels over Q&T 

martensitic steels with comparable hardness in abrasion heavy environments. 

1.2 Industrial  Relevance 

Abrasive wear is a costly and important problem in the mining, mineral processing, 

transportation, earthmoving, and agricultural industries, damaging equipment through various digging, 

scraping, and crushing actions, and accounting for nearly 50 pct of all wear-related failures [1ï13]. Its 

economic impact is significant, with the associated costs estimated to be around 1 pct of the U.S. gross 

national product [7]. Abrasive wear affects both the reliability and safety of industrial components, 

highlighting the importance of understanding and mitigating its effects.  

The commercial adoption of bainitic steels took many years following their discovery in the late 

1920ôs [14]. Initially, their performance did not exceed commonly employed Q&T martensitic steels due 

to the presence of coarse cementite particles in the microstructure, which degraded both hardness and 

toughness [15]. Q&T steels have traditionally dominated the abrasion-resistant steel market due to their 

high hardness, which intuitively suggests superior wear resistance [9]. However, martensitic steels with 

high C content (~0.65ï1.2 wt pct) have been found to exhibit high wear rates primarily due to their 

relatively low toughness [16].  

Recent microstructural developments have demonstrated that the tensile strength of bainitic steels 

can, in some cases, match that of Q&T steels [17, 18]. Consequently, bainitic steels have emerged as 

strong candidates to replace brittle martensitic steels, offering a wide range of mechanical properties, 

including ultimate tensile strengths up to around 2500 MPa, hardness values ranging from 600ï670 HV, 

and toughness exceeding 30ï40 MPa·m0.5 [14, 19]. Conventional bainitic steels consist of a combination 

of various phases including ferrite, upper/lower bainitic ferrite, martensite, and retained austenite, making 

them attractive in tribological applications [14, 20]. High C, high Si steels can form a carbide free 

bainitic (CFB) microstructure, which provides excellent strength, ductility, and wear resistance without 

requiring extensive alloying [21, 22]. Under rolling-sliding wear conditions, CFB microstructures have 

demonstrated excellent wear resistance due to their ability to accommodate large deformations [23ï26]. 
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The relationship between hardness and wear resistance is complex. While hardness helps resist 

the penetration of hard particles during the initial stages of wear, it also reduces toughness, which is 

critical for preventing crack formation and material removal in the later stages [27ï29]. The presence of 

retained austenite can enhance toughness by resisting crack initiation and propagation through its 

transformation to martensite under strain. However, if the retained austenite is unstable and easily 

transforms to martensite, it can become a nucleation site for voids and cracks, leading to large spalling 

events that greatly deteriorate the wear rate [30, 31]. Therefore, this thesis aims to explore aspects related 

to these conflicting property requirements for wear resistance in both conventional and CFB steels.  

1.3 Research Questions and Hypotheses 

The following research questions and associated hypotheses were formulated: 

Q1: How do bainitic microstructures compare in terms of wear performance to tempered martensitic 

microstructures with similar hardness values? 

Both conventional upper/lower bainitic and Q&T microstructures are not expected to contain 

significant amounts of retained austenite. In contrast, CFB steels are anticipated to exhibit superior 

toughness due to significant retained austenite contents, which improve wear resistance by reducing crack 

propagation and material removal. A key difference between conventional bainitic and Q&T 

microstructures is their dislocation densities. Due to the rapid, diffusionless transformation of martensite, 

Q&T microstructures are associated with high dislocation densities and internal stresses. Bainite, although 

its transformation mechanism is still debated, is generally associated with a lower dislocation density. 

Dislocations act as long-range barriers that hinder further dislocation movement, thus impeding material 

deformation. Martensite is also expected to have a finer lath structure compared to bainite because the 

displacive martensitic transformation mechanism occurs at low temperatures compared to the bainite 

transformation, where nucleation is enhanced and growth kinetics are slowed. As a result, Q&T 

microstructures are likely to exhibit higher strength and greater resistance to penetration by abrasive 

particles compared to bainite for a given steel.  

Q2: What is the influence of retained austenite content and morphology on the wear performance of 

carbide free bainitic steels? 

Increased retained austenite content in bainitic steels is anticipated to enhance the wear resistance 

of CFB steels due to the beneficial mechanical properties inherent to the austenite phase. Compared to 

bainitic ferrite and martensite, austenite is a softer, more ductile phase in the microstructure, which is 

advantageous during wear as it can absorb more energy imparted to the material, and help prevent crack 

initiation and propagation. Additionally, retained austenite offers significant work hardening capabilities, 

allowing the material to strengthen during wear and become more resistant to further deformation. The 
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transformation of retained austenite to martensite under strain induces localized plasticity, increasing the 

materialôs toughness. This transformation induced plasticity (TRIP) not only helps resist crack 

propagation but also mitigates wear damage and contributes to a hardness increase in the material. 

However, retained austenite too large in size is often unstable and transformation of these regions can 

lead to spalling due to the associated volume expansion. A combination of both stable, thin film austenite 

that imparts ductility, and larger blocky austenite that may experience TRIP, is anticipated to best 

mitigate abrasive wear damage in CFB steels. 

Q3: How do bainitic steels with high Si contents compare in terms of wear performance to bainitic 

steels with low Si contents? 

Significant Si alloying in the range of 1.5ï2.0 wt pct suppresses the formation of cementite, 

resulting in a CFB microstructure. With cementite no longer forming, more C remains in the austenite, 

increasing its stability. In contrast, alloys with lower Si contents develop conventional upper or lower 

bainitic microstructures, consisting of a combination of bainitic ferrite, inter- and/or intra-lath cementite 

particles, and martensite, with minimal retained austenite. The two-phase structure of CFB steels is 

believed to be beneficial for wear resistance, as bainitic ferrite provides strength, while retained austenite 

contributes to toughness. In contrast, conventional bainitic microstructures containing cementite are 

associated with reduced toughness and inferior impact abrasion performance. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter provides a comprehensive literature review which explores aspects of abrasive wear 

and its relationship with microstructure and mechanical properties, offering an understanding on how 

these factors influence material performance under various wear conditions. Key topics include the 

formation and characteristics of different bainitic microstructures and the impact of austempering 

parameters on the properties of bainite, specifically in 9260 and 6150 alloys. This review also examines 

how these parameters affect the content and morphology of retained austenite, and how these 

microstructural features affect the wear behavior of bainitic steels. Additionally, the role of microstructure 

during scratch testing is examined, along with the transformation induced plasticity effect. The prior work 

reported in literature presented in this chapter provides a basis for the experimental work and analysis 

presented later in the thesis. 

2.1 The Bainite Microstructure 

This section provides an overview of the bainite microstructure including its formation 

mechanisms, the differences between upper and lower bainite, and the characteristics of carbide free and 

nanostructured bainite.  

2.1.1 The Formation of Bainite 

Bainite is a non-lamellar decomposition product of austenite that forms at a temperature below 

that of the pearlite transformation and above the martensite start (Ms) temperature [32]. Pearlite forms as a 

result of the coupled growth mechanism of the ferrite and cementite phases, as the C cannot be 

accommodated by the ferrite due to low solubility, so it is incorporated into the cementite. Bainite growth, 

however, occurs in two separate stages ï first, the growth of ferrite and second, the precipitation of 

carbides [14]. The bainite reaction is said to be incomplete since the transformation stops before each of 

the phases reach their equilibrium composition [19].  

Bainite grows in the form of small plates called sub-units, with aggregates of these plates referred 

to as sheaves [14, 19]. A typical bainite sheaf is shown in Figure 2.1. The sub-units have lenticular plate 

or lath morphologies, and each sub-unit grows to a limited size determined by plastic 

accommodation [14, 19]. The sheaf has been described as having a wedge-shaped, plate-like structure, 

with the thicker end of the wedge representing the nucleation site (usually on an austenite grain 

boundary) [14].  
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Figure 2.1 Transmission electron micrograph of a sheaf of upper bainite in a partially transformed 

Fe-0.43C-2Si-3Mn wt pct steel alloy; (a) light optical micrograph, (b) bright field and (c) corresponding 

dark field micrograph of retained austenite between sub-units, and (d) montage of the structure of a 

sheaf [14]. 

The mechanism by which the ferritic component of bainite forms has been controversial between 

displacive (shear) or reconstructive (diffusion) modes of solid state transformation [32, 33]. A displacive, 

or shear, transformation describes a military process in which there exists atomic correspondence across 

the transformation interface, allowing for a coordinated, simultaneous movement of Fe and substitutional 

atoms across the parent (austenite)/product (ferrite) interface. Under this transformation mechanism, 

bainitic ferrite is considered to grow by the propagation of discrete sub-units to form the classical sheaf 

structure [33]. The sheaf has plate-like morphology and its formation involves deliberate nucleation of 

successive sub-units. Reconstructive, or diffusional formation, on the other hand, describes a process in 

which Fe or substitutional atoms might migrate toward or away from the interphase boundary by 

diffusion, thus eliminating any existing atomic correspondence [32, 33]. Aaronson and Kinsman [34] 

argue that sub-units have been observed to grow via a ledge mechanism and ledges propagate along the 

broad face of bainite plates. If a ledge mechanism is accepted, lengthening kinetics of bainite sheaves are 

consistent with a controlled, diffusional growth mechanism. 

Authors in favor of a shear transformation mechanism include Bhadeshia and Edmonds [33, 35], 

Ko [36, 37], Kang [38, 39], Caballero [19], Yu [40], Wang [41], and Cui [42]. Bhadeshia and 

Edmonds [33] examined a Fe-0.43C-3Mn-2.12Si steel that was austenitized at 1200 °C for 10 min and 

quenched to 286 °C for 30 min. Upon performing transmission electron microscopy (TEM), an isolated 

sheaf containing an arrangement of sub-units was observed. The sub-units themselves were separated by 

thin films of retained austenite and were determined to be in the same crystallographic orientation relative 

to austenite. This study concluded that such sub-units could not be compared with ledges as the individual 
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sub-units were isolated by these C-enriched austenite films. Caballero [19] further argues that since 

bainite can be obtained by transforming at very low temperatures (150ï300 °C), there is no possibility 

that the diffusivity of Fe or substitutional solute atoms is sufficient to support a reconstructive 

transformation. 

Alternatively, authors that support a reconstructive mechanism include Aarsonson [43], 

Yang [44], Fang [45], Hsu [46], and Liu [47]. Through scanning tunneling microscopy and atomic force 

microscopy, Fang and Yang [44] found that the shape of the surface relief associated with bainite was 

observed as ñtent-likeò and that of martensite is of invariant plane strain type, thus indicating that bainite 

forms via a different, diffusional mechanism compared to martensite. Additionally, the authors found that 

thermodynamic calculations indicate that the available chemical driving force during bainitic 

transformation is not large enough for a shear transformation process.  

2.1.2 Upper and Lower Bainite 

Conventional bainitic microstructures are often multiphase, containing various degrees of ferrite, 

bainitic ferrite, martensite, and retained austenite [48]. The hardness of bainite is heavily dependent on the 

microstructure and bainitic transformation. Martensite and bainite microstructures add strength and 

hardness, while ferrite is a relatively soft phase that improves the strain hardening rate [49]. Mechanical 

properties such as toughness and ductility are further improved by incorporating retained austenite into 

the microstructure. Most advanced bainitic steels contain some degree of retained austenite, which may 

undergo a martensitic transformation during abrasion [48]. If the isothermal treatment is ceased before the 

bainitic transformation is complete, however, some remaining austenite will transform to martensite upon 

cooling [48]. Overall, different phases within the bainitic microstructure lead to improvements in 

mechanical and physical properties including hardness, strength, ductility, toughness, work hardening, 

and wear resistance. 

Bainite is further classified depending on variations in transformation temperature combined with 

alloy content into upper (high temperature) and lower (low temperature) bainite [14, 32]. Both upper and 

lower bainite consist of ferrite sheaves separated by cementite, as shown in Figure 2.2 [14, 32]. Upper 

bainite is commonly described as ñfeatheryò bainite and consists of a series of parallel ferrite plates 

separated by (semi)continuous inter-lath carbide layers [32]. During the bainite transformation, C 

partitions from ferrite to austenite, enriching the austenite in C and leading to carbide formation upon 

decomposition. Lower bainite, also known as ñlathò bainite, takes the form of laths or platelets and 

contains intra-lath carbide particles, in addition to the inter-lath carbides, within the ferrite laths [14]. 

When the transformation occurs at lower temperatures, the reduced diffusivity of C prevents full 

partitioning from ferrite to austenite, resulting in the precipitation of carbides within the ferrite due to its 
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low C solubility. Intra-lath carbides will additionally share a single habit plane when precipitated from 

bainitic ferrite, resulting in a shared orientation of carbides within individual bainitic ferrite laths [50]. 

Micrographs of both upper and lower bainite are shown in Figure 2.2.  

 
(a) 

  
(b) (c) 

  
(d) (e) 

Figure 2.2 (a) Schematic representation of the transition from upper to lower bainite, adapted from [51], 

(b)ï(e) representative microstructures of upper and lower bainite. Micrographs were obtained using 

(b), (c) light optical microscopy (LOM) and (d), (e) TEM. Microstructures of (b) ñfeatheryò upper 

bainite [52] and (c) lath-like lower bainite [14] are evident in LOM. TEM highlights (d) inter-lath 

carbides in upper bainite [52] and (e) intra-lath carbides in lower bainite [53].  
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2.1.3 Carbide Free Bainite 

An alternative bainitic microstructure, known as carbide free bainite (CFB), is widely discussed 

in literature [9, 15, 19, 21, 32, 54ï58] as these steels show great potential in wear scenarios due to 

excellent strength and ductility properties. CFB steels are alloyed with Si, generally in the range of 

1.5ï2.0 wt pct, in order to suppress the formation of cementite, as Si has very low solubility in cementite 

and its growth is suppressed from austenite [15, 19, 32, 54, 55]. The suppression of cementite is attractive 

to properties as cementite can act as a cleavage and void-initiating phase within bainitic 

microstructures [19]. The suppressing effect only applies to cementite precipitation, however, and does 

not influence transition carbide precipitation within bainitic ferrite (lower bainite) or martensite to the 

same extent [55]. Heat treatments to obtain CFB include isothermal holding in the range of 200ï400 °C 

(above the Ms temperature), or through continuous cooling [55]. 

CFB microstructures contain only two phases ï fine plates of upper bainite separated by C 

enriched retained austenite [15, 21, 55, 57]. Suppression of the cementite phase leads to C supersaturation 

of the retained austenite as the C that is rejected from the bainitic ferrite enriches the residual 

austenite [15, 19, 55, 56]. This C enrichment aids in stabilizing untransformed austenite down to room 

temperature. An example of a CFB microstructure in a Fe-0.98C-1.46Si-1.89Mn-1.26Cr-0.26Mo-0.09V 

bainitic steel is shown in Figure 2.3. The lath ferrite (Ŭ) observed in the micrograph and high C-enriched 

retained austenite (ɔ) both impart high strength and toughness to the steels [21]. 

 
Figure 2.3 TEM micrograph of CFB showing retained austenite (dark regions) between fine plates of 

bainitic ferrite (light regions) [19]. 

The properties of CFB steels are highly dependent on the bainitic transformation temperature and 

time [21]. By optimizing austempering parameters, CFB steels can exhibit enhanced mechanical (strength 

and toughness) and tribological properties without extensive alloying [19, 21]. CFB microstructures have 

been reported as having increased hardness due to the refined bainitic ferrite structure, and opportunities 
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to improve hardness through further control of bainitic ferrite lath thickness, C content, and retained 

austenite content [55]. Both toughness and tensile strength have been observed to match or exceed that of 

commercial quench and tempered (Q&T) martensitic steels [21, 57]. The improvement in toughness is 

attributed to the replacement of brittle inter-lath carbide films with retained austenite which aids in 

resistance to cleavage fracture and void formation [15, 56, 57]. Toughness is, in general, maximized by an 

optimization of bainitic ferrite content and reduction in martensite content [57]. Reported upper limit 

mechanical properties attainable by CFB steels are included in Table 2.1.  

Table 2.1 Mechanical Properties Attainable by CFB Steels [19, 55] 

Hardness 

(HV) 

Tensile Strength 

(MPa) 

Compressive 

Strength (MPa) 

Total Elongation 

(pct) 

Impact 

Energy (J) 

KIC 

(MPa·m0.5) 

600ï670 1600ï2200 3000 5ï30 120 45ï130 

If C enrichment of the austenite in CFB steels is not sufficient, some austenite may transform to 

martensite upon cooling and exist in the microstructure. Carballero et al. [57] examined the influence of 

martensite content on the impact toughness of six different CFB alloys, with chemical compositions listed 

in Table 2.2. The volume fraction of bainite (VB) was determined using light optical microcopy (LOM) 

and the volume fraction of martensite (VM) was determined via a systematic manual point-counting 

procedure using scanning electron microscopy (SEM). Impact energy was determined using 

Charpy impact testing at 20 °C. Qualitative microstructural data and measured mechanical properties are 

included in Table 2.3 and Figure 2.4.  

Table 2.2 Chemical Composition (wt pct) of CFB Alloys Tested by Caballero et al. [57] 

Steel C Si Mn Ni Cr Mo Co 

CENIM 1 0.29 1.50 2.25 - - 0.26 - 

CENIM 2 0.29 1.46 1.97 - 0.46 0.25 - 

CENIM 3 0.29 1.49 1.56 - 1.47 0.25 - 

CENIM 4 0.27 1.71 1.53 1.47 0.17 0.24 - 

CENIM 5 0.29 1.47 1.97 - 1.20 0.25 0.97 

CENIM 6 0.28 1.50 2.04 - 1.50 0.24 1.48 

 

Table 2.3 Microstructural and Mechanical Data from Caballero et al. [57] 

Steel VB (vol pct) VM (vol pct) Impact Energy (J) 

CENIM 1 0.64 ± 0.04 0.33 ± 0.03 36 

CENIM 2 0.62 ± 0.03 0.28 ± 0.04 36 

CENIM 3 0.77 ± 0.09 0.12 ± 0.04 44 

CENIM 4 0.77 ± 0.04 0.20 ± 0.05 38 

CENIM 5 0.69 ± 0.02 0.23 ± 0.03 40 

CENIM 6 0.66 ± 0.03 0.26 ± 0.04 24 
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(a) (b) 

Figure 2.4 Influence of (a) bainite and (b) martensite content on the impact toughness at 20 °C of CFB 

steel alloys studied by Caballero et al. [57]. 

A considerable improvement in toughness at ambient temperature is observed when the volume 

fraction of bainite is high and the martensite content is reduced in these Si-containing steels. One anomaly 

is noticed in the CENIM 6 steel which has moderate martensite content but a sharp drop in impact 

toughness. The authors attributed this behavior to a coalescence process in which fine platelets of bainitic 

ferrite merged, causing a coarsening effect [57]. For the most part, however, these results are consistent 

with the expectation that the toughness of bainitic ferrite in CFB is superior to that of martensite.  

2.1.4 Retained Austenite Morphologies in Carbide Free Bainite 

The combination of strength and ductility achievable by CFB steels is due to the two phase 

microstructure in which the separate constituents contribute to different bulk property requirements [56]. 

While bainitic ferrite controls the strength of the material, retained austenite is responsible for the 

toughness and ductility properties. A diverse volume fraction of retained austenite is attainable in a 

typical austemper regime, influenced by both transformation time and temperature [54]. The stability of 

the austenite, however, often dictates whether the austenite contributes to or deteriorates the toughness 

and wear behavior of a given steel [48].  

There exist two primary morphologies discussed across literature regarding retained austenite in 

CFB steels ï ñthin filmò and ñblockyò [15, 48, 55, 57, 58]. Examples of thin film and blocky austenite are 

shown in Figure 2.5. Thin film austenite is reported to improve toughness as it is both chemically stable, 

due to a higher C content, and mechanically stable, due to the surrounding bainitic ferrite 

laths [15, 56, 57]. Larger, blocky austenite regions often produce detrimental effects on mechanical 

properties such as toughness and total elongation, as these regions are less chemically and mechanically 

stable, causing them to easily transform to brittle, untempered martensite upon relatively small 

deformation [15, 21, 48, 55ï58]. 
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(a) (b) 

Figure 2.5 (a) SEM (b) TEM micrographs of CFB microstructures showing both (thin) film and blocky 

retained austenite from Hu et al. [59]. BF and RA represent bainitic ferrite and retained austenite, 

respectively. 

Retained austenite can also impact the properties of steel in industrial components through the 

formation of fresh martensite via the TRIP effect, thereby reducing the amount of retained austenite in the 

microstructure [48]. The TRIP effect has been shown to enhance ductility in applications such as naval, 

marine, and various automotive components [15, 49, 56]. The transformation of austenite to martensite is 

accompanied by a volume expansion, which can cause local work hardening and induce compressive 

stresses near crack tips, effectively slowing down crack propagation [60]. However, the rapid formation 

of martensite can negatively impact the mechanical properties of CFB steels. Unstable, blocky retained 

austenite that easily transforms to martensite during deformation may lead to the nucleation of cracks and 

voids in the material [48, 54]. As a result, the exact role of retained austenite stability in wear resistance 

and other industrial applications remains an active area of research. The TRIP effect will be discussed in 

more detail in Section 2.4. 

2.1.5 Nanostructured Bainite 

Another variant of the bainitic microstructure that has gained significant attention recently is 

known as nanostructured bainite [11, 59, 61, 62]. This type of bainite is characterized by its extremely 

fine bainitic ferrite plates, which have thicknesses ranging from 20ï40 nm [11]. Similar to CFB steels, 

nanostructured bainitic steels consist of two phases (bainitic ferrite and retained austenite), and are 

produced through isothermal transformations at low temperatures (~200 °C) [11]. The refinement of the 

bainitic ferrite to such a fine scale enhances the steelôs hardness and strength, while still providing 

adequate ductility and toughness [19, 54, 57, 59]. Caballero et al. [57] reported that these steels can 

achieve ultimate tensile strength (UTS) values between 1600ï1800 MPa while maintaining a total 

elongation up to 10 pct. However, the microstructure often contains isolated, very fine grains of 

martensite, which may affect the toughness of the steel. In a study performed by Avishan et al. [61], a 
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Fe-0.91C-1.58Si-1.98Mn-0.25Mo-1.12Cr-1.37Co-0.53Al steel was subjected to an austempering 

treatment at 200 °C for 3 days to form nanostructured bainite. The resulting microstructure, shown in 

Figure 2.6, exhibited an exceptionally high UTS of 2115 MPa, a hardness around 530 HV, and a total 

elongation of 7.7 pct. 

  
(a) (b) 

Figure 2.6 SEM micrographs of nanostructured bainite at increasing magnification by 

Avishan et al. [61]. Ŭ and ɔ represent bainitic ferrite and retained austenite, respectively. 

2.2 The Austemper Heat Treatment 

The bainite transformation can occur through two primary heat treatments ï austempering and 

continuous cooling (CC). Austempering is an isothermal process in which a fully austenitized steel is 

transformed to bainite at a temperature above the materialôs Ms temperature but below the onset of 

pearlite formation [63]. The specific temperature range for austempering varies depending on the 

material; steels with higher C content generally have a lower Ms temperature and a broader austempering 

range. The microstructural characteristics of austempered bainitic steels (i.e., the bainitic ferrite, 

cementite, and retained austenite) are significantly influenced by the austempering parameters [48, 63]. In 

contrast, CC involves cooling the steel from the austenite regime to room temperature at a rate that is fast 

enough to prevent pearlite formation but slow enough to allow a partial or complete transformation to 

bainite [64]. Only austempering heat treatments will be evaluated in this work.  

2.2.1 Influence of Austempering Parameters on Microstructure and Mechanical Properties 

As previously discussed, the characteristics and properties of the bainitic constituents are highly 

dependent on the austempering parameters. Austempering temperature and duration play an important 

role in the resulting hardness, fracture toughness, tensile strength, and embrittlement behavior of the 

steel [65]. The austempering process offers advantages over widely used Q&T treatments, especially in 

applications that require limited distortion and residual stresses [63].  
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Austempering temperature significantly influences the morphology of bainitic ferrite plates. 

Kumar et al. [21] observed that at lower transformation temperatures, bainite forms a ñneedle-likeò 

structure, while at higher temperatures, it takes on a ñfeather-likeò appearance. This change in 

morphology is likely associated with the transition from lower to upper bainite. As the austempering 

temperature increases, the resulting microconstituents will become coarser due to enhanced growth 

kinetics and reduced nucleation kinetics at higher temperatures [48, 63]. Furthermore, an increase in 

austempering temperature leads to a decrease in yield strength, due to the formation of larger bainitic 

ferrite plates [21]. Coarse microstructures are generally undesirable in industrial components because they 

reduce the strength, hardness, and wear resistance of the steel. Consequently, a decrease in lath thickness 

(achieved by lowering the austempering temperature) enhances the hardness of the microstructure, and 

improves the mechanical properties of bainitic steels [21, 48, 63, 65].  

Han et al. [63] investigated the differences in microstructure and hardness resulting from varying 

austempering temperatures in a 6150 steel, with composition given in Table 2.4. The specific 

austempering temperatures and the corresponding hardness values are listed in Table 2.5. Micrographs of 

each condition are included in Figure 2.7. It is evident from these data that as the austempering 

temperature is increased, the hardness decreases in a relatively linear manner. This trend corresponds with 

the observed microstructures in that the AT1 steel exhibits relatively fine constituents, which become 

progressively coarser as the transformation temperature is increased, and the AT4 microstructure 

therefore is very coarse in comparison.  

Table 2.4 Chemical Composition (wt pct) of 6150 Steel Used by Han et al. [63] 

C Cr Si Mn V P S 

0.45ï0.53 0.8ï1.1 0.15ï0.3 0.7ï0.9 Ó 0.15 Ò 0.035 Ò 0.04 

 

Table 2.5 Hardness of Bainitic Conditions Studied by Han et al. [63] 

Steel ID 
Austempering Temperature 

(°C) 
Hardness (HRC) 

AT1 371 34.8 

AT2 399 32.6 

AT3 427 28.2 

AT4 454 27.1 

Acharya et al. [65] investigated the effects of both austempering temperature and duration on a 

9260 alloy, with composition outlined in Table 2.6. Given the high Si content of 9260 steel (~2 wt pct), it 

is expected that austempering would result in a CFB microstructure. Hardness measurements were taken 

following these heat treatments, and the data are presented in Figure 2.8 as a function of both 

austempering temperature and time. Additionally, microstructures corresponding to each austempering 

temperature for the 30 and 120 min durations are shown in Figure 2.9. 
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(a) (b) 

  
(c) (d) 

Figure 2.7 LOM micrographs of 6150 steel alloy after 20 min austempering treatments at (a) 371, (b) 

399, (c) 427, and (d) 454 °C [63]. 

 

Table 2.6 Chemical Composition (wt pct) of 9260 Steel Used by Acharya et al. [65] 

C Si Mn Cr Ni Mo Cu V S P 

0.6 2.06 0.84 0.13 0.019 0.007 0.009 0.002 0.005 0.013 

 

  
(a) (b) 

Figure 2.8 Hardness as a function of austempering (a) temperature and (b) time for a 9260 alloy [65]. 
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Figure 2.9 Selected SEM micrographs of 9260 samples austempered at temperatures of (a), (d) 280, (b), 

(e) 360, and (c), (f) 400 °C and durations of (a)ï(c) 30 and (d)ï(f) 120 min [65]. 

These results align with the findings by Han et al. [63], demonstrating that lower austempering 

temperatures lead to a higher hardness. The authors note a slight, consistent increase in hardness with 

extended hold time as seen in Figure 2.8(b), although the exact mechanism behind this trend is not 

discussed. This behavior was unexpected, as longer times at the bainite transformation temperature 

typically allow for further growth of microconstituents, which would not usually result in a hardness 

increase. The resulting microstructures exhibited varying amounts and morphologies of bainitic ferrite, 

retained austenite, and carbides, with coarsening apparent as transformation temperature increased. No 

significant microstructural differences are noticed between the samples held for 30 and 120 min at the 

same temperature, which is consistent with the hardness data. 

Liu et al. [54] studied trends in yield strength, UTS, total elongation, and hardness for two 

different alloys, considering variations in both austempering temperature and time. The compositions are 

provided in Table 2.7, and the details of the heat treatments outlined in Table 2.8. The resulting 

mechanical properties for each bainitic sample are listed in Table 2.9 and also plotted in Figure 2.10. 

Table 2.7 Chemical Composition of Alloys Investigated by Liu et al. [54] 

Steel C Si Mn Cr Mo Nb 

Alloy A  0.95 2.90 0.75 0.52 0.25 0.03 

Alloy B 0.62 1.44 1.26 1.47 0.26 0.02 
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Table 2.8 Austemper Parameters for Samples Tested by Liu et al. [54] 

Sample ID Temperature (°C) Time (h) 

A350 350 3 

A300 300 7 

A250 250 24 

A220 220 72 

B350 350 3 

B300 300 9 

B250 250 24 

 

Table 2.9 Mechanical Properties of Samples Tested by Liu et al. [54] 

Sample ID 
Yield Strength 

(MPa) 
UTS (MPa) 

Total Elongation 

(pct) 

Hardness 

(HV) 

A350 740 ± 10 1773 ± 10 19.0 ± 2 380 ± 5 

A300 1414 ± 9 1845 ± 9 23.0 ± 2 520 ± 5 

A250 1689 ± 12 2052 ± 12 15.0 ± 2 590 ± 5 

A220 1931 ± 10 2174 ± 10 3.1 ± 2 650 ± 5 

B350 796 ± 10 1475 ± 15 8.0 ± 1 350 ± 5 

B300 1166 ± 10 1677 ± 15 16.2 ± 2 502 ± 5 

B250 1564 ± 15 1964 ± 15 10.9 ± 1 550 ± 5 

Clear trends are observed in the mechanical property data, most notably in yield strength and 

hardness, which both decrease steadily as austempering temperature increases. UTS also shows a slight 

decline with increasing temperature, although this trend is less pronounced compared to yield strength. 

Total elongation appears to increase slightly with higher austempering temperatures, which is expected as 

there typically exists a tradeoff between strength and ductility properties. It is evident that austempering 

parameters, especially temperature, significantly influence all mechanical properties and are thus 

important design considerations for bainitic steels. 

Dalwatkar et al. [66] additionally studied the influence of austempering parameters on the impact 

toughness of a 9260 steel with a composition given in Table 2.10. The samples for this study were 

austempered in salt pots at temperatures of 300, 325, and 350 °C for times of 10, 20, and 60 min for a 

total of 9 conditions. Impact toughness was performed using Charpy V-notch (CVN) testing as outlined in 

ASTM E23 [67]. CVN data are plotted as a function of austempering parameters in Figure 2.11. 

The CVN results in Figure 2.11 do not show strong trends between austempering parameters and 

impact toughness of the steels. There may be a slight increase in impact toughness as austempering 

temperature is increased, which is anticipated as a softer, more coarse microstructure generally enhances 

impact properties. It is possible that another microstructural factor is influencing the toughness properties 

of these bainitic steels, which will be further discussed in Section 2.2.2.  
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(a) (b) 

  
(c) (d) 

Figure 2.10 Mechanical properties including (a) yield strength, (b) UTS, (c) total elongation, and (d) 

hardness of alloys studied by Liu et al. as a function of austempering temperature [54]. 

 

Table 2.10 Chemical Composition (wt pct) of 9260 Alloy Investigated by Dalwatkar et al. [66] 

C Mn Si S P Cr Cu Ni Mo 

0.56 0.87 1.82 0.002 0.013 0.162 0.18 0.097 0.031 

2.2.2  Influence of Austempering Parameters on Retained Austenite Content and Properties 

Acharya et al. [65] measured the retained austenite content in the samples outlined in 

Section 2.2.1 as a function of both austempering temperature and duration using X-ray diffraction (XRD), 

as shown in Figure 2.12. Initially, as temperature increased from 280 to 360 °C, the retained austenite 

content also increased. At lower temperatures, the high nucleation rate of bainitic ferrite promotes of the 

formation of more bainitic ferrite needles within the austenite. As the austempering temperature rises, the 

driving force for bainitic ferrite transformation decreases, reflected by the higher resulting retained 

austenite content. However, when the temperature is further increased to 400 °C, the retained austenite 
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content begins to decrease. At these elevated temperatures, the austenite has an excess of C due to the 

high C diffusivity and enough thermal activation to trigger secondary reactions, such as the precipitation 

of very fine carbides at the austenite/ferrite interface [49, 66]. This reduces the retained austenite content, 

as evidenced by the carbides observed in Figure 2.9(f), which corresponds to a sample austempered at 

400 °C. 

  
(a) (b) 

Figure 2.11 Impact energy tested via CVN testing for a 9260 alloy as a function of austempering (a) 

temperature and (b) time [66]. 

 

  
(a) (b) 

Figure 2.12 Retained austenite content as a function of austempering (a) temperature and (b) time for a 

9260 alloy [65]. 

XRD data further revealed shifts in the {111}ɔ peak position, indicating variations in the austenite 

lattice parameter associated with differences in C content. Since C is an interstitial element within Fe, an 

increase in C content causes the lattice to expand to accommodate the C atoms, resulting in shifts in the 

Bragg peak. This phenomenon can be understood through the Bragg equation, which states that  
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nɚ=2dsinɗB (2.1) 

where n is the order of the reflection, ɚ is the wavelength of the incident X-rays, d is the interplanar 

spacing, and ɗB is the angle of incidence, or the Bragg angle [68, 69]. According to Equation 2.2, an 

increase in d due to C atoms occupying interstitial sites will lead to a decrease in ɗB. This effect is 

demonstrated in Figure 2.13, where the {111}ɔ peak is observed at the lowest 2ɗ position for the sample 

austempered at 360 °C which also had the highest retained austenite content. This is likely due to the 

increased C content, which enhances the stability of the retained austenite. The C content of austenite can 

further be calculated by using the {220}ɔ peak to determine the austenite lattice parameter and the 

following relationship developed by Cullity  

ao = 3.555 + 0.044x (2.2) 

where ao is the austenite lattice parameter in angstroms and x is the C content of austenite in wt pct. 

Equation 2.3 highlights that the austenite lattice parameter will increase as C content increases. 

 
Figure 2.13 XRD patterns for samples austempered at 280, 360, and 400 °C for 30 min, showing lateral 

shifting of the {111}ɔ peak [65]. 

Figure 2.12(b) illustrates the relationship between austempering hold time and retained austenite 

content, showing a consistent decrease in retained austenite content as hold time increases. Although 

extended hold times at elevated temperatures would typically promote C partitioning into austenite, 

resulting in a higher content of stable retained austenite, it is also possible that longer hold times 

encourage secondary reactions and carbide formation due to excess C partitioning., This could lead to a 

reduction in retained austenite content, similar to what was observed at 400 °C. 

Franceschi et al. [70] studied the microstructural evolution of a novel high-Si CFB steel subjected 

to different austempering temperatures (250, 300, 350, and 370 °C). The alloy composition is detailed in 

Table 2.11 and an Ms temperature was determined to be 238 °C. SEM was conducted on all heat treated 
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samples, with the micrographs presented in Figure 2.14. The typical CFB microstructure is observed 

across all conditions, characterized by a mixture of bainitic ferrite, films of C enriched austenite, and 

larger austenite blocks.  

Table 2.11 Chemical Composition (wt pct) of Alloy Investigated by Franceschi et al. [70] 

C Si Mn Al  Cr Ni Mo Cu Ti V P S 

0.38 3.2 2.65 0.1 0.05 0.05 0.02 0.05 0.0011 0.0056 0.008 0.007 

 

  
(a) (b) 

  
(c) (d) 

Figure 2.14 SEM micrographs of the alloy investigated by Franseschi et al. [70] after austempering 

treatments at (a) 250, (b) 300, (c) 350, and (d) 370 °C (M: martensite, B: bainitic ferrite, RAB: retained 

austenite blocks, RAF: retained austenite films). 

There is a noticeable increase in bainitic ferrite and retained austenite film thickness as the 

austempering temperature increases. Using the linear intercept method and LOM in the direction 

perpendicular to the bainitic sheaf length, the average bainitic plate thickness was measured as a function 

of austempering temperature, with the results outlined in Table 2.12. The observed increase in bainitic 

ferrite plate thickness is likely related to the yield strength of austenite, as reported by Bhadeshia [14]. At 

higher temperatures, the lower austenite yield strength, due to faster recovery kinetics, allows for easier 

plate growth, resulting in coarser plates. 



21 

 

Table 2.12 Bainitic Plate and Austenite Film Thickness 

for Investigation by Franceschi et al. [70] 

Austempering 

Temperature 

(°C) 

Bainitic Plate 

Width (nm) 

Austenite Film 

Width (nm) 

250 75.3 ± 23 49.6 ± 11 

300 96.2 ± 29 67.0 ± 26 

350 140.8 ± 41 94.6 ± 27 

370 149.5 ± 41 102.7 ± 31 

XRD was conducted on each sample to measure the amount of stabilized retained austenite (Vɔ) 

and the C content of the austenite (xɔ) as a function of austempering temperature. The results are 

summarized in Table 2.13. Additionally, the effect of isothermal holding temperature on the 

microstructural constituents was evaluated in terms of mechanical properties through tensile testing of the 

various conditions. These results are also included in Table 2.13. 

Table 2.13 Retained Austenite and Mechanical Properties for CFB Steel Investigation by 

Franceschi et al. [70] 

Austempering 

Temperature 

(°C) 

Vɔ 

(vol pct) 
xɔ (wt pct) 

Yield 

Strength 

(MPa) 

UTS 

(MPa) 

Uniform 

Elongation 

(pct) 

Total 

Elongation 

(pct) 

250 6 ± 3 1.22 ± 0.04 1638 ± 5 1988 ± 4 31 ± 1 33 ± 1 

300 11 ± 3 1.01 ± 0.04 1150 ± 4 1632 ± 5 38 ± 1 44 ± 1 

350 13 ± 3 0.82 ± 0.04 973 ± 5 1427 ± 5 22 ± 1 22 ± 1 

370 11 ± 3 0.71 ± 0.04 886 ± 3 1276 ± 7 18 ± 2 18 ± 2 

The amount of retained austenite in the alloy increased with austempering temperature from 250 

to 350 °C, due to the temperature moving further away from the To line, which defines the equilibrium 

between bainitic ferrite and austenite. Above the To temperature, austenite is thermodynamically stable; 

below the To temperature, austenite transforms into bainitic ferrite. At lower temperatures, the higher 

driving force for this transformation leads to greater consumption of austenite to form bainitic ferrite. 

However, as the temperature increases and approaches the To line, the driving force decreases, the 

nucleation rate of bainitic ferrite slows, and less bainitic ferrite forms, resulting in a higher retained 

austenite content. Additionally, the C exhibits higher diffusivity due to its Arrhenius relationship with 

temperature, further stabilizing the retained austenite. However, at 370 °C, a decrease in the austenite 

content is observed. The authors attribute this behavior to the onset of second stage reactions, caused by 

prolonged exposure at elevated temperatures and excess C, similar to the findings by Acharya et al. [65]. 

In terms of the mechanical properties, it was generally observed that higher austempering 

temperatures resulted in lower yield strength and UTS, with the sample austempered at 250 °C exhibiting 

the highest strength. However, strain to failure values followed a different trend. As the isothermal hold 

temperature increased from 250 to 300 °C, ductility and total elongation increased, likely due to a coarser 
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microstructure with more retained austenite. At further elevated temperatures (350 and 370 °C), a 

significant reduction in elongation was observed, despite the presence of substantial retained austenite. It 

is possible that the excessively high temperatures led to larger austenite grains with lower C enrichment 

compared to the austenite films found in lower temperature samples, which could increase the driving 

force for TRIP, resulting in martensite formation at low strain levels [71]. Consequently, these samples 

are more prone to fail at large strains. The superior mechanical properties of the samples treated at 250 

and 300 °C are attributed to the thickness of the bainitic ferrite plates. Bainitic ferrite, being the strongest 

constituent in the microstructure, can accommodate high plastic deformations compared to austenite, 

acting as a barrier to dislocation movement and suppressing both crack initiation and propagation [72]. 

To further investigate the fracture response of these samples, the fractographs in Figure 2.15 and 

cross-section SEM micrographs of the fracture surfaces in Figure 2.16 were analyzed. The specimens 

austempered at 250 and 300 °C revealed a cup-and-cone appearance, characterized by dimples on the 

fracture surfaces, as shown in Figure 2.15(a) and (b), indicating a ductile fracture mechanism. In contrast, 

the higher temperature samples displayed a more brittle, quasi-cleavage fracture surface, characterized by 

the absence of a reduction in area and the presence of quasi-cleavage facets, visible in Figure 2.15(d).  

Figure 2.16 presents micrographs only from the 250 and 300 °C conditions, as these samples 

demonstrated the most favorable combination of mechanical properties. It was observed that bainitic 

sheaves elongated prior to fracture, highlighting the ability of bainitic ferrite to accommodate large strains 

before failure. The presence of microcracks was noted only at the interfaces between bainitic ferrite 

sheaves and martensite blocks and was not observed at austenite boundaries [70]. This behavior suggests 

that austenite possesses superior plasticity, making it is less likely for cracks to initiate and propagate at 

the interfaces between austenite and other microstructural constituents. 

To determine if TRIP occurred and to quantify the degree of transformation, both hardness 

measurements and retained austenite content via XRD were compared before and after tensile testing. The 

results are detailed in Table 2.14. A noticeable reduction in retained austenite content was observed in all 

samples, which is likely attributed to the TRIP effect. For the samples austempered at 350 and 370 °C, the 

austenite peak was still present, and these samples showed a smaller reduction in austenite content after 

tensile testing. It is speculated that these samples began forming martensite at relatively low strains, as the 

primary morphology of austenite in these cases was in the form of low C, blocky regions. Considering the 

lower strain to failure values observed in these samples, it is likely that the transformation of these blocks 

into fresh martensite led to premature fracture, preventing significant work hardening or transformation of 

the more stable thin film austenite in the microstructure. This hypothesis is further supported by the 

post-tensile testing hardness data for these samples, which did not show a significant increase. The slight 
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hardness increase observed in the sample austempered at 370 °C is attributed to the larger presence of 

martensite in the microstructure. 

  
(a) (b) 

  
(c) (d) 

Figure 2.15 SEM fractographs following tensile testing of high-Si CFB samples austempered at (a) 250, 

(b) 300, (c) 350, and (d) 370 °C for 2 h. White arrows indicate dimples, red arrows indicate quasi-

cleavage facets [70]. 

 

  
(a) (b) 

Figure 2.16 SEM micrographs following tensile testing of high-Si CFB samples austempered at (a) 250 

and (b) 300 °C for 2 h. White arrows indicate fractures and elongated retained austenite films [70]. 
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Table 2.14 Retained Austenite and Hardness Data following Tensile Testing of CFB Alloy [70] 

Austempering 

Temperature (°C) 

Retained Austenite (vol pct) Hardness (HV) 

Initial Final 
Decrease 

(pct) 
Initial Final 

Increase 

(pct) 

250 6 ± 3 2 ± 3 67 509 ± 20 638 ± 30 25 

300 11 ± 3 3 ± 3 73 487 ± 9 548 ± 32 13 

350 13 ± 3 8 ± 3 38 455 ± 23 524 ± 33 15 

370 11 ± 3 6 ± 3 45 491 ± 18 496 ± 34 1 

Dalwatkar et al. [66] also evaluated the CVN impact energy data for the 9260 alloy in Table 2.10, 

as shown in Figure 2.11, in relation to retained austenite content and hardness, since no significant trends 

were observed when analyzed based on austempering temperature. The impact energy data as a function 

of measured retained austenite content and hardness are shown in Figure 2.17. These results suggest that 

the impact toughness of the steel generally increases with retained austenite content, indicating that 

retained austenite has a positive effect on the toughness properties of steels. Austenite is known to have a 

higher strain hardening exponent compared to bainitic ferrite, which enhances its ductility and fracture 

properties [66]. Notably, the sample austempered at 350 °C for 20 min exhibited both the highest volume 

fraction of retained austenite and the highest CVN impact energy absorbed. Hardness data reveal a 

general correlation between lower hardness and higher impact energy, reflecting the trade-off between 

toughness and strength.   

  
(a) (b) 

Figure 2.17 CVN impact energy at room temperature for a 9260 alloy as a function of measured 

(a) retained austenite content and (b) hardness at different austempering durations [66]. Squares: 10 min; 

circles: 20 min; triangles: 60 min.  

2.3 Abrasive Wear 

Abrasive wear is defined as the progressive loss of material from a solid body due to its contact 

with and movement against a surface. Material removal occurs when hard particles abrade against a softer 



25 

 

surface during their relative motion [48]. Abrasion lowers the operational efficiency and reliability of 

engineering components, leading to a major source of cost. To reduce abrasive wear of steel, it is 

necessary to understand the mechanisms of damage that occur during abrasion, as well as the 

susceptibility of the materials to these mechanisms. 

2.3.1 Abrasive Wear Mechanisms 

Abrasion is commonly divided into two categories: two-body and three-body abrasion. Two-body 

abrasion results when a rough surface or fixed abrasive particle slides across another to remove 

material [73]. Three-body abrasion occurs when particles are loose and mobile during interactions with 

wear surfaces [73]. Three-body abrasion is said to be ñclosedò when the loose abrasive particles are 

trapped between two sliding or rolling surfaces, and ñopenò when the two surfaces are far apart or only 

one surface is involved in the wear process [73]. In general, the severity of abrasive wear is dependent on 

the nature of the interaction between the abrasive particles and the surface being subjected to 

wear [74, 75]. Table 2.15 outlines the primary factors that influence abrasive wear behavior. 

Table 2.15 Factors Influencing Abrasive Wear Behavior [76] 

Property Factors 

Abrasive 

Material 

Particle size, particle shape, hardness, yield strength, fracture properties, 

concentration 

Wear Material 
Hardness, yield strength, elastic modulus, ductility, toughness, work-hardening 

characteristics, fracture toughness, microstructure, corrosion resistance 

Contact 

Conditions 
Force/impact level, velocity, impact/impingement angle, sliding/rolling 

Environment Temperature, wet/dry, pH 

The definition of abrasion is broad in nature, thus abrasive wear can be better understood through 

its various forms. Hawk et al. outline four different abrasion manifestations as follows [76]: 

(i) Gouging abrasion occurs when abrasive particles indent and move over the wear surface under 

high stress levels. Gouging involves both cutting and tearing types of wear and the wear surface 

is both plastically deformed and work hardened by abrasive forces. 

(ii)  High stress, or grinding, abrasion occurs when abrasive particles are compressed between two 

solid surfaces. A high contact pressure produces indentations and scratches on the wear surface 

while fracturing and pulverizing the abrasive ore. Grinding abrasion produces wear through a 

combination of cutting, plastic deformation, surface fracture on a microscopic scale, tearing, 

and/or spalling. 

(iii)  Low stress, or scratching, abrasion occurs when lightly loaded abrasive materials impinge on, 

and move across a wear surface. Scratching abrasion produces wear at a low rate by cutting or 

plowing the surface.  



26 

 

(iv) Sliding abrasion can be either two- or three-body in nature where the relative motion between 

the abrasive particle and the wear surface is 100 pct sliding in nature. 

After identifying the characteristics of abrasion, it is crucial to understand the mechanisms 

governing abrasive wear. Since abrasive wear is primarily a mechanical process, the factors influencing it 

are largely tied to the mechanical properties of the materials involved [76]. The following wear 

mechanisms, shown schematically in Figure 2.18, are used to describe abrasive wear in materials [76]: 

(i) Plowing occurs when material is displaced to the side, away from the wear particle, resulting in 

the formation of grooves that do not directly remove material from the wear surface. The 

displaced material forms ridges adjacent to grooves, which may be removed by subsequent 

contact with abrasive particles. 

(ii)  Cutting is the process under which material is separated from the surface in the form of primary 

debris, with little or no material displaced to the side in the form of grooves. 

(iii)  Fragmentation occurs when material is separated from a surface by a cutting process and the 

indenting abrasive causes localized fracture to the material. 

   
(a) (b) (c) 

Figure 2.18 Material displacement and removal due to contact with abrasive particles via (a) plowing, 

(b) cutting, and (c) fragmentation mechanisms, adapted from [76].  

2.3.2 Effect of Mechanical Properties and Microstructure on Abrasive Wear 

Dynamic abrasion systems involve dissipation of frictional energy, converting mechanical work 

into heat on the wearing surface [48]. The extent of frictional energy dissipation depends on the 

mechanical and metallurgical properties of the material being worn [77ï80]. The materialôs mechanical 

properties, such as hardness and fracture toughness, are largely determined by its metallurgical 

characteristics, including the microstructural phases present [81].  

The hardness of a material is a key factor in determining its resistance to abrasion. Hardness is 

generally defined as the materialôs ability to resist penetration by strong particles, meaning the wear 

resistance typically increases with surface hardness [76, 82]. Fracture toughness also plays a crucial role 

in wear resistance by helping to prevent crack formation and potential spalling during interactions with 

hard particles [9, 54]. Surface deformation and the work-hardening properties of the underlying material 
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significantly influence material detachment [9]. It is important to note that the properties of the active 

surface layer have a greater impact on abrasion resistance than those of the bulk material [9]. Overall, to 

minimize wear-related material loss, high hardness is generally needed to reduce the plowing of abrasive 

particles, while high toughness is essential to prevent spalling [54, 83].  

The mechanical properties relevant to wear are strongly influenced by the microstructure of the 

material. Q&T martensitic steels and austempered bainitic steels provide a wide range of achievable 

hardness levels, which depend on heat treatment history and alloy composition, though they often lack 

sufficient toughness, especially as hardness increases. While austenitic steels are relatively soft, they offer 

excellent toughness. Therefore, microstructures that combine hard phases (like martensite or bainite) with 

soft phases (like austenite) improve fracture toughness in abrasion resistant steels [48]. Figure 2.19 

illustrates the relationship between microstructure and hardness in relation to high-stress abrasion 

resistance in steels, showing that for a given hardness, austempered bainitic steels exhibit better wear 

resistance than Q&T martensitic steels. 

 
Figure 2.19 Effect of microstructure and hardness on the relative abrasion resistance of steels in relation 

to processing conditions, adapted from Hawk et al. [76].  

The dominant wear mechanism during abrasion is influenced by the microstructure and 

mechanical properties of the steel. Material loss typically occurs through micro-cutting and micro-

fragmentation, which are often related to the hardness of the material [82]. As hardness increases, 

micro-plowing can shift to micro-cutting and may even progress to micro-fragmentation if hardness is 

sufficiently high [82]. In hard martensitic microstructures, micro-cutting is generally the primary wear 

mechanism [55]. Micro-fragmentation significantly accelerates the wear rate, as large debris is removed 

from the surface due to crack nucleation and propagation. The wear rate from fragmentation tends to 

increase as fracture toughness decreases [82]. 
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2.3.3 Influence of Fracture Toughness on Abrasion Resistance 

Abrasive wear performance is extensively discussed in regard to sample hardness; however, loss 

of material in an abrasive environment is also likely to have some dependence on the sample toughness 

and active failure mechanism [26, 66, 84]. Generally, an increase in strength comes at a reduction in 

toughness, and thus increasing both toughness and hardness in combination is not easily achieved. 

Chintha et al. [85] studied the role of fracture toughness and the relationship with impact-abrasion wear 

resistance for an experimental steel alloy with a composition given in Table 2.16. It is well known that the 

refinement of the microstructure generally improves both strength and toughness, and is the basis for this 

experiment.  

Table 2.16 Chemical Composition (wt pct) of Alloy Investigated by Chintha et al. [85] 

C Si Cr Ni Mo V Al  S P 

0.34 1.45 1.5 3.53 0.39 0.3 0.01 0.005 0.005 

The steel was first thermo-mechanically processed to obtained severely pancaked austenite grains 

and cooled to room temperature in ambient air to generate a martensitic microstructure given the high 

hardenability. This processing resulted in a hardness of 561 ± 23 HV, a UTS of 2.0 ± 0.01 GPa, and a 

fracture toughness of 72 ± 1.5 MPaЍm. A second microstructure was then designed such that hardness 

was kept constant but fracture toughness was greatly varied. This was achieved by re-austenitizing the 

steel to reset the hot-rolled microstructure and nucleate new strain-free grains, followed by directly 

quenching the steel in water to room temperature. This resulted in a hardness of 666 ± 8 HV. These 

samples were further tempered at 190 °C for 2 h to achieve a final hardness of 582 ± 5 HV. The 

respective microstructures for each condition are included in Figure 2.20. The hot-rolled steel is referred 

to as ñhot rolledò and the reaustenitized non-tempered steel is referred to as ñquenchedò. The hot rolled 

structure exhibited severely pancaked prior austenite grains containing deformation bands, and an overall 

fine martensitic structure. The quenched microstructure was more coarse and the pancaked austenite 

grains were no longer apparent.  

The final steel plate thickness was 6 mm, which is insufficient for CVN samples, and thus tensile 

testing was carried out to determine relative ductility of both conditions. The resulting engineering stress 

strain curves are included in Figure 2.21. It is observed that while the hot rolled steel was able to yield 

and behave in a ductile manner prior to fracture, the quenched sample possessed almost no ductility and 

broke in a brittle manner prior to yielding. Micrographs were taken of the fracture surfaces of both 

samples following tensile testing and are shown in Figure 2.22. Figure 2.22(a) shows the fracture surface 

of the hot rolled sample, displaying both ductile dimples and quasi-cleavage areas. For the quenched 

sample in Figure 2.22(b), however, the fracture surface is comprised primarily of brittle cracks and 

cleavage facets, supporting a much more brittle failure. 
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(a) (b) 

Figure 2.20 Micrographs displaying (a) the hot rolled steel with pancaked prior austenite grains which 

transformed to martensite and (b) the quenched steel showing coarse, equiaxed prior austenite grains that 

similarly transformed to martensite [85]. 

 

 
Figure 2.21 Engineering stress-strain curves of the hot rolled (black) and quenched (gray) steels [85].   

Impact-abrasion testing was carried out using an impeller-tumbler test machine, commonly 

referred to as the ñcontinuous impact-abrasion testò. The machine consists of an impeller shaft and can be 

set at varying angles relative to the sample holder. Granite was used as the abrasive material for this 

specific test, creating simultaneous impact and abrasive interactions with the samples. The total test time 

was 4 h, with the abrasive material changed every 15 min to ensure the particles were sharp. Additional 

testing details are outlined in Table 2.17. 

Wear test results are included in Table 2.18. An additional hot rolled sample was tempered at 

190 °C for 2 h to compare to the Q&T condition. R400, R450, and R500 are reference materials, named 

after their relative hardness values (in HV0.1). These data are also shown as a function of sample hardness 

in Figure 2.23. It is first observed that the reference materials show a linear correlation between hardness 

and impact-abrasion mass loss. The quenched steels, on the other hand, performed worse than the hot 

rolled steel, even though they have a higher associated hardness. It is also interesting to note that at 

essentially the same hardness, the hot rolled steel performs better than the R500 steel. These trends 
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suggest that impact-abrasion wear resistance is not just dependent on hardness, but toughness may also 

play a significant role. 

  
                                  (a)                       (b) 

Figure 2.22 Fractographs of the (a) hot rolled and (b) quenched steels following uniaxial tensile 

testing [85].   

 

Table 2.17 Impeller-Tumbler Test Parameters [85] 

Test Parameter Value 

Sample Dimensions 75 x 25 x 6 (mm) 

Impeller Speed 700 (rpm) 

Tumbler Speed 30 (rpm) 

Abrasive Size 10ï12.5 (mm) 

Abrasive Mass 900 (g) 

Test Duration 4 (h) 

Abrasive Material Granite 

Sample Angle 60° 

 

Table 2.18 Impeller-Tumbler Mass Loss by Chintha et al. [85] 

Sample Hardness (HV30) Relative Wear Loss 

Hot Rolled 561 ± 23 0.70 ± 0.003 

Hot Rolled + Tempered 519 ± 11 0.73 ± 0.003 

Quenched 666 ± 8 0.82 ± 0.003 

Quenched + Tempered 582 ± 5 0.90 ± 0.003 

R400 395 ± 14 1.00 ± 0.020 

R450 450 ± 15 0.92 ± 0.010 

R500 515 ± 17 0.88 ± 0.010 
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Figure 2.23 Impact-tumbler wear test results performed by Chintha et al. [85] on the hot rolled (black, 

squares), recrystallized and quenched (blue diamonds), and reference (red circles) materials. Mass loss is 

relative to the R400 material.    

In order to further understand the wear data, micrographs of the wear surfaces of the hot rolled 

and quenched samples were analyzed to evaluate the active wear mechanisms. Examples of such 

micrographs are included in Figure 2.24. Figure 2.24(a) and (d) show craters formed on both samples by 

direct impact with the granite particles, where material was directly removed and displaced from the 

sample surface. Figure 2.24(b) and (c) demonstrate regions which experienced material removal via 

microcutting mechanisms, leaving behind delaminated material, material lips, grooves, and wedges. 

Figure 2.24(c) and (f) illustrate areas subjected to microplowing by granite particles, leaving behind 

ridges. Any lips or ridges that form further act as obstacles for subsequent granite particle interactions and 

hence are susceptible to further removal from the wear surface. In general, the hot rolled and quenched 

steels show similar abrasion resistance and active mechanisms. Major differences between the conditions 

include the craters in the quenched steels are larger than those found in the hot rolled steel, and there seem 

to be cracks associated with the craters in the quenched steel that are not apparent in the hot rolled steel. 

The final analysis performed on these steels to understand their wear behavior consisted of taking 

hardness measurements on the worn surfaces to understand the hardening capabilities of each condition. 

The hot rolled sample experienced a hardness increase of 30 pct, whereas the quenched steel only 

experienced a 15 pct increase in hardness following wear testing. This led the authors to conclude that due 

to the hot rolled steel possessing better ductility compared to the quenched steel, the sample was better 

able to work harden and provide a better overall wear resistance. This is additionally coupled with the 

observation that when a material has decreased toughness, it is more likely that extruded material (ridges, 

wedges) caused by abrasion will be detached from the sample following continuous wear. It can thus be 

concluded that material toughness, in addition to hardness, is a critical property to control when 

considering impact-abrasion resistance. 



32 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2.24 Surface topology following impeller-tumbler wear testing of the (a)ï(c) quenched and 

(d)ï(f) hot rolled steel conditions [85].   

2.3.4 Influence of Microstructure on Scratching Resistance 

Scratch testing is a fast and straightforward method for evaluating a materialôs resistance to 

scratching abrasion. The test provides insight into the surfaceôs response to applied stress, typically 

assessed through visual inspection using LOM or by measuring surface deformation with profilometry.  

Hensley [86] studied the scratch response of a 9260 alloy in both the as-quenched (AQ) and Q&T 

conditions. The AQ and Q&T samples had hardness values of 813.6 ± 8.2 and 654.4 ± 5.0 HV, 

respectively. Scratch testing was conducted on polished sample surfaces at constant loads of 10, 20, and 

30 N using a Rockwell C indenter, with a stylus travel rate of 5mm/min. LOM analysis of the resulting 

scratch tracks is shown in Figure 2.25 for the AQ and Figure 2.26 for the Q&T conditions. 

The scratch at 10 N on the AQ sample is narrow, with no features of interest such as spalling, 

chipping, or debris. However, the 20 N scratch led to the formation of a crack approximately 200 µm 

away from the scratch, extending along its entire length. Cracking was again noted at the 30 N load, 

where Figure 2.25(c) shows the crack branching in multiple locations, in contrast to the single linear crack 

in Figure 2.25(b). Although the AQ condition has high hardness, it likely lacks ductility, making it more 

prone to cracking, which correlates with higher wear rates. 
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(a) 

 
(b) 

 
(c) 

Figure 2.25 LOM micrographs of scratches produced on the AQ 9260 sample at loads of (a) 10, (b) 20, 

and (c) 30 N [86]. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2.26 LOM micrographs of scratches produced on the Q&T 9260 sample at loads of (a) 10, (b) 20, 

and (c) 30 N [86]. 

The Q&T condition, being softer than the AQ condition, resulted in wider scratches as seen in 

Figure 2.26. The 10 N test again produced a narrow scratch with no notable features. However, tempering 

of the steel led to chipping along the length of the 20 and 30 N scratches, rather than cracking, with the 

chipping becoming more pronounced at the higher load of 30 N. 

To further evaluate these scratch tracks, optical profilometry was performed at the center of each 

scratch, with profiles shown in Figure 2.27 for the AQ condition and Figure 2.28 for the Q&T condition. 

All profiles revealed abrupt material peaks adjacent to the scratch valleys, likely due to minimal strain 

hardening exhibited by the martensitic microstructures. The peaks were less pronounced in the samples 

with chipping, while in the AQ condition, the peaks were most abrupt as energy was absorbed by 

cracking rather than chipping. The magnitude of the peaks and valleys increased as hardness decreased 

and load increased. In the 20 N AQ sample, a small ledge to the left of the scratch profile indicates the 
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adjacent crack, while the 30 N crack is more apparent on the right of the scratch track. The irregular ridge 

behavior in Figure 2.28(c) for the Q&T sample under a 30 N load is further evidence of the chipping 

observed. 

  

(a) (b) 

 
(c) 

Figure 2.27 Light optical scratch profiles from the AQ 9260 sample at loads of (a) 10, (b) 20, and 

(c) 30 N [86]. 

 

  
(a) (b) 

 
(c) 

Figure 2.28 Light optical scratch profiles from the Q&T 9260 sample at loads of (a) 10, (b) 20, and 

(c) 30 N [86]. 
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2.3.5 Wear Behavior of Bainitic Steels 

Bainitic microstructures have the potential to surpass martensitic steels of similar hardness and 

composition in terms of abrasion resistance due to the combination of high hardness and ductility [9]. 

This section outlines wear performance of various bainitic steels and microstructures compared to 

commonly employed Q&T microstructures.  

Currently, little research has been conducted on the tribological behavior of conventional 

upper/lower bainitic steels in comparison to Q&T steels, prompting such an investigation by 

Han et al. [63] using the 6150 steel alloy outlined in Table 2.4. This study was initially introduced in 

Section 2.2.1, with heat treatment parameters and associated hardness values for the austempered 

conditions outlined in Table 2.5. In addition to these bainitic microstructures, a series of Q&T martensitic 

microstructures were developed, with heat treatment parameters outlined in Table 2.19.  

Table 2.19 Temper Parameters for 6150 Q&T Conditions [63] 

Sample Temper Temperature (°C) Temper Time (h) 

Q&T1 615 1 

Q&T2 620 1 

Q&T3 650 1 

Q&T4 655 1 

Ball-on-disk abrasion testing was performed on each bainitic and Q&T condition to evaluate the 

resistance to sliding abrasion. An AISI 52100 ball, with a hardness of 60 HRC and a diameter of 9.5 mm, 

was used as the counter body. Each sample was tested for hardness, retained austenite content, and 

volume loss following wear testing. The results are summarized in Table 2.20 and shown in Figure 2.29. 

Table 2.20 Hardness and Wear Results of Bainitic and Q&T 6150 Conditions [63] 

Sample 
Hardness (HRC) Retained 

Austenite (vol pct) 
Volume Loss (mm3) 

Initial Final 

AT1 34.8 44.3 0.61 0.014 ± 0.002 

AT2 32.6 39.4 0.71 0.019 ± 0.003 

AT3 28.2 40.7 0.78 0.033 ± 0.004 

AT4 27.2 36.5 1.30 0.037 ± 0.005 

Q&T1 35.2 47.0 0.27 0.015 ± 0.003 

Q&T2 32.0 40.9 0.68 0.026 ± 0.003 

Q&T3 27.8 41.6 1.43 0.043 ± 0.002 

Q&T4 26.5 35.6 1.30 0.051 ± 0.007 

As expected, hardness increased as austempering and tempering temperatures decreased. 

Furthermore, the wear rate for all samples followed the general trend that higher hardness resulted in 

lower volume loss during abrasion. However, at similar hardness levels, the Q&T samples all exhibited 

greater material loss compared to the bainitic samples. 
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Figure 2.29 Relationship between sample hardness and volume loss following ball-on-disk wear testing 

for Q&T and austempered (AT) microstructures from a 6150 alloy [63].  

SEM analysis of the wear tracks, shown in Figure 2.30, revealed that the Q&T samples exhibited 

more severe material smearing, ridges adjacent to wear tracks, and greater debris formation than the 

bainitic samples. This difference was attributed to the more uniform distribution of carbide particles in the 

bainitic microstructures at equivalent hardness levels. Additionally, as tempering temperatures increased, 

more surface cracks were observed in the Q&T specimens, further degrading their wear performance. 

  
(a) (b) 

  
(c) (d) 

Figure 2.30 SEM observations of the 6150 wear surfaces from the (a) Q&T2, (b) AT2, (c) Q&T3, and 

(d) AT3 samples following pin-on-disk testing. White arrows indicate wear direction [63].  
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Shah et al. [9] examined the performance of a CFB microstructure produced by CC under 

rolling-sliding conditions and compared the behavior to a martensitic microstructure at the same hardness. 

The study involved three different alloys which are outlined in Table 2.21. Each sample was austenitized 

at 1250 °C for 3 h and continuously cooled at a rate of 0.5 °C/s to room temperature. Abrasion resistance 

was evaluated using dry sand/rubber wheel (DSRW) testing according to ASTM G65 [87]. Hardness and 

specific wear rate (SWR) were measured for all samples, with results shown in Table 2.22. 

Table 2.21 Chemical Composition (wt pct) of Alloys Investigated by Shah et al. [9] 

Steel C Cr Mn Si Mo B Ni P S 
N 

(ppm) 

Martensite 0.20 1.40 1.60 0.7 0.60 0.004 1.50 0.025 0.010 20 

Alloy 1 0.15 3.0 0.54 1.5 0.48 0.004 - 0.020 0.025 60 

Alloy 2 0.08 3.0 1.6 1.7 0.40 0.004 - 0.020 0.005 50 

 

Table 2.22 Hardness and SWR of Alloys Investigated by Shah et al. [9] 

Steel Hardness (BHN) SWR (mm3/Nm · 10-5) 

Martensite 390 ± 15 92 ± 2 

Alloy 1 390 ± 10 38 ± 2 

Alloy 2 390 ± 7 45 ± 2 

Microstructural evaluation revealed that the Martensite sample exhibited a lath martensitic 

microstructure, while Alloy 1 displayed a CFB microstructure with thin film retained austenite. Alloy 2 

exhibited a mixture of both CFB and martensitic regions. The wear results showed that the SWR of the 

Martensite alloy is nearly double that of the CFB and martensite-CFB steels.  

SEM micrographs of the worn surfaces, included in Figure 2.31, indicated that the predominant 

wear mechanism of the martensitic sample was microcutting, whereas Alloy 1 and Alloy 2 primarily 

demonstrated micropitting and microgrooving mechanisms. Microcutting leads to material removal from 

the wear surface, while micropitting and microgrooving are characteristic of adhesive wear, where little to 

no material is lost as debris. Additionally, it was noted that Alloy 1 was the only sample with significant 

retained austenite (~ 17 vol pct) prior to wear testing. XRD measurements after wear testing revealed that 

nearly all of the retained austenite transformed into martensite via the TRIP effect, resulting in fine 

martensite in the microstructure, which is harder than the martensite in the martensitic alloy. 

To better understand the role of retained austenite during abrasive wear, Wei et al. [84] 

investigated tempered martensitic and CFB microstructures with similar hardness and fracture toughness. 

The chemical compositions of the three alloys are included in Table 2.23 and the mechanical properties 

and austenite contents for each condition are presented in Table 2.24, where M and B represent 

martensitic and bainitic microstructures, respectively. It is observed that samples AM and BB exhibited 

similar hardness and fracture toughness, as did the BM and CB conditions. The AM and BM samples 
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primarily consisted of lath tempered martensite, while the BB and CB samples are composed of bainitic 

ferrite with both thin film and blocky retained austenite. Additionally, the BB and CB samples contained 

MA islands. 

  
(a) (b) 

 
(c) 

Figure 2.31 SEM micrographs of the abraded surfaces on the (a) Martensite, (b) Alloy 1, and (c) Alloy 2 

steels investigated by Shah et al. [9].  

 

Table 2.23 Chemical Composition (wt pct) of Alloys Investigated by Wei et al. [84] 

Steel C Si Mn Ni Cr Mo Nb V Ti 

A 0.15 0.28 1.16 0.22 0.22 0.22 0.03 0.003 0.0012 

B 0.2 1.80 2.00 - 1.10 0.25 - 0.040 - 

C 0.32 2.45 1.62 0.01 0.55 0.37 0.023 0.005 0.018 

 

Table 2.24 Material Properties of Samples Studied by Wei et al. [84] 

Steel 
Hardness 

(HV) 

Tensile Strength 

(MPa) 

Impact Toughness 

(J/cm2) 

KIC 

(MPaЍm) 

Retained Austenite 

(vol pct) 

AM 402 ± 3 1399 ± 11 82 ± 5 75.7 0.02 

BM 483 ± 2 1497 ± 21 45 ± 3 58.1 0.16 

BB 399 ± 5 1387 ± 17 85 ± 8 76.6 14.9 

CB 479 ± 1 1475 ± 24 42 ± 4 56.7 17.7 
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Two different wear tests were performed on each material ï a high-stress and a low-stress 

abrasion wear test. The high-stress test was conducted using an MLD-10 impact wear machine with 

maximum impact energy. In this test, a 10 x 10 x 30 mm3 sample was in contact with abrasive particles 

while simultaneously impacted by a 10 kg hammer. The low-stress abrasion test was conducted using a 

UTM2 wear tester, where a 10 x 10 x 20 mm3 sample was abraded by back-and-forth movement on 

180 grit sandpaper under a 20 N load. The mass loss over time for each condition is shown in 

Figure 2.32(a) for the high-stress and Figure 2.32(b) for the low-stress test. 

  
(a) (b) 

Figure 2.32 Mass loss as a function of test time for the (a) high-stress and (b) low-stress abrasive wear 

conditions following 10 min wear increments [84].  

The results indicate that under high-stress abrasion conditions, the bainitic samples exhibited 

better wear performance than the martensitic samples with similar mechanical properties. The mass loss 

of the AM and BM samples increased with testing time, while for the BB and CB conditions, mass loss 

decreased as testing progressed. This behavior is attributed to the high temperatures generated during 

testing, which likely tempered the martensite further, reducing hardness, although no temperature data 

was reported. For the CFB samples, however, the retained austenite likely transformed to martensite due 

to the high stresses, enhancing both hardness and ductility. Retained austenite content was measured 

following wear testing of these samples, revealing a 69 and 99 pct decrease in retained austenite in the BB 

and CB samples, respectively, further suggesting a TRIP mechanism.  

Retained austenite can have dual effects on wear performance. While its transformation into 

martensite can increase hardness and resist penetration by abrasive particles, the transformation of 

unstable, blocky regions can be detrimental due to the rapid volume expansion, which may negatively 

impact wear performance. Therefore, the ratio of film-like retained austenite (VAF) to blocky retained 

austenite (VAB) is critical in determining the specific influence of retained austenite on wear behavior. 

These ratios were calculated using the following formula developed by Bhadeshia and Edmonds [88] 
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VAF

VAB
 = 

0.15VB

1 - VM - 1.15VAB
 (2.3) 

where VB and VM are the volume fractions of bainite and martensite, respectively. The higher ratio in the 

BB sample (1.5) indicates a greater fraction of stable, thin-film austenite, making it less likely to fail from 

the transformation of austenite to martensite, compared to the CB sample ratio (1.1). This is further 

supported by the fact that the BB sample retained 4.6 vol pct austenite after wear testing, while the CB 

sample retained only 0.2 vol pct.  

In the low-stress abrasion test, however, the primary factor influencing material loss is assumed 

to be sample hardness, due to the lower contact stress. While the more stable austenite in the BB sample is 

expected to improve wear performance, the higher hardness of the CB seemed to dominate wear resistance 

during this test. This is evident in the relatively stagnant material loss values across all times. The CFB 

samples once again outperformed the martensitic samples with similar properties. Overall, the study 

concluded that, for samples with similar hardness and fracture toughness, the wear performance of CFB 

steels surpasses that of tempered martensite under both high- and low-stress abrasion conditions.  

Wolfram [89] conducted a study examining the influence of retained austenite content on the 

wear resistance of bainitic steels. The bainitic conditions were compared to water quenched (WQ) and 

quench and partitioned (Q&P) conditions. Q&P steels are produced by quenching a fully austenitized 

steel to a temperature between the Ms and martensite finish (Mf) temperatures, forming a mixture of 

martensite and austenite. The steel is then reheated to a ñpartitioning temperatureò, allowing C to diffuse 

from the supersaturated martensite into the retained austenite, increasing its stability. This process results 

in a microstructure of martensite and stabilized retained austenite [90]. Table 2.25 outlines the conditions 

studied by Wolfram. In addition, some samples underwent cryogenic quenching (CQ) to promote further 

transformation of retained austenite into fresh martensite.  

Table 2.25 Sample Matrix for Bond Abrasion Study by Wolfram [89] 

Sample ID 

Quench 

Temperature 

(°C) 

Quench Hold 

Time (s) 

Partitioning 

Temperature 

(°C) 

Partitioning 

Hold Time 

(s) 

Cryogenic 

Quench 

WQ 30 - - - N 

B 400 240 - - N 

B-CQ 400 240 - - Y 

Q&P-150-30 150 - 400 30 N 

Q&P-190-30 190 - 400 30 N 

Q&P-190-240 190 - 400 240 N 

Q&P-190-240-CQ 190 - 400 240 Y 

Q&P-230-30 230 - 400 30 N 
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Wear resistance of the samples was evaluated using the Bond abrasion test, designed to simulate 

high impact wear mechanisms [91ï93]. The testing apparatus consists of an inner rotating shaft to which 

the samples are affixed, which sits inside a rotating drum charged with ceramic abrasive particles. Wear 

resistance was assessed by weighing the samples before and after testing, and the results were normalized 

against an AR400F reference sample with a hardness of 40.3 ± 0.9 HRC. Hardness and retained austenite 

measurements for the tested samples are outlined alongside wear data in Table 2.26. These data are also 

shown graphically in Figure 2.33 

Table 2.26 Hardness, Retained Austenite, and Bond Abrasion Results 

by Wolfram [89] 

Sample 
Hardness 

(HRC) 

Retained 

Austenite (vol pct) 

Mass Loss 

(Normalized) 

WQ 59.3 ± 0.1 - 1.31 ± 0.05 

B 31.7 ± 0.9 25.9 1.16 ± 0.06 

B-CQ 39.4 ± 0.5 18.6 1.20 ± 0.13 

Q&P-150-30 59.9 ± 0.6 16.4 1.20 ± 0.04 

Q&P-190-30 60.2 ± 1.0 20.4 1.11 ± 0.04 

Q&P-190-240 38.8 ± 0.4 24.9 1.14 ± 0.09 

Q&P-190-240-CQ 39.4 ± 0.6 22.7 1.19 ± 0.06 

Q&P-230-30 60.6 ± 0.5 12.3 1.08 ± 0.05 

   

  
(a) (b) 

Figure 2.33 Bond abrasion wear results as a function of (a) sample hardness and (b) retained austenite 

content [89].  

The Bond abrasion test results indicate that for the bainitic conditions, an increase in hardness 

corresponds with a slight decrease in wear resistance. Additionally, the bainitic sample with the better 

wear performance had a higher retained austenite content. In contrast, for the Q&P conditions, no clear 

trend was observed between hardness or retained austenite content and wear rate. This suggests that 

retained austenite in the bainitic conditions may be more sensitive to high impact wear conditions. 
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However, further testing with samples of varying hardness and retained austenite content is needed to 

further probe this hypothesis. 

2.4 The Transformation Induced Plasticity Effect 

The TRIP effect in steels is signified by the transformation of austenite to martensite during 

plastic deformation, leading to significant enhancements in both strength and ductility [94]. The 

introduction of this harder phase results in an increase in the work hardening rate relative to the normal 

work hardening rate experienced in steels due to increased dislocation interactions. Materials with a 

higher work hardening rate exhibit greater levels of strain before reaching the UTS, improving the overall 

ductility of the material.  

In the 1930ôs, Sheil [95, 96] observed the formation of martensite needles in a Fe-Ni alloy upon 

experiencing a shear force. Two hypotheses were raised to describe this phenomenon; (1) the stress 

hypothesis which proposed that the martensite transformation needs a minimum shear stress, and (2) the 

instability hypothesis that suggested the transformation occurs spontaneously when the martensitic 

transformation temperature is reached.  

The austenite to martensite transformation follows a displacive mechanism, denoted by a 

diffusionless shear mechanism. Fahr [97] further defined three types of martensitic transformation 

depending on the driving force, namely (1) the thermal martensitic transformation, (2) the stress-assisted 

martensitic transformation, and (3) the strain-induced martensitic transformation. The thermal martensitic 

transformation progresses in relation to degree of undercooling, where the Ms temperature is used to 

define the temperature at which the martensite reaction begins [98]. 

Martensite is considered ñstress-inducedò when it forms as a result of elastic stresses from an 

external load (i.e., below the actual yield strength of austenite) [97]. The condition for stress-induced 

formation of martensite is therefore ůɔŸŬ < ůy, ɔ. The stress-assisted martensitic transformation occurs at 

temperatures above the respective Ms temperature of the steel with the presence of an additional, external 

driving force. Patel and Cohen [99] theorized that the mechanical driving force, U, is dependent on the 

applied shear stress Ű and normal stress ů as follows 

U = Űɔ
0
 + ůŮ0 (2.4) 

where ɔ0 and Ů0 are the transformation shear and dilation strains, respectively. According to Equation 2.4, 

the mechanical driving force has a linear dependence on the applied stress and a strong dependence on the 

stress states. Martensite is considered ñstrain-inducedò when slip of the austenite occurs prior to the 

martensitic transformation, or when ůɔŸŬ > ůy, ɔ [97]. It is thus understood that the austenite to martensite 

transformation is aided by both stress and strain. Olson and Cohen [100] generalized this behavior and 
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produced a version of the schematic diagram included in Figure 2.34 to describe the relative influences of 

stress and strain on the martensitic transformation.  

 
Figure 2.34 Schematic diagram depicting the critical stress to initiate the martensitic transformation as a 

function of temperature, adapted from Olson and Cohen [100].  

When the material is cooled from the austenite region below the Ms temperature, martensite 

forms spontaneously. When the mechanical driving force, U, exists, the temperature at which martensite 

begins to form is seen to increase linearly with the applied stress according to Equation 2.4, until the yield 

stress of the austenite is reached. When the stress required for the martensite transformation exceeds the 

yield stress of the austenite (denoted by Ms
ů), plastic strain precedes martensite transformation. Olson and 

Cohen [100] found that the plastic strain produces shear bands which intersect, acting as nucleation sites 

for martensite, lowering the required stress. Md defines the maximum temperature limit, beyond which 

the chemical driving force for the martensitic reaction is insufficient to nucleate martensite even with 

additional mechanical loading.  

2.4.1 Influence of Temperature and Composition on TRIP  

The primary factors that influence the stability of retained austenite include alloy composition, 

the austenite grain size, the morphology and distribution of retained austenite in the microstructure, the 

strength of the austenite relative to other phases present, the stress state, and the temperature [101]. 

Specifically, elevated temperatures can stabilize retained austenite by both a reduction in the driving force 

for the transformation, as well as increasing the intrinsic SFE. In terms of TRIP steels, the temperature 

has a significant effect on the retained austenite stability and the modes of martensitic nucleation.  

Samek et al. [101] investigated the influence of composition and temperature on the strain-

induced transformation kinetics for a series of TRIP steels, listed in Table 2.27, by performing interrupted 

tensile tests at temperatures between -7ï100 °C. The tensile tests were carried out submersed in a liquid at 

a strain rate of 10-3 s-1. The volume fraction of retained austenite was measured in the unstrained and 
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strained samples by means of magnetic saturation (MSAT). C content of the austenite in each sample was 

measured via XRD using filtered Mo KŬ radiation in the 2ɗ range of 15ï55°. Ms temperatures of each 

alloy were predicted using the following equation developed by Mahieu et al. [101] 

Ms (°C) = 545.8 e-1.362 C ï 30.4 Mn ï 7.5 Si + 30 Al ï 59.9 P (2.5) 

with compositions in wt pct. Retained austenite content (Vɔ, ret), C content in austenite (Cɔ, ret), and 

estimated Ms temperatures are additionally included in Table 2.27.  

Table 2.27 Chemical Composition (wt pct), Retained Austenite Measurements, and Ms Predictions of 

TRIP Steels Investigated by Samek et al. [101] 

TRIP Steel C Mn Si Al  P 
Vɔ, ret 

(pct) 

Cɔ, ret 

(pct) 
Ms (°C) 

CMnSi 0.24 1.61 1.45 0.03 0.006 16 1.8 -12 

CMnSiAl 0.25 1.70 0.55 0.69 0.007 18 1.9 -56 

CMnAl 0.22 1.68 0.09 1.49 0.012 14 2.2 22 

CMnSiAlP 0.19 1.68 0.48 0.84 0.066 13 2.0 2 

The experimental tensile data, shown in Figure 2.35, depict the transformed martensite volume 

fraction, VŬô, as a function of percent strain for each TRIP alloy. These data were then fitted to the Olson 

and Cohen (OC) model [102] using the least squares method. The OC model predicts the volume fraction 

of transformed martensite, fŬô, through the expression 

f
Ŭ' = 1 -exp{-ɓ[1 -exp(-ŬŮ)]n

} (2.6) 

where Ŭ is a temperature dependent parameter which dictates the progression of shear-band formation 

with strain, Ů defines the amount of plastic strain, and n is a constant. The term Ç is defined as 

ɓ = 
vŬ'K

vsb
n p . (2.7) 

where vŬ' is the average volume of martensitic laths, vsb is the average volume of shear bands, p is the 

probability that a shear-band intersection will generate a martensite embryo, and K is given by 

K=
ˊ2d
2

16
 (2.8) 

where d å austenite grain size.  

The martensite transformation kinetics follow a sigmoidal pattern, with good agreement between 

the experimental data and the OC model. Among the alloys presented, the austenite in the CMnSi steel 

exhibited the fastest transformation kinetics, whereas the CMnAl and CMnSiAlP steels showed similar, 

but significantly slower transformation rates. The CMnSiAl displayed intermediate results. These findings 

suggest that Al alloying most effectively stabilizes retained austenite, while Si more readily promotes the 
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transformation of austenite to martensite upon straining. As temperature was increased, a decrease in 

TRIP is additionally noted for all alloys, indicating more stable austenite at higher temperatures.  

  
(a) (b) 

  
(c) (d) 

Figure 2.35 Volume fraction of transformation induced martensite as a function of true strain for the 

(a) CMnSi, (b) CMnSiAl, (c) CMnAl, and (d) CMnSiAlP TRIP alloys following tensile testing at 

temperatures ranging from 7ï100 °C. Discrete data points represent experimental results and 

continuous lines represent the fitted OC model [101]. 

e 

2.4.2 The Relationship between Retained Austenite Stability and Strain Hardening 

The strain-induced transformation of retained austenite to martensite enhances work hardening, 

improving both ductility and toughness in steels. This behavior is closely linked to the mechanical 

stability of retained austenite and its transformation kinetics [103]. De Moor et al. [104] studied the 

stabilization of retained austenite in Q&P and austempered steels and its effect on strain hardening 

behavior using a 0.17C-1.65Mn-0.38Si-1.11Al-0.08P sheet steel. Table 2.28 summarizes the sample 

parameters tested and the resulting retained austenite contents, measured via XRD. PT, TT, and IBT 

represent partitioning, tempering, and isothermal bainitic temperatures, respectively, while Pt, Tt, and IBt 

denote the corresponding hold times.  
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Table 2.28 Heat Treatment Conditions and Retained Austenite Contents for 

Steels Studied by De Moor et al. [104] 

Microstructure 
PT/TT/IBT 

(°C) 
Pt/Tt/IBt (s) 

Retained 

Austenite (vol pct) 

C Content 

(wt pct) 

Q&P 350 180 6.4 0.97 

 400 180 9.0 1.18 

 450 180 10.0 1.10 

 350 60 4.0 0.67 

 400 60 4.5 0.96 

 450 60 8.5 1.02 

Q&T 350 180 - - 

 400 180 - - 

 450 180 - - 

Bainite 400 60 7.6 1.14 

 450 60 10.0 1.04 

Tensile tests were performed on these steels, and the instantaneous strain-hardening exponent 

(n-value) was determined using the following relationship 

n = 
Ölnů

ÖlnŮ
 = 
lnů2- lnů1

lnŮ2- lnŮ1
 (2.9) 

where Ů is true strain and ů is true stress. The n-value plotted against true strain provides insights into the 

work hardening behavior of the steels. Figure 2.36(a) shows the n-value for Q&P samples with a Pt of 

60 s, while Figure 2.36(b) includes samples with a Pt of 180 s.  

  
(a) (b) 

Figure 2.36 Instantaneous strain hardening (n-value) as a function of true strain for Q&P samples 

partitioned at 350, 400, and 450 °C for (a) 60 and (b) 180 s [104]. 

The plots reveal that strain hardening is influenced by PT. For the 60 s samples, PTs of 350 and 

400 °C result in a continuously decreasing n-value with strain, whereas a higher PT of 450 °C causes the 

n-value to initially increase and maintain a higher level over a considerable strain range. The retained 
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austenite content also differs, with the 350 and 400 °C samples containing 4.0ï4.5 vol pct, compared to 

the substantially higher 8.5 vol pct in the 450 °C sample. The continuous decrease in n-value with strain, 

typically seen in dual phase (ferrite + martensite) steels [105], contrasts with the behavior of the 450 °C 

sample, which corresponds to work hardening characteristics of TRIP steels [106]. 

For the 180 s samples, the strain hardening behavior at PTs of 350 and 450 °C was consistent 

with that observed for the shorter Pt of 60 s. However, the sample with a PT of 400 °C exhibited a 

different strain hardening response when Pt was increased to 180 s. This sample behaved similarly to the 

450 °C sample, with the n-value initially increasing and maintaining a relatively stagnant work hardening 

rate over a considerable range of strain. The retained austenite content for the 400 and 450 °C samples is 

higher (9.0ï10.0 vol pct) compared to the 350 °C sample, which contains 6.4 vol pct. 

A similar analysis was performed on Q&T and bainitic samples outlined in Table 2.28, and 

compared to the Q&P samples. Figure 2.37(a) shows the instantaneous strain hardening behavior for 

Q&P and Q&T samples with Pt/Tt of 180 s, while Figure 2.37(b) compares Q&P and bainitic samples 

with a Pt/IBt of 60 s. The Q&T samples exhibit less strain hardening, consistent with their higher 

strength. All Q&T samples show continuously decreasing n-value curves across all tempering 

temperatures, where this is only true for the Q&P sample with a PT of 350 °C. 

  
(a) (b) 

Figure 2.37 Instantaneous strain hardening (n-value) as a function of true strain for (a) Q&P and Q&T 

samples treated at 350, 400, and 450 °C for 180 s, and (b) Q&P and bainitic (TRIP) samples treated at 

400 and 450 °C for 60 s [104]. 

In Figure 2.37(b), the Q&P sample partitioned at 450 °C exhibits strain hardening behavior 

similar to that of the sample austempered at 400 °C. The comparable mechanical behavior of the Q&P 

and bainitic steels suggests similar mechanical stability of the retained austenite. Austempering at 450 °C 

results in greater elongation and improved strain hardening.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

This chapter outlines the materials, laboratory equipment, and characterization methods employed 

in the present work. The chemical compositions of the alloys studied are presented first, followed by the 

heat treatment design process, which includes dilatometry experiments and the final heat treatment matrix 

applied to bulk samples using box furnaces and salt pots. The characterization techniques used include 

light optical microscopy (LOM), scanning electron microscopy (SEM), electron backscatter 

diffraction (EBSD), and X-ray diffraction (XRD). Mechanical testing methods are described, 

encompassing hardness, tensile, and Charpy impact testing. Furthermore, wear testing approaches are 

detailed, including scratch testing, dry sand/rubber wheel (DSRW) testing, and Bond abrasion testing.  

3.1 Materials 

The alloys selected for this project were proposed to have C contents ranging from 

0.4ï0.6 wt pct, with varying Si levels. The materials studied included a 9260 alloy, provided as 3.81 cm 

(1.5 in) diameter bars from Hoytôs thesis research [107], and a 6150 alloy, supplied as flats with 

cross-sectional dimensions of 2 x 10.16 cm (0.788 by 4 in) by Gerdau, North America. The chemical 

compositions of both alloys are presented in Table 3.1.  

Table 3.1 Chemical Composition of Tested Materials (wt pct) 

Steel C Mn Si Cr Ni Mo P S V Cu 

9260 0.59 0.82 1.92 0.12 0.05 0.013 0.007 0.016 0.026 0.15 

6150 0.50 0.86 0.25 1.01 0.11 0.026 0.010 0.025 0.165 0.20 

3.2 Heat Treatment Design 

The heat treatments for this study were designed with the research questions outlined in Chapter 1 

in mind. To investigate the influence of retained austenite on wear performance, two CFB microstructures 

were developed using the 9260 alloy, intentionally varying retained austenite content, morphology, and, 

bulk hardness. These conditions were compared to lower bainitic microstructures created with the 6150 

alloy at similar hardness levels to assess the effects of high versus low Si alloys and different bainitic 

morphologies. Additionally, Q&T microstructures were produced for both alloys, designed to achieve 

hardness levels comparable to the bainitic counterparts.  

Dilatometry was performed on both alloys to identify optimal heat treatment parameters.  These 

treatments were then scaled up to produce the desired microstructures and hardness on mechanical and 

wear test specimens using box furnaces and salt pots. Detailed procedures for these processes are 

presented in the following sections. 
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3.2.1 Dilatometry 

Dilatometry was employed in this study to determine the critical transformation temperatures of 

each alloy and to evaluate the heat treatment parameters for both austempering and Q&T processes. 

Experiments were conducted using a TA Instruments® DIL-805L contact dilatometer equipped with 

hollow quartz push-rods with a 4 mm external diameter. The dilatometer uses induction heating and 

quenching with either Ar or He gas, while temperature is monitored with an S-type Pt thermocouple 

welded to the center of the sample surface. Samples were machined into cylinders with a diameter of 

4 mm and a length of 10 mm, with particular care taken to ensure parallelism of the circular faces for 

precise dilation measurements.  

Starting at room temperature (30 °C), the samples were heated at a rate of 40 °C/s to 900 °C to 

determine the critical temperatures upon heating. These include the temperature at which austenite begins 

to form from pearlite upon heating (Ac1) and the temperature at which the steel becomes fully 

austenitic (Ac3). Below the Ac1, the sample exhibits constant thermal expansion (dȹl/dt å 0). As pearlite 

transforms to austenite, a volume contraction occurs due to the higher density of the fcc-austenite phase 

compared to the bcc-ferrite phase, which constitutes approximately 89 pct of the pearlite constituent. 

Once the microstructure is fully austenitic, the sample resumes thermal expansion at a constant rate.  

To experimentally determine these transformation temperatures, the relative change in sample 

length (ȹl) and the derivative of this change with respect to time (dȹl/dt) were plotted as functions of 

temperature. Significant deviations from a linear dilation slope (dȹl/dt Í 0) indicated a phase 

transformation. An example of this analysis for the 9260 alloy is provided in Figure 3.1.  

Samples were also cooled from 900 °C to room temperature (30 °C) to determine critical 

temperatures during cooling. Unlike the Ac1 and Ac3 temperatures, the temperature at which austenite 

begins to transform into pro-eutectoid ferrite, or the Ar3 temperature, and the temperature at which the 

final austenite decomposes, or the Ar1 temperature, are more sensitive to cooling rates. Similar to the 

heating curves, these temperatures were identified by significant slope changes in the dilation curve 

during constant cooling. An example dilatometry curve for a 9260 sample cooled at a rate of -1 °C/s is 

shown in Figure 3.2, illustrating the determination of Ar1 and Ar3 temperatures. 

With faster cooling rates, the Ar1 and Ar3 transformations are bypassed in favor of martensite. The 

martensite start (Ms) temperature is identified as a deviation in the linearity of the cooling curve, marked 

by a rapid and continuous volume expansion. An example of this behavior is shown in Figure 3.3 for a 

cooling rate of -60 °C/s. 
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(a) (b) 

Figure 3.1 Sample dilatometry curves to show the critical Ac1 and Ac3 temperatures upon heating. 

(a) Shows full heating curve from 30 to 900 °C at 40°C/s, (b) shows areas of interest where deviations 

from a linear slope were observed. Red lines follow constant slopes, blue lines denote where deviations 

to constant slopes were noted.  

 

  
(a) (b) 

Figure 3.2 Sample dilatometry curves to show the critical Ar1 and Ar3 temperatures upon cooling. 

(a) Shows full cooling curve from 900 to 30 °C at -1°C/s, (b) shows areas of interest where deviations 

from linearity were observed. Red lines follow constant slopes, blue lines denote where deviations to 

constant slopes were noted.  
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(a) (b) 

Figure 3.3 Sample dilatometry curves to show the Ms temperature upon cooling. (a) Shows full cooling 

curve from 900 to 30 °C at -60 °C/s, (b) shows areas of interest where deviations in a linear slope were 

observed. Red lines follow constant slopes, blue lines denote where a deviation to the slope was noted.  

Dilatometry was also employed to study the effects of austempering parameters (specifically 

isothermal hold temperature and duration) on the resulting bainitic microstructures of both alloys. 

Samples were heated to 900 °C at a rate of 40 °C/s, held for 10 min, and quenched to the target 

austempering temperatures at -60 °C/s. The alloys were evaluated at isothermal temperatures of 300, 325, 

340, 350, 360, 375, and 400 °C, with hold times of 10, 20, 30, 45, 60, and 90 min. Resulting 

microstructures were characterized in terms of hardness and retained austenite content for the CFB 

conditions. Most samples were further analyzed using SEM and EBSD.  

Additionally, the dilation signal as a function of time was examined to determine whether the 

bainitic transformation reached a stasis point for specific austempering conditions. A stasis point was 

defined as the slope of the dilation with respect to time (dȹl/dt) reaching and maintaining a consistent 

value of zero. Examples of bainitic reactions achieving or failing to achieve a stasis point are shown in 

Figure 3.4.  
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(a) (b) 

Figure 3.4 Sample dilatometry curves from the 9260 alloy to show the change in sample length as a 

function of time during isothermal austempering treatments at (a) 300 °C where a stasis point was not 

met, and (b) 400 °C where a stasis point was met, indicated by the dȹl/dt signal reaching zero. Samples 

were isothermally held for 10 min.  

Q&T heat treatments were evaluated using the dilatometer to assess sample hardness as a 

function of tempering temperature and duration, with the goal of achieving tempered martensitic 

microstructures with hardness values comparable to the bainitic conditions. Samples were heated to 

900 °C at a rate of 40 °C/s, held for 10 min, quenched to 30 °C at -60 °C/s, and held for 2 min. 

 Initial tempering treatments involved heating the samples to 350, 450, and 550 °C at a rate of 

40 °C/s, holding for 30 min, and then quenching to 30 °C. Hardness measurements were performed on the 

tempered samples, and the Holloman-Jaffe tempering parameter was calculated. Once a desired hardness 

was identified based on the previously evaluated bainitic samples, final tempering treatments were 

conducted and validated.  

3.2.2 Heat Treatment Matrix  

After evaluating heat treatments in the dilatometer, wear, tensile, and Charpy test samples were 

heat treated using a combination of box furnaces and salt pots. For austempering, samples were heated in 

a box furnace set to 900 °C, encapsulated in stainless steel foil with Ti chips to minimize surface 

decarburization and oxidation. The samples were held at 900 °C 30 min, then immediately quenched into 

a salt pot maintained at either 300 or 375 °C. These samples were held in the salt pot for 30 min before 

being quenched in water to room temperature. A schematic of the austempering process is shown in 

Figure 3.5(a).  
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(a) (b) 

Figure 3.5 Time-temperature profiles outlining the (a) austemper and (b) Q&T heat treatment paths used 

to create all conditions used in this project. 

To validate the austempering heat treatments, samples measuring 25.4 x 76.2 x 6.35 mm (1 x 3 x 

0.25 in) were drilled to insert a thermocouple at the approximate center. The thermocouple monitored 

temperature throughout the entire heat treatment process. 

Q&T heat treatments were conducted using box furnaces and water quenching. Samples were 

heated to 900 °C, encapsulated in stainless steel foil with Ti chips, and held for 30 min. The samples were 

then quenched in warm water (~50 °C) to reduce the risk of surface quench cracking. Tempering 

treatments were performed at 443 and 667 °C for the 9260 alloy, and at 378 and 648 °C for the 6150 

alloy. A heat treatment profile for the Q&T samples is shown in Figure 3.5(b). Additional details of the 

austempering and Q&T treatments, along with sample identifications, are provided in Table 3.2. The 

designations CFB, B, and Q&T correspond to carbide free bainitic, bainitic, and quench and tempered 

microstructures, respectively.  

Table 3.2 Heat Treatment Matrix and Sample Identification for the 9260 and 6150 Alloys 

Alloy Microstructure Sample ID 
Austemper 

Temperature (°C) 

Temper 

Temperature (°C) 

9260 CFB 9260-CFB-300 300 - 

9260 CFB 9260-CFB-375 375 - 

9260 Q&T 9260-Q&T-443 - 443 

9260 Q&T 9260-Q&T-667 - 667 

6150 B 6150-B-300 300 - 

6150 B 6150-B-375 375 - 

6150 Q&T 6150-Q&T-378 - 378 

6150 Q&T 6150-Q&T-648 - 648 
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3.3 Microstructural Characterization  

Microstructural characterization for this work included LOM, SEM, and EBSD. Samples for 

LOM and SEM were prepared using standard metallographic techniques, including grinding with SiC 

paper to 1200 grit and diamond polishing to at least 1 µm. Etching was performed with a 2 pct nital 

solution for 10ï20 s. LOM imaging was conducted using an Olympus® DSX500 digital microscope. 

Tensile fracture surfaces were observed using an Olympus® DSX110 digital LOM. 

SEM characterization primarily utilized a JEOL® JSM-7000F microscope equipped with a field 

emission (FE) gun operating at 15ï20 kV, as well as a TESCAN® S8252G SEM, also equipped with an 

FE gun. Environmental SEM (ESEM) with a Quanta® 600 microscope was used to observe Charpy 

fracture surfaces and wear surfaces from DSRW and Bond abrasion tests.  

EBSD analysis focused on the CFB conditions to evaluate retained austenite content and 

morphology. After diamond polishing, samples underwent additional vibratory polishing in colloidal 

silica (0.02 µm particle size) for 6ï8 h. EBSD data were collected using a TESCAN® S8252G SEM 

equipped with an EDAX® EBSD camera at an accelerating voltage of 20 kV and a beam current of 

10 nA. Data analysis was performed with TSL-OIM® software (Version 8.1, EDAX) and the MTEX 

Matlab® toolbox.  

3.4 X-ray Diffraction  

Retained austenite content was measured for each sample using XRD. The measurements were 

conducted using a Siemens® X-ray diffractometer equipped with a Cu KŬ source, operated at 35 kV and 

30 mA. Prior to testing, samples were polished to a surface finish of at least 6 µm and chemically thinned 

using a solution of 10 parts deionized water, 10 parts hydrogen peroxide (H2O2) and 2 parts hydrofluoric 

acid (HF) for 120 s to remove any surface damage imposed by grinding. However, for XRD 

measurements of worn surfaces, the analysis was performed directly on the wear surface without any 

additional preparation. 

Samples were scanned over a 2ɗ range of 40ï102° to capture the {110}, {200}, {211}, and {220} 

Ŭ-ferrite peaks, as well as the {111}, {200}, {220}, and {311} ɔ-austenite peaks. Scans were performed 

with a step size of 0.05° and a dwell time of at least 3 s per step. The diffraction data were processed 

using the JADEÈ software package, which included background subtraction and removal of Cu KŬ2 

peaks.  

The processed XRD data were then used to calculate phase fractions of austenite and ferrite using 

a peak integration method outlined by the Society of Automotive Engineers [108] and ASTM E975 [109]. 

For numerous ferrite and austenite peaks, the volume fraction of austenite, Vɔ, is determined by averaging 

each measured integrated intensity to R-value ratio through the following equation 
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where Iɔ and IŬ are the integrated intensities of a given austenite and ferrite peak, respectively, q and P are 

the number of ferrite and austenite peaks, respectively, and R is a parameter proportional to the theoretical 

integrated intensity which depends on the interplanar spacing, Bragg angle (ɗ), crystal structure, and the 

composition of the phase being measured. R is defined as  
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F2p

v2
 
1 + cos22ɗ

sin
2
ɗcosɗ

e-2M (3.2) 

where v is the volume of the unit cell, F is the structure factor, p is a multiplicity factor of the (hkl) 

reflection, and e-2M is the Debye-Waller factor. Given that ɚ is the wavelength of the source material, the 

exponential term, M, in Equation 3.2 is given by 

M=
B sin2ɗ

ɚ
2

 (3.3) 

where  

B = 8́2ɛ
s
2 (3.4) 

and µs is the mean square displacement of atoms from their mean position in a direction perpendicular to 

the diffracting plane [108, 109].  

3.5 Mechanical Testing 

Mechanical testing for this project included Rockwell and Vickers hardness measurements and 

Charpy V-notch (CVN) impact testing. Details regarding sample geometry, preparation, and testing 

procedures are provided in the following sections.  

3.5.1 Hardness Testing 

Hardness testing was conducted as an initial evaluation of the heat treated samples. Vickers 

microhardness testing, in accordance with ASTM E384, was performed on all dilatometry samples, as the 

circular faces were too small for Rockwell measurements [110]. For Vickers testing, samples were 

mounted in Bakelite and polished to at least 1 µm without etching. Indentations were spaced at least two 

and a half times the length of the indent diagonal (dV) from the sample edge to ensure proper material 

constraint and the same distance from other indents to minimize the effects of work hardening from 

previous measurements. A load of 200 gf was applied for the indentations, and Vickers hardness was 

calculated using the following equation 
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HV = 
F

As
 (3.12) 

where F is the indentation test force in kgf and As is the indent surface area in mm2 given by 

As = 
dv
2

2sin
Ŭ
2

 = 
dv
2

1.8544
 (3.13) 

where Ŭ is the face angle of the diamond indenter (= 136Á) and dv is the mean Vickers indentation 

diagonal length in mm.  

Rockwell hardness testing was performed on all heat treated test samples in accordance with 

ASTM E18-20, using the Rockwell C (HRC) scale [111]. A diamond spheroconical indenter was used to 

make contact with the sample surface under a load of 150 kgf and a dwell time of 10 s. Rockwell 

hardness (H) is calculated based on the depth of the indenter penetration using the equation 

H = 100 - 
h

0.002
 (3.14) 

where h is the indentation depth in mm. Indentations were spaced such that the centers of adjacent indents 

were at least three times the diameter of the indentation apart to avoid work hardening effects. 

Additionally, each indent was placed at least two and a half times the indentation diameter from the 

sample edge to ensure adequate material constraint.  

To evaluate hardness changes beneath wear tracks, a LECO® automated microhardness (AMH) 

tester was used with a load of 200 gf. A low load was used to minimize work hardening of the 

surrounding material while enabling closely spaced indents without overlapping plastic deformation 

zones. For each analysis, at least five traces of ten indents were performed, starting approximately 25 µm 

below the wear surface, with individual indents spaced at least 50 µm apart.  

3.5.2 Charpy Impact Testing 

CVN testing was performed in accordance with ASTM E23. Samples were first machined into 

rectangular blanks measuring 13 x 13 x 60 mm (0.51 x 0.51 x 2.36 in). Following heat treatment 

procedures, the samples were machined into standard CVN test specimens, with sample geometry 

outlined in Figure 3.6. Each sample condition was tested three times at room temperature. Fractographs 

were obtained using an Olympus® Tough TG-6 camera, and the fracture surfaces were analyzed using 

ESEM. 
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Figure 3.6 ASTM E23 standard CVN sample geometry used in this work. All units are mm unless 

otherwise specified. 

3.6 Wear Testing 

Wear testing for this project consisted of scratch testing, DSRW, and Bond abrasion tests. Sample 

dimensions and testing procedures are outlined in the subsequent sections.  

3.6.1 Scratch Testing 

Single and multi-pass scratch testing was performed on all conditions using a Step X00-MCT3 

Micro Combi Tester in accordance with ASTM G171 [112]. All samples were polished to 1 µm prior to 

scratch testing. A conical HRC diamond stylus with an apex angle of 120° and hemispherical tip radius of 

200 µm was used. Scratches 2 mm in length were made at loads of 10, 20, and 30 N at a rate of 5 mm/s 

and were all spaced at least 2 mm apart to avoid any work hardening effects produced by previous scratch 

tracks. Multi-pass scratch testing involved conducting a series of 10 scratches sequentially in the same 

direction within a single scratch track, all at consistent loads of 10, 20, and 30 N. Two scratches were 

made per load. 

Scratch tracks were analyzed using LOM, SEM through the cross section of the scratch track, and 

with profilometry. Profilometry was performed using an Olympus® 3D laser microscope. At least three 

profilometry traces were made per scratch track. Scratch profiles were used to measure both scratch width 

and material loss, where scratch width was defined as the horizontal distance between the highest ridge 

points, and material loss was calculated with the following relationship 

Volume Loss = (Scratch Area ï Ridge Area) Ā 2 mm. (3.20) 

These analyses are shown schematically in Figure 3.7.  
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(a) (b) 

Figure 3.7 Schematic depicting (a) volume loss due to scratch testing calculation and (b) scratch width 

definition. 

3.6.2 Dry Sand/Rubber Wheel Testing 

DSRW testing was performed to determine the resistance of metallic materials to scratching 

abrasion, as outlined in ASTM G65 [87]. During the test, the abrasive is introduced between a rotating 

rubber wheel, typically dressed with chlorobutyl or neoprene, of a specified hardness. For this work, 

however, the wheel was dressed with polyester and hardened to 60 Shore A. The wheel has a diameter of 

228.6 mm (9.0 in) and a thickness of 12.6 mm (0.5 in). 

The test specimen is contacted against the rotating rubber wheel at a specified force by means of 

a lever arm, while a controlled flow of sand abrades the test surface. The testing equipment is included in 

Figure 3.8. The rotation of the wheel is such that its contact force moves in the direction of the sand flow. 

Specimens were cleaned with solvent and weighed to the nearest 0.0001 g before and after testing, with 

mass loss of the sample representing wear resistance. A dwell time of at least 30 min was used between 

tests to ensure adequate time for the rubber wheel to return to room temperature. 

Rectangular specimens are used for this test, with length and width dimensions of 25.4 x 76.2 mm 

(1 x 3 in) and a thickness between 3.2ï12.7 mm (0.126ï0.5 in). The samples used in this work had a 

thickness of 6.35 mm (0.25 in). Samples were surface ground with a 1200 grit stone wheel prior to testing 

to remove any decarburization or oxidation accrued during heat treatments, as well as to provide a 

consistent surface among all samples. 

A rounded quartz grain sand specified by AFS 50/70 Test Sand was used as the abrasive [113]. 

Sand that has been subjected to dampness or high humidity may take on moisture, affecting wear results, 

and thus moisture may not exceed 5 wt pct. The sand nozzle produced a flow rate between 

300ï400 g/min.  
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(a) (b) 

Figure 3.8 DSRW testing equipment in the (a) static and (b) dynamic conditions, highlighting the rubber 

wheel, steel specimen, and abrasive sand. 

Depending on the severity of the testing desired, ASTM G65 outlines five different procedures 

for the wear testing of metallic samples. Procedure A was used for this work, with specific parameters 

outlined in Table 3.3. This outlines a relatively severe test, which ranks metallic materials on a wide 

volume loss scale from low to extreme abrasion resistance. 

Table 3.3 DSRW Testing Parameters 

Force N (lb) Wheel Revolutions Wheel Speed (rpm) Lineal Abrasion (m) 

130 (30) 6000 200 ± 10 4309 

3.6.3 Bond Abrasion Testing 

The Bond abrasion test combines both impact and abrasion wear modes to simulate common 

mining processes. There is no ASTM standard for this test, but testing is outlined in a series of 

publications by Bond [91ï93]. The testing equipment is illustrated in Figure 3.9. The primary components 

of the wear tester consist of inner and outer rotating shafts and a rotating drum lined with mesh to 

promote lift of the abrasive ï all of which rotate in the same direction. The drum is 304.8 mm (12 in) in 

diameter and 101.6 mm (4 in) in depth. 

Fe ore provided by Gerdau was used to evaluate specimens in this work. All ore was washed and 

fully dried prior to testing, then sieved to pass through a 19.05 mm (0.75 in) mesh and be retained upon a 

12.7 mm (0.5 in) mesh. Sample geometry for the Bond abrasion test is outlined in Figure 3.10. Samples 

were surface ground with a 1200 grit stone wheel prior to testing to remove any decarburization or 
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oxidation accrued during heat treatments, as well as to provide a consistent surface among all samples. At 

least three sample faces of each condition were tested, with both sides of the paddles being used. 

 

 
(a) (b) 

Figure 3.9 Bond abrasion equipment set-up showing (a) the mechanical innerworkings including the 

drum motor and gear box and (b) the rotating drum with 400 g of ore and 2 steel samples mounted. 

Each sample was cleaned with solvent and weighed to the nearest 0.0001 g before and after 

testing, with mass loss of the sample representing wear resistance. Samples were loaded into the inner 

rotor along with 400 g of fresh ore. Tests were conducted in four increments lasting 15 min, for a total test 

time of 60 min. After each 15 min segment, the steel impellers were washed with solvent and weighed, 

and allowed to fully dry before resuming testing. All ore was removed from the drum and 400 g of fresh 

gravel was loaded for each testing interval. 

 
Figure 3.10 Bond abrasion sample dimensions. 0.8 mm feature is included to attach sample to inner rotor. 

All dimensions are in mm. 
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CHAPTER 4 

HEAT TREATMENT DESIGN 

This chapter outlines the heat treatment design for the 9260 and 6150 alloys. The primary goal 

was to develop CFB microstructures with the 9260 alloy, with a focus on achieving significant variations 

in retained austenite content and morphology. Additionally, lower bainite conditions were generated using 

the 6150 alloy, with hardness values comparable to the 9260 CFB conditions, to examine the effects of Si 

alloying (and related microstructure variations) on bainitic wear resistance. Q&T treatments were also 

designed for both alloys to match the hardness of the bainitic conditions. Microstructures are presented of 

all heat treated conditions, along with corresponding hardness and retained austenite contents. 

4.1 Dilatometry 

Dilatometry was employed to determine the critical transformation temperatures and develop 

continuous cooling transformation (CCT) diagrams for the 9260 and 6150 alloys. Additionally, a series of 

austempering treatments was conducted on both alloys, with results including microstructural analysis of 

the heat treated samples, as well as hardness measurements and retained austenite content data obtained 

via XRD. 

4.1.1 Determination of Critical Transformation Temperatures 

The critical transformation temperatures for each alloy determined via dilatometry are 

summarized in Table 4.1. Dilation curves for samples heated at 40 °C/s are included in Figure 4.1 for the 

9260 and 6150 alloys. Figure 4.2 shows the dilation data for samples from both alloys cooled at rates of 

50, 30, and 20 °C/s to illustrate the martensitic transformation and determination of the Ms temperature. 

The transformation temperatures during heating are similar for both alloys, while the 6150 alloy has a 

higher Ms temperature due to its lower C content.  

Table 4.1 Measured Critical Transformation Temperatures for the 9260 and 

6150 Alloys (°C) 

Alloy Ac1 Ac3 Ms Bs
*  

9260 737 ± 4 859 ± 17 270 ± 20 538 ± 11 

6150 734 ± 7 858 ± 3 296 ± 6 591 ± 9 
*Values were determined by Thermo-Calc® Software for cooling rates at or below -30 °C/s 

According to Thermo-Calc® data, a Bs temperature is anticipated to be observed in the dilation 

data for both alloys within the 500ï600 °C temperature range for cooling rates between 10ï50 °C/s. 

Figure 4.3 presents example dilation data within this temperature range for the 6150 alloy; however, no 

significant deviations from linearity were observed, indicating that a Bs temperature was not detected with 

dilatometry.  
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(a) (b) 

Figure 4.1 (a) Relative dilation and the first order derivative of the sample dilation with respect to time as a 

function of temperature upon heating 9260 (black) and 6150 (red) samples at a rate of 40 °C/s to determine 

the Ac1 and Ac3 critical transformation temperatures. (b) Close up of data where deviations from linearity 

were noted, indicating phase transformations.  

 

  
(a) (b) 

Figure 4.2 (a) Relative dilation and the first order derivative of the sample dilation with respect to time as a 

function of temperature upon cooling 9260 (black) and 6150 (red) samples at a rate of 50 °C/s to determine 

the Ms temperature. (b) Close up of data where deviations from linearity were noted, indicating martensitic 

phase transformations. 
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(a) (b) 

Figure 4.3 (a) Relative dilation and the first order derivative of the sample dilation with respect to time as a 

function of temperature upon cooling three 6150 samples at rates of -10 °C/s (dashed), -20 °C/s (dotted), 

and -30 °C/s (solid) to determine the Bs temperatures. (b) Close up of data where Bs temperature was 

anticipated but not observed. 

4.1.2 Influence of Austempering Parameters on Carbide Free Bainite Formation  

Data from a series of isothermal austempering treatments at various temperatures and durations 

were first analyzed to determine time-temperature combinations required to reach transformation stasis, 

as described in Section 3.2.1. Examples of the dilation data as a function of time during isothermal 

austempering treatments at temperatures of 300, 325, 375, and 400 °C are included in Figure 4.4 for the 

9260 alloy. The time required to reach a stasis point as a function of austempering temperature for both 

alloys is shown in Figure 4.5. If any austenite in the microstructure does not fully transform to bainite 

within the given time, or is not sufficiently stabilized by C partitioning, it is likely to transform into 

martensite upon cooling to room temperature, which is not the aim of these microstructures. 

The 9260 alloy underwent a series of austempering treatments at temperatures ranging from 

300ï400 °C, with durations between 10ï90 min. Following each heat treatment, samples were analyzed 

via SEM to evaluate the morphology and distribution of retained austenite in the resulting 

microstructures. Representative micrographs for samples austempered at 300, 325, 340, 350, 360, 375, 

and 400 °C, each with a consistent hold time of 30 min, are shown in Figure 4.6 to evaluate the influence 

of austempering temperature on the microstructure. As shown in Figure 4.5, the bainite transformation 

should be complete at all of these temperatures. 












































































































































































































