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ABSTRACT

The influence of retained austenite content and morphology on thevabresiresistance of
9260 and 6150ainitic steels was evaluated. Two carbide free bainitic (CFB) microstructures were
developedwith the 9260 alloyo achievelifferences in retained austenite content and morphology. These
were comparewith lower bainiticmicrostructure from the 6150 allognd quench and tempered (Q&T)
martensitic conditionsf similar hardnesgor a total of eight microstructures studied at hardness levels of
37 and 50 HRC.

Microstructural characterization was performed using fegtdssion scanning electron
microscopy, electron backscatter diffractionray diffraction (XRD), hardness testing, and Charpy
impact testing. Abrasive wear resistance was evaluated throughasiigheultipass scratch tests, dry
sand/rubber wheel (DSRW) testing, and Bond abrasion testing.

Microstructural analysis revealed that the 50 HRC CFB samgdeomprised of 17.8 vol pct
retained austenite, mostly in the form of Hfilms 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 hinite upon austempering heat treatments with visible-iatet intralath 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 similr hardness. However, in DSRW aBadnd 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
combinationof hardness and XRD data, improving the wear resistance over lower bainitic and Q&T
microstructures. This effect wasost 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, thfilm austenite. In wear tests where TRIP did not irdsignificant
hardening, such as the DSRW test, the lower bainitic samples showed improved wear resistance
compared to CFB and Q&T microstructures.

Lower Stcontaining alloys such as 6150 can produce abrassiatant bainitic microstructures
suitable for lowstress or elevatet@mperature applications where TRIP is not expected. However, in

higher stress or impact conditions, higigmlloys suclas 9260 show superior wear performance.
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CHAPTER1
INTRODUCTION

11 Purpose Statement

Thepurpose of this work is to evaluate the abrasion resistance of bainitic steels in comparison to
guench and tempered (Q&T) steels, with a focus on the relationship between wear resistance and the
morphology and stability of retained austenite. Alloys ofri@st 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

martensikc 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 pctwdadtelated failure$li 13]. Its
economic impact is significant, with the associated costs estimated to be around 1 pct of the U.S. gross
national producf7]. 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
1 9 2 [14.4dnitially, 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
toughnes$l5]. Q&T steels have traditionally dominated the abrasemistant steel market due to their
high hardness, which intuitively suggests superior wear resigi@n¢dowever, martensitic steels with
high C content (~0.69..2 wt pct) have been found to exhibit high wear rates primarily due to their
relatively low toughnesg 6].

Recent microstructural developments have demonstrated that the tensile strength of bainitic steels
can, in some cases, match that of Q&T stE&ls 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 fréno 600,
and toughness exceedingi3m MPa:m®°[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 applicatiofis4, 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 alloyinf21, 22] Under rollingsliding wear conditions, CFB microstructures have

demonstrated excellent wear resistance due to their ability to accommodate large defo[2@i@6hs



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 readan the later stagd27i 29]. 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 be@mnucleation site for voids and cracks, leading to large spalling
events that greatly deteriorate the wear fae 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 ResearchQuestionsand 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 conventionalipper/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 siganee 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 microstrictures 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 loagnge barriers that hinder foer 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
trarsformation, 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 thenfluence 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 degspmore 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 hardepisigjltges,

allowing the material to strengthen during wear and become more resistant to further deformation. The



transformation of retained austenite to martensite under strain induces localized plasticity, increasing the
material 6s toughness. This transformation induced
propagation but also mitigates wear damage andibatgs 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 filrteausteni
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 1.0 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 loweic8ntents develop conventional upper or lower
bainitic microstructures, consisting of a combination of bainitic ferrite,-iated/or intralath cementite
particles, and martensite, with minimal retained austenite. Theltase 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 andimfénpact abrasion performance.



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 vaweas 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 pameters 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 transformettiuced 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 nodamellar decomposition product of austenite that forms at a temperature below
that of the pearlite transformation and above the martensite state(ivperaturg¢32]. Pearlite forms as a
result ofthe 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 staigésst, the growth oferrite and second, the precipitation of
carbideq14]. The bainite reaction is said to be incomplete since the transformation stops before each of
the phases reach their equilibrium composifits].

Bainite grows in the form of small plates calkd>units, with aggregates of these plates referred
to assheave$l4, 19] A typical bainite sheaf is shown kigure2.1. The subunits have lenticular plate
or lath morphologies, and each sutit grows to a limited size determined by plastic
accommodatiofil4, 19]. The sheaf has been described as having a wsdgeed, platéike structure,
with the thicker end of the wedge representing the nucleation site (usually on an austenite grain
boundary)14].



Figure2.1 Transmission electron micrograph\df a sheaf of upper bainite inz partially transformed
Fe-0.43G2Si3Mn wt pct steel alloy; (a) light optical micrograph, (b) bright field and (c) corresponi
dark field micrograph of retained austenite betweenrusuts, 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 transfornj82o83] 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 pardaustaite)/product(ferrite) interface. Under this transformation mechanism,
bainitic ferrite is considered to grow by the propagation of discreteisitdto form the classical sheaf
structureg[33]. The sheaf has platid&e morphology and its formation involves deliberate nucleation of
successive subnits. Reconstructive, or diffusional formation, on the other hand, describes a process in
which Fe or substitutional atoms might migrate toward orydwan the interphase boundary by
diffusion, thus eliminating any existing atomic correspond¢d2e33] AaronsorandKinsman[34]
argue that suonits have been observed to gre 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 E{330138§
Ko [36, 37} Kang[38, 39] Caballerd19], Yu[40], Wang[41], and Cui42]. Bhadeshia and
Edmondq33] examined a F0.43G3Mn-2.12Si steel that was austenitized at 1200 °C for 10 min and
guenched to 286 °C for 30 min. Upon performing transmission electron microscopy (TEM), an isolated
sheaf containing an arrangement of-sulis was observed. The suhits 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 suchusits could not be compared with ledges as the individual
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sub-units were isolated by theseddriched austenite films. Caballdd®] further argues that since
bainite can be obtained by transforming at very low temperatures3A80C), 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 Aargd8%on
Yang[44], Fang[45], Hsu[46], and Liu[47]. Through scanning tunneling microscopy and atomic force
microscopy, Fang and Yaig4] found that the shape of the surface relief associated with bainite was
observed i k®ofitammdt t hat of martensite is of invaria
formsvia 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 transformaticegso

2.1.2 Upper and Lower Bainite

Conventional bainitic microstructures are often multiphase, containing various degrees of ferrite,
bainitic ferrite, martensite, and retained austgdi®$. 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 hardenjdg]rdtechanical
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 transformatiduring abrasiofd8]. 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 intaupper(high temperature) arldwer (low temperature) bainitd 4, 32] Both upper and
lower bainite consist of ferrite sheaves separated by cementite, as sheigur@®?.2 [14, 32] Upper
bainite is commonly described as Afeatheryo baini
separated by (semi)continuouaser-lath carbide layer§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, al so known as Al at h
containgntra-lath carbide particles, in addition to the intath carbides, within the ferrite latfis4].
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



low C solubility. Intralath carbides will additionally share a single habit plane when precipitated from
bainitic ferrite, resulting in a shared orientation of carbides within individual bainitic ferrite[$ths

Micrographs of both upper and lower bainite are showkigore2.2.

Carbon supersaturated plate

Carbon diffusion into austenite / Carbon diffusion into austenite

and carbide
T precipitation in

ferrit
l Carbide precipitation l ere

from austenite

— =

Upper Bainite Lower Bainite

Figure2.2 (a) Schematic representation of the transition from upper to lower bainite, adapt¢8iffon
(b)i (e) representative microstructures of upper and lower bainite. Micrographs were obtained usil
(b),(c) light optical mi croscopy (LOM) and (d
bainite[52] and (c) latHike lower bainitg[14] are evident in LOM. TEM highlights (d) intdaith
carbides in upper baini{2] and (e) intrdath carbides in lower baini{&3].
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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, 548] 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
1.5/ 2.0wt pct, in order to suppress the formation of cementite, as Si has very low solubility in cementite
and its growth is suppressed from austedie 19, 32, 54, 55]The suppression of cementite is attractive
to properties as cementite can act as a cleavage andahit@ting phase within bainitic
microstructure$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 extent5]. Heat treatments to obtain CFB include isothermal holding in the rangeicf@DOC
(above the Mtemperature), or through continuous coolis§].
CFB microstructures contain only two phasdme plates of upper bainite separated by C
enriched retained austenjtb, 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
austenitg15, 19, 55, 56]This C enrichment aids in stabilizing untransformed austenite down to room
temperature. An example of a CFB microstructure in-8.88G1.46Si1.89Mn1.26Cr0.26Ma-0.09V
bainitic steel is shown iRigure23. The | ath ferrite (U) o-brsichedved i n
retained austenite (29) both im@Ert high strength

Figure2.3 TEM micrograph of CFB showing retained austenite (dark regions) between fine plates
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 allfi@1] CFB microstructures have

been reported as having increased hardness due to the refined bainitic ferrite structure, and opportunities



to improve hardness through further control of bainitic ferrite lath thickness, C content, and retained
austenite conterfb5]. Both toughness and tensile strength have been observed to match or exceed that of
commercial quenchndtemperedQ&T) martensitic steel21, 57] The improvement in toughness is
attributed to the replacement of brittle intath carbide films with retained austenite which aids in

resistance to cleavage fracture and void formdtién56, 57] Toughness is, in general, maximized by an
optimization of bainitic ferrite content and reduction in martensite cofightReported upper limit

mechanical properties attainable by CFB steels are includeabie?2.1.

Table2.1 Mechanical Properties Attainable by CFB Stg&fs 55]

Hardness Tensile Strength Compressive Total Elongation  Impact Kic
(HV) (MPa) Strength (MPa) (pct) Energy (J) (MPam®5)
6001670 1600 2200 3000 5i 30 120 45/ 130

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. Carbalieo[57] examined the influence of
martensite content on the impact toughness of six different CFB alloys, with chemical compositions listed
in Table2.2. The volume fraction of bainite Y was determined using light optical microcopy (LOM)
and the volume fraction of martensfiév) was determinesia a systematic manual poinbunting
procedure using scanning electron microscopy (SEM). Impact energy was determined using
Charpyimpact testing at 20 °C. Qualitative microstructural data and measured mechanical properties are
included inTable2.3 andFigure2 4.

Table2.2 Chemical Composition (wt pct) of CFB Alloys Tested by Cabalkral [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

Table2.3 Microstructural and Mechanical Data from Caballetal [57]

Steel Ve (vol pct) Vwm (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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Figure2 .4 Influence of (a) bainite and (b) martensite content on the impact toughness at 20 °C of
steel alloys studied by Caballezbal [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 thesat8ining steels. One anomaly
is noticed in the CENIM 6 steel which has moderate maitie 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 effé@l. 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 requiféients
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 botimgformation time and temperat(isd]. The stability of
the austenite, however, often dictates whether the austenite contributes to or deteriorates the toughness
and wear behavior of a given stgé8].

There exist two primary morphologies discussed across literature regarding retained austenite in
CFBsteels it hi n f i | m@ls, d&) 5b, 57, BAEgamples of thin film and blocky austenite are
shown inFigure2.5. 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, untempereeéms#e upon relatively small
deformation15, 21, 48, 5658].
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Figure2.5(a) SEM (b) TEM micrographs of CFB microstructures showing both (thin) film and bloc
retained austenite from Haial. [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 martensitgéa the TRIP effect, thereby reducing the amount of retained austenite in the
microstructurd48]. The TRIP effect has been shown to enhance ductility in applications such as naval,
marine, and various automotive componghfs 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 propadgé@@prHowever, 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 meerial [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 detaiin Section2.4.

2.1.5 Nanostructured Bainite

Another variant of the bainitic microstructure that has gained significant attention recently is
known as nanostructured bainjiel, 59, 61, 62]This type of bainite is characterized by its extremely
fine bainitic ferrite plates, which have thicknesses ranging fraM@@m[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 (~2(0L}Che refinement of the
bainitic ferrite to such a fine scale enhances th
adequate ductility and toughndi8, 54, 57, 59]Caballercet al. [57] reported that these steels can
achieve ultimate tensile strength (UTS) values betweeni 1800 MPa while maintaining a total
elongation up to 10 pct. However, the microstructure often contains isolated, very fine grains of
martensite, which may affectdlioughness of the steel. In a study performed by Aviehah[61], a

11



Fe-0.91G1.58S+1.98Mn0.25M0-1.12Cr1.37C0e0.53Al steel was subjected to an austempering
treatment at 200C for 3days to form nanostructured bainite. The resulting microstructure, shown in
Figure2.6, exhibited an exceptionally high UTS of 2115 MPa, a hardness around 530 HV, and a total
elongation of 7.7 pct.

2um ' BCES
(a) (b)

Figure2.6 SEM micrographs of nanostructured bainite at increasing magnification by

Avishanetal.[61]. U and 92 represent bainitic ferrit

2.2 The Austemper HeatTreatment

The bainite transformation can occur through two primary heat treatinangtempering and
continuous cooling (CC). Austempering is an isothermal process in which a fully austenitized steel is
transformed to bainite at stempdraturaput below theroesetafb ove t he
pearlite formatiorj63]. The specific temperature range for austempering varies depending on the
material; steels with higher C content generally have a lowéemberature and a broader austempering
range. The microstructural characteristics of austempered bainitic segethd bainitic ferrite,
cementite, and retained austenite) are significantly influenced by the austempering pafaé)e&8tdn
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, éestsdngth, and embrittiement 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 strd68gs
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Austempering temperature significantly influences the morphology of bainitic ferrite plates.
Kumaretal.[21]lobser ved t hat at | ower transf orlmakteioon t emp
structure, while at hi ghelri kteedmpaeprpaetaurraensc,e .i tT htiask ecsh
morphology is likely associated with the transition from lower to uppertbais the austempering
temperature increases, the resulting microconstituents will become coarser due to enhanced growth
kinetics and reduced nucleation kinetics at higher temperdt8e63] Furthermore, an increase in
austempering temperature leads to a decrease in yield strength, due to the formation of larger bainitic
ferrite plateg21]. 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) enhéamedardness of the microstructure, and
improves the mechanical properties of bainitic stgls48, 63, 635]

Hanet al [63] investigated the differences in microstructure and hardness resulting from varying
austempering temperatures in a 6150 steel, with composition giVebia2.4. The specific
austempering temperatures and the corresponding hardness values areTadelis. Micrographs of
each condition are included igure2.7. 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 constituleiets pecome
progressively coarser as the transformation temperature is increased, and the AT4 microstructure

therefore is very coarse in comparison.

Table2.4 Chemical Composition (wt pct) of 6150 Steel Used by klaal. [63]
C Cr Si Mn Vv P S
045053 0811 01503 0.70.9 © 0. O 0.1t O oO.

Table2.5 Hardness of Bainitic Conditions Studied by Hsral. [63]
Austempering Temperature

Steel ID Hardness (HRC)

¢C)
AT1 371 34.8
AT2 399 32.6
AT3 427 28.2
AT4 454 27.1

Acharyaet al [65] investigated the effects of both austempering temperature and duration on a
9260 alloy, with composition outlined rable2.6. Given the high Si content of 9260 stee ¢t pct), it
is expected that austempering would result in a CFB microstructure. Hardness measurements were taken
following these heat treatments, and the data are preseriglire2.8 as a function of both
austempering temperature and time. Additionally, microstructures corresponding to each austempering

temperature for the 30 and 120 min durations are shoWwigure2.9.
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(b)

(d)
Figure2.7 LOM micrographs of 6150 steel alloy after 20 min austempéregagments at (a) 371, (b)
399, (c) 427, and (d) 454 163].

Table2.6 Chemical Composition (wict) of 9260 Steel Used by Achargtal [65]
C Si Mn Cr Ni Mo Cu \Y, S P
06 206 084 0.13 0.019 0.007 0.009 0.002 0.005 0.013
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Figure2.8 Hardness as a function of austempering (a) temperature and (b) time for a 92@&balloy
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- <SAcictilar bahiitic ferrite,

S 10pum =)

Figure2.9 Selected SEM micrographs of 9260 samples austempered at temperatures of (a), (d) -
(e) 360, and (c), (f) 400 °C and durations of (&) 30 and (d)(f) 120 min[65].

These results align with the findings by Hetral. [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 seerHigure2.8(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 éssdn
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 areticed between the samples held foraB@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 inTable2.7, and the details of the heat treatments outlinéchiie2.8. The resulting

mechanical properties for each bainitic sample are listédlhe2.9 and also plotted ifigure2.10.

Table2.7 Chemical Composition of Alloys Investigated by lgtial. [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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Table2.8 Austemper Parameters for Samples Tested bytal [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

Table2.9 Mechanical Properties of Samples Tested bydtial [54]
Yield Strength Total Elongation Hardness

Sample ID (MPa) UTS (MPa) (pct) (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 1502 500 +5
A220 1931+ 10 2174 £ 10 3.1+2 650 £5
B350 796 + 10 1475 + 15 80+1 350+5
B300 1166 + 10 1677 + 15 16.2+2 502 +5
B250 1564 + 15 1964 + 15 109+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 tretekgspronounced 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 austemperi
parameters, especially temperature, significantly influence all mechanical properties and are thus
important design considerations for bainitic steels.

Dalwatkaret 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 time20yfak@ 60 min for a
total of 9 conditions. Impact toughness was performed using Chanmgcti (CVN) testing as outlined in
ASTM E23[67]. CVN data are plotted as a function of austempering parametéguie2.11.

The CVN results irfFigure2.11 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 microstructutlyg gehereles
impact properties. It is possible that another microstructural factor is influencing the toughness properties
of these bainitic steels, which will be further discussed in Se2ztiha
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Figure2.10 Mechanical properties including (a) yield strength, (b) UTS, (c) total elongation, and (
hardness of alloys studied by Létial as a function of austempering temperaf&ég.

Table2.10 Chemical Composition (wt pct) of 9260 Alloy Investigated by Dalwatkanl [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
Acharyaet al [65] measured the retained austenite contetitearsamples outlined in

Section2.2.1 as a function of both austempering temperature and duration usaygdiffraction (XRD),

as shown irFigure2.12. 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 austeniteh@sustempering 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/feriitterfacd49, 66] This reduces the retained austenite content,

as evidenced by the carbides observdeignire2.9(f), which corresponds to a sample austempered at

400°C.
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Figure2.11Impact energy testeda CVN testing for a 9260 alloy as a function of austempering (a)

temperature and (b) tinjé6].
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Figure2.12 Retained austenite content as a function of austempering (a) temperature and (b) tim
9260 alloy[65].

XRD data further revealed shifts in the {11peak 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, reuifts\quithe

Bragg peak. This phenomenon can be understood through the Bragg equation, which states that
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ne- =d3 idfn (2.1)

where n is the order of the r e-fayseddstthemterplana i s t he
s p a c i ngjsthe angld of idcidence, or the Bragg af§i 69] According to Equation 2.2, an
increase in d due to C atoms occugVhisefigctisnt er st i ti
demonstrated ifigure2.13, wherethe {11l}peak i s observed at the | owest
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 canstahité can

further be calculated by using the {22@ak to determine the austenite lattice parameter and the

following relationship developed by Cullity

8 = 3.555 + 0.044x (2.2)

where ais 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.

Intensity

20 (°)
Figure2.13 XRD patterns for samples austempered at 280, 360, and 400 °C for 30 min, showing
shifting of the {111} peak[65].

Figure2.12(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 pednpartitioning 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 redined austenite content, similar to what was observed at 400 °C.

Franceschet al [70] studied the microstructural evolution of a novel RBHCFB steel subjected
to different austempering temperatures (250, 300, 350, and 370 °C). The alloy composition is detailed in

Table2.11and an Mtemperature was determined to be 238 °C. SEM was conducted on all heat treated
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samples, with the micrographs presenteBigure2.14. 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.

Table2.11 Chemical Composition (wt pct) of Alloy Investigated by Francesthi [70]
C Si Mn Al Cr Ni Mo Cu Ti Vv P S
038 3.2 265 0.1 0.05 0.05 0.02 0.05 0.0011 0.0056 0.008 0.007

Figure2.14 SEM microg(::;phs of the alloy investigated by Fransestcai [70] after austempering
treatments at (850, (b) 300, (c) 350, and (d) 370 °C (M: martensite, B: bainitic ferritg, rietained
austenite blocks, &: 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 bghatie thickness was measured as a function
of austempering temperature, with the results outlindéirie2.12. The observed increase in bainitic
ferrite plate thickness is likely related to the yield strength of austenite, as reported by BHadgshia
higher temperatures, the lower austenite yield strength, due to faster recovery kinetics, allows for easier

plate growth, resulting in coarser plates.
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Table2.12 Bainitic Plate and Austenite Film Thicknes
for Investigation by Francescéti al [70]
Austempering

Bainitic Plate  Austenite Film

Tem(opg;at“re Width (nm)  Width (nm)
250 753+ 23 49.6 + 11
300 96.2 + 29 67.0 + 26
350 140.8 + 41 94.6 + 27
370 1495+41  102.7+31

XRD was conducted on each samplen@asure the amount of stabilized retained austenije (V
and the Gcontent of the austenitepas a function of austempering temperature. The results are
summarized imMable2.13. 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 includda@ine2.13.

Table2.13 Retained Austenite and Mechanical Properties for CFB Steel Investigation by
Franceschetal. [70]

Austempering va Yield UTS Uniform Totall

Temperature (vol pet) X5 (Wt pct) Strength (MPa) Elongation Elongation
CO) (MPa) (pct) (pct)
250 6+3 1.22+0.04 16385 1988 + 4 31+1 33+1
300 11+3 1.01+0.04 11504 1632 +5 381 44 + 1
350 13+3 0.82+0.04 9735 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 austemigenipgrature from 250
to 350°C, due to the temperature moving further away from tHm&, which defines the equilibrium
between bainitic ferrite and austenite. Above théemperature, austenite is thermodynamically stable;
below the T 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 approachedities The diving 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, fuher 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 excessl&, tsirthe findings by Acharyat 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 fatbev different trend. As the isothermal hold

temperature increased from 280300 °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 temperatleé 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 lefdls 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
constitient in the microstructure, can accommodate high plastic deformations compared to austenite,
acting as a barrier to dislocation movement and suppressing both crack initiation and propégjation

To further investigate the fracture response of these samples, the fractogfighise.15 and
crosssection SEM micrographs of the fracture surfacdsgnre2.16 were analyzed. The specimens
austempered at 250 and 300 °C revealed aaodgone appearance, characterized by dimples on the
fracture surfaces, as shownHRigure2.15(a) and (b), indicating a ductile fracture mechanism. In contrast,
the higher temperature samples displayed a more brittle -¢jeasiage fracture surface, characterized by
the absence of a reduction in area and the presence ofctpamsige facets, visle inFigure2.15d).

Figure2.16 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 bainititeféo 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 bo[#@jailibss 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 coateRD were compared before and after tensile testing. The
results are detailed ihable2.14. 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 smalteredacstenite 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 grain 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 thecrastructure. This hypothesis further supported by the

posttensile 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.

© ) ()
Figure2.15 SEM fractographs following tensile testing of hi§hCFB samples austemperada) 250,
(b) 300, (c)350, and (d) 370 °C for 2 h. White arrows indicate dimples, red arrows indicate quasi
cleavage facetg0].

Figure2.16 SEM micrographs following tensile testing of hi§hCFB samples austemperada) 250
and (b)300°C for 2 h. White arrows indicate fractures and elongated retained austenitg @ijms
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Table2.14 Retained Austenite and Hardness Data following Tensile Testing of CFB [RDpy

. Retained Austenite (vol pct) Hardness (HV)
Austempering S Tv——
Temperature (°C}  Initial Final ecrease  Initial Final ¢
(pct) (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

Dalwatkaret al. [66] also evaluated the CVN impact energy data for the 9260 alloy in Table 2.10,
as shown irFigure2.11, 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 shégur@®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 Brdening exponent compared to bainitic ferrite, which enhances its ductility and fracture
propertied66]. 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 erefiggting the tradeff between

toughness and strength.
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Figure2.17 CVN impact energy at room temperature for a 9260 alloy as a function of measured
(a) retained austenite content and lfaydness at different austempering durat[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
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surface during their relative moti¢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: #aaxly and thredody abrasion. Twdody
abrasion results when a rough surface or fixed abrasittile slides across another to remove
material[73]. Threebody abrasion occurs when particles are loose and mobile during interactions with
wear surfacefr3]. Threebody abrasion is said to be ficlosedod wh
trapped between two sliding or rolling surfaces,
one surface is involved in the wear prod@&. 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]. Table2.15 outlines the primary factors that influence abrasive wear behavior.

Table2.15 Factors Influencing Abrasive Wear BehaVjio6]

Property Factors
Abrasive Particle size, particle shape, hardness, yield strength, fracture propertie:
Material concentration

Hardness, yield strength, elastic modulus, ductility, toughness;asdening

Wear Material - ! > i
characteristics, fracture toughness, microstructure, corrosion resistance

Contact . oo _— - .
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. Hawkt al outline four different abrasion manifestations as follpié3:

()  Gouging abrasiorccurs 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.

(i)  High stressor grinding,abrasionoccurs 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
combinaton of cutting, plastic deformation, surface fracture on a microscopic scale, tearing,
and/or spalling.

(i) Low stressor scratchingabrasionoccurs 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.
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(iv) Sliding abrasiorcan be either twoor threebody 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 theerieds involved76]. The following wear

mechanisms, shown schematicallyFigure2.18, are used to describe abrasive wear in matdmiéls

() Plowingoccurs 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 remoselseguent
contact with abrasive particles.

(i)  Cuttingis 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.

(i)  Fragmentatioroccurs when material is separated from a surface by a cutting process and the

indenting abrasive causes localized fracture to the material.
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Figure2.18 Mat((earli)al displacement and removal ((jtzj)e to contact with abrpantieles via (a) plowing,
(b) cutting, and (c) fragmentation mechanisadapted fronfi76].
2.3.2 Effect of Mechanical Properties andMicrostructure on Abrasive Wear

Dynamic abrasion systems involve dissipation of frictional energy, converting mechanical work
into heat on the wearing surfag8]. The extent of frictional energy dissipation depends on the
mechanical and metallurgical properties of the material beingW@80]. The materi al 6s
properties, such as hardness and fracture toughness, are largely determined by its metallurgical
characteristics, including the microstructural phases pri&gnt

The hardness of a material is a key factor in determining its resistance to abrasion. Hardness is
generally defined as the material déds ability to
resistance typically increases with surface hardps82] Fracture toughness also plays a crucial role
in wear resistance by helping to prevent crack formation and potential spalling during interactions with

hard particle$9, 54]. Surface deformation and the werkrdening properties of the underlying material
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significantly influence material detachm48y. It is important to note that the properties of the active
surface layer have a greater impact on abrasion resistance than those of the bull{@ja@viadall, to
minimize weairelated material loss, high hardness is generally needed to reduce the plowing of abrasive
particles, while high toughness is essential to prevent spfih@3]

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 histogllagccomposition, 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 aritfainite)
soft phases (like austenite) improve fracture toughness in abrasion resistafd&}eeigure2.19
illustrates the relationship between microstructure and hardness in relation-ttrbighabrasion
resistance in steels, showing that for a given hardness, austempered bainitic steels exhibit better wear

resistance than Q&T martensitic steels.
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Figure2.19 Effect of microstructure and hardness on the relative abrasion resistance of steels in 1
to processing conditions, adapted from Hawkl.[76].
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The dominant wear mechanism during abrasion is influenced by the microstructure and
mechanical properties of the steel. Material loss typically occurs through-auitthiog and micre
fragmentation, which are often related to the hardness of the mf8@tiahs hardness increases,
micro-plowing can shift to micreutting and may even progress to mii@agmentation if hardness is
sufficiently high[82]. In hard martensitic microstructures, mianaiting is generally the primary wear
mechanisnj55]. 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 decre@23s
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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 mechanigf@6, 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.
Chinthaet al. [85] studied the role of fracture toughness and the relationship with irapeasion wear
resistance for an experimental steel alloy with a composition givEakile2.16. It is well known that the
refinement of the microstructure generally improves both strength and toughness, and is the basis for this

experiment.

Table2.16 Chemical Composition (wt pct) of Alloy Investigated by Chingthal [85]
C Si Cr Ni Mo Vv Al S P
0.34 1.45 15 3.53 0.39 0.3 0.01 0.005 0.005

The steel was first thermmmechanically 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 hardneS6Dbft 23 HV, a UTS of 2.0 £ 0.01 GPa, and a
fracture toughness of 221.5MPa/im. A second microstructure was then designed such that hardness
was kept constant but fracture toughness was greatly varied. This was achieved$igmdizing the
steel to reset the hovlled microstructure and nucleate new stfage grains, followedby directly
guenching 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 conditioniactided inFigure2.20. The hotrolled steel is referred
to as fAhot rolledotampdetbe seaektiesnitéekzedr adnt o
structure exhibited severely pancaked prior austenite grains containing deformation bands, and an overall
fine marensitic 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 kigure2.21. 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 fracitdeeas of both
samples following tensile testing and are showhigure2.22. Figure2.22(a) shows the fracture surface
of the hot rolled sample, displaying both ductile dimples and gliesvage areas. For the quenched
sample inFigure2.22(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) ()
Figure2.20 Micrographs displaying (a) the hot rolled steel with pancaked prior austenite grains wi
transformed to martensite and (b) the quenched steel showing coarse, equiaxed prior austenite ¢
similarly transformed to martensitg5].
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Figure2.21 Engineering stresstrain curves of the hot rolled (black) and quenched (gray) $85ls

Impactabrasion testing was carried out using an impéllerbler test machine, commonly
referred to as bbeaB8Scomtiesoodos Tmpambchine consi s
set at varying angles relative to the sample holder. Gramseused 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 rable2.17.

Wear test results are includedTiable2.18. An additional hot rolled sample was tempered at
190°C for 2h to compare to the Q&T condition. R400, R450, and R500 are reference materials, named
after their relative hardness values (indd\ These data are also shown as a function of sample hardness
in Figure2.23. It is first observed that the reference materials show a linear correlation between hardness
and impaciabrasion mass loss. The quenched steels, on the other hand, performed worse than the hot
rolled steel, even though they have a higher associateddsardhis 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 impa@brasion wear resistance is not just dependent on hardness, but toughness may also
play a significant role.

Figure2.22 Fractographs of the (a) hot rolled and (b) quenched steldwiiody uniaxial tensile
testing[85].

Table2.17 ImpellerTumbler Test Parametej@5]

Test Parameter Value
Sample Dimensions 75 x 25 x 6 (mm)
Impeller Speed 700 (rpm)
Tumbler Speed 30 (rpm)
Abrasive Size 10i 12.5 (mm)
Abrasive Mass 900 ()
Test Duration 4 (h)
Abrasive Material Granite
Sample Angle 60°

Table2.18 ImpellerTumbler Mass Loss by Chintted al [85]

Sample Hardness (HY;) Relative Wear Loss

Hot Rolled 561 + 23 0.70 £ 0.003

Hot Rolled + Temperec 519+ 11 0.73 £ 0.003
Quenched 666 + 8 0.82 £ 0.003
Quenched + Temperel 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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Figure2.23 Impacttumbler wear test results performed by Chirghal.[85] on the hot rolled (black,
squares), recrystallized and quenched (blue diamonds), and reference (red circles) materials. Mz
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 Figure2.24. Figure2.24(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 surfacdzigure2.24(b) and (c) demonstrate regions which experienced material remaval
microcutting mechanisms, leaving behind delaminated material, material lips, grooves, and wedges.
Figure2.24(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 wedace. 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 stest aadm
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 incoé@&&epct, 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 detadhaud 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 impaehbrasion resistance.
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Figure2.24 Surface topology following impelletumbler wear testing of the {d¥) quenched and
(d)i (f) hot rolled steel condition85].
2.3.4 Influence of Microstructure on Scratching Resistance

Scratch testing is a fast and straightforward
scratching abrasion. The test provides insight in
assessed through visual inspection using LOM or by miegssurface deformation with profilometry.

Hensley[86] studied the scratch response of a 9260 alloy in both theereched (AQ) and Q&T
conditions. The AQ and Q&T samples had hardness values of 813.6 + 8.2 antl 54/,
respectively. Scratch testing was conducted on polished sample surfaces at wadsgait10, 20, and
30 N using a Rockwell C indenter, with a stylus travel rate of 5Smm/min. LOM analysis of the resulting
scratch tracks is shown Figure2.25for the AQ and-igure2.26 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 approximatei 200
away from the scratch, extending along its entire lengtlckirg was again noted at the 30 N load,
whereFigure2.25(c) shows the crack branching in multiple locations, in contrast to the single linear crack
in Figure2.25(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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Figure2.25LOM micrographs of scratches produced on the AQ 9260 sample at loads of (a) 10, (|
and (c)30N [86].
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Figure2.26 LOM micrographs of scratches produced on the Q&T 9260 sample at loads of (a) 10,
and (c)30N [86].

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

Figure2.26. The 10 N test again produced a narsmnatch 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 Iigure2.27 for the AQ condition anéigure2.28for 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 inthe 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 poofitehindicates 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 inFigure2.28(c) for the Q&T sample under a 30 N load is further evidence of the chipping
observed.
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Figure2.27 Light optical scratch profiles from the AQ 9260 sample at loads of (a) 10, (b) 20, and
(c) 30N [86].
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Figure2.28 Light optical scratch profiles from the Q&T 9260 sample at loads of (a) 10, (b) 20, and
(c) 30N [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[8Lctility
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
Hanetal. [63] using the 6150 steel alloy outlinedTiable2.4. This study was initially introduced in
Section2.2.], with heat treatment parameters and associated hardness values for the austempered
conditions outlined iMable2 5. In addition to these bainitic microstructures, a series of Q&T martensitic

microstructures were developed, with heat treatment parameters outlifedulé2.19.

Table2.19 Temper Parameters for 6150 Q&T Conditi¢d3]
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 testatdoess, retained austenite content, and

volume loss following wear testing. The results are summarizédhile2.20 and shown irFigure2.29.

Table2.20 Hardness and Wear Results of Bainitic and Q&T 6150 Condifg8is

Hardness (HRC) Retained
Sample Initial Final Austenite (vol pct) Volume Loss (mr)
ATl 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 austemparihgempering 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 mateéal loss compared to the bainitic samples.
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Figure2.29 Relationship between sample hardness and volume loss followingriditk wear testing
for Q&T and austempered (AT) microstructures from a 6150 §Hi8)y

SEM analysis of the wear tracks, showrrigure2.30, 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.

() (d)
Figure2.30 SEM observations of the 6150 wear surfaces from the (a) Q&T2, (b) AT2, (c) Q&T3, ¢
(d) AT3 samples following phon-disk testing. White arrows indicate wear directi68].
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Shabhet 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 outline@iahle2.21. 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 wiiB&RW) testing according to ASTK865[87]. Hardness and

specific wear rate (SWR) were measured for all samples, with results shbainlé2.22.

Table2.21 Chemical Composition (wt pct) of Alloys Investigated by Sagahl. [9]

Steel C Cr Mn Si Mo B Ni P S N
(ppm)

Martensite 0.20 1.40 1.60 0.7 0.60 0.004 150 0.025 0.010 20

Alloy 1 0.15 3.0 0.54 15 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

Table2.22 Hardness and SWR of Alloys Investigated by Séiadl. [9]

Steel Hardness (BHN) SWR (mn¥/Nm - 10°)
Martensite 390 £ 15 92+2
Alloy 1 390+£10 38+2
Alloy 2 3907 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.Wéar results showed that the SWR of the
Martensite alloy is nearly double that of the CFB and marte@$ite steels.

SEM micrographs of the worn surfaces, includeBigure2.31, 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 eropitting 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 (&7 vol pct) prior to wear testing. XRD measurements after wear testing revealed that
nearly all of the retained austenite transformed into martenaitee 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 weat,alVid4]
investigated tempered martensitic and CFB microstructures with similar hardness and fracture toughness.
The chemical compositions of the three alloys are includ@dlite2.23 and the mechanical properties
and austenite contents for each condition are preseniabia2.24, where M and B represent
martensitic and bainitic microstructures, respectively. It is observed that samdes & exhibited

similar hardness and fracture toughness, as did\itenB G conditions. The £ and By samples
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primarily consisted of lath tempered martensite, while tharil G samples are composed of bainitic

ferrite with both thin film and blocky retained austenite. Additionally, teaf®lCs sample contained
MA islands.
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Figure2.31 SEM micrographs of the abraded surfaces on the (a) Martensite, (b) Alloy 1, and (c) #
steels investigated by Shehal.[9].

Table2.23 Chemical Composition (wict) of Alloys Investigated by Weit al. [84]

Steel C Si Mn Ni Cr Mo Nb V Ti
A 0.15 0.28 116 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 032 245 162 0.01 055 037 0.023 0.005 0.018

Table2.24 Material Properties of Samples Studied by \&teal [84]

Steel Hardness Tensile Strength Impact Toughness KIC“ _ Retained Austenite
(HV) (MPa) (Jlcnrd) (MPa/im) (vol pct)
Awm 402 =3 1399 + 11 82+5 75.7 0.02
Bwm 483 + 2 1497 £ 21 45+ 3 58.1 0.16
Bs 399+5 1387 + 17 85+8 76.6 14.9
Cs 479 +1 1475 £ 24 42+ 4 56.7 17.7
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Two different wear tests were performed on each maieadlighstress and a lowtress
abrasion wear test. The higlress test was conducted using an MLMimpact wear machine with
maximum impact energy. In this test, axt00 x 30 mm sample was in contact with abrasive particles
while simultaneously impacted by a B§ hammer. The lovstress abrasion test was conducted using a
UTM2 wear tester, where a 10 x 10 x 20 frmample was abraded by bamhkdforth movement on
180grit sandpaper under a 20 N load. The mass loss over time for each condition is shown in
Figure2.32(a) for the higbkstress andrigure2.32(b) for the lowstress test.
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Figure2.32 Mass loss as a function of teishe for the (a) higtstress and (b) lowstress abrasive wear
condiions following 10 min wear increents[84].

The results indicate that under higiness abrasion conditions, the bainitic samples exhibited
better wear performance than the martensitic samples with similar mechanical properties. The mass loss
of the Avw and Bs samples increased with testing time, while for teBd G 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 reprted. 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 89&mpct decrease in retained austenite in the B
and G 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 rapithecexpansion, which may negatively
impact wear performance. Therefore, the ratio of-fike retained austenite @¥) to blocky retained
austenite (\Mg) is critical in determining the specific influence of retained austenite on wear behavior.

These ratis were calculated using the following formula developed by Bhadeshia and EdB8&]nds
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Var 0. \Iz5
Vag 1-Vy-1.\,5

2.3)

where \k and W are the volume fractions of bainite and martensite, respectively. The higher ratio in the
Be sample(1.5) indicates a greater fraction of stable, {filim austenite, making it less likely to fail from

the transformation of austenite to martensite, compared tosteaniple ratio (1.1). This is further
supported by the fact that the Bample retained 4.6 vol pct austenite after wear testing, whilesthe C
sample retained only 0.2 vol pct.

In the lowstress 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 austenigesamtipéeBs
expected to improve wear performance, the higher hardness of fee@ed 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. Ovetatlythe s
concluded that, for samples with similar hardness and fracture toughness, the wear performance of CFB
steels surpasses that of tempered martensite under botlahiglowstress 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
guench and partitioned (Q&P) conditions. Q&P steels are produced by qugadhily austenitized
steel to a temperature between theald martensite finish (Mtemperatures, forming a mixture of
martensite and austenite. The steel is then rehea
from the supersaturatedartensite into the retained austenite, increasing its stability. This process results
in a microstructure of martensite and stabilized retained ausf@djtd able2.25 outlines the conditions
studied by Wolfram. In addition, some samples underwent cryogenic quenching (CQ) to promote further

transformation of retained austenite into fresh martensite.

Table2.25 Sample Matrix for Bond Abrasion Study by Wolfrg@9]

uench Partitionin Partitionin .
Sample ID Te?nperature Qtfreizrr:]ceh(?)old Temperatugre Hold Timeg Cgfgnecnr:c
) O ()

wWQ 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-190240-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 mechanisifli 93]. 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 testingesntigiveere 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 wearTddie 226. These data are also

shown graphically ifrigure2.33

Table2.26 Hardness, Retained Austenite, and Bond Abrasion Resu

by Wolfram[89]
Hardness Retained Mass Loss
Sample . :
(HRC) Austenite (vol pct) (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+05 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-190240CQ 39.4+0.6 22.7 1.19+0.06
Q&P-230-30 60.6 £ 0.5 12.3 1.08 £ 0.05
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Figure2.33Bond abrasion wear results as a function of (a) sample hardness and (b) retained aus
content89].

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 austeniterbmib 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.

24 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 d@et]litihe
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 gredevels of strain before reaching the UTS, improving the overall
ductility of the material.

I n t he 1 {8 06)observes theeforrhation of martensite needles in-Hikdloy 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 sheanst{@she
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. Fgif] further defined three types of martensitic transformation
depending on the driving force, namely (1) the thermal martensitic transformation, (2) thastistes!
martensitic transformation, and (3) the strmiduced martensitic transformation. Therthal martensitic
transformation progresses in relation to degree of undercooling, where thmpérature is used to
define the temperature at which the martensite reaction b@&hs

Martensite is-indosedérwlHefisttefsrms as a resul
external loadi(e., below the actual yield strength of austeni®s)]. The condition for stresaduced
formati on of ma jtxe nisthetsteessissisted nagensiti¢ tamsfrmation occurs at
temperatures above the respectivgdmperature of the steel with the presence of an additional, external
driving force. Patel and Coh¢®9] theorized that the mechanical driving force, U, is dependent on the

applied shear stress U and normal stress G as fol
U=, +00 (2.4)

w h e pandUpare 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. Mar i e nl s whemsbd oftheausterste odoers @idr tofihe t r ai n

martensitic transformation, or whég v &  0[97]. It is thus understood that the austenite to martensite

transformation is aided by both stress and strain. Olson and Cldlmeneralized this behavior and
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produced a version of the schematic diagram includ&ijimre2.34to describe the relative influences of

stress and strain on the martensitic transformation.
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Figure2.34 Schematic diagram depicting the critical stress to initiate the martensitic transformatio
function of temperature, adapted from Olson and C¢hea].

When the material is cooled from the austenite region below thenvberature, 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 atmnite is reached. When the stress required for the martensite transformation exceeds the
yield stress of the austenite (denoted hij) Mlastic strain precedes martensite transforma@son and
Cohen[100] found that the plastic strain produces shear bands which intersect, acting as nucleation sites
for martensite, lowering the required stresg.défines 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 phasesent, the stress state, and the tempergidiig
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 retaghaustenite stability and the modes of martensitic nucleation.

Samelket al [101] investigated the influence of composition and temperature on the strain
induced transformation kinetics for a series of TRIP steels, list€dhle2.27, by performing interrupted
tensile tests at temperatures betwe®i00 °C. The tensile tests were carried out submersed in a liquid at

a strain rate of 1®s'. 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
measuredia XRD using fitered Molkkr adi at i on i n i55°hMter@pdratures ofgeeh of 15
alloy were predicted using the following equation developed by Mattiali[101]

Ms (°C) = 545.8 &32Cj 30.4 Mni 7.5 Si + 30 Ali 59.9 P (2.5

with compositions in wpct. Retained austenite content (V),:G content in austenite {C),.and
estimated Mtemperatures are additionally includedriable2.27.

Table2.27 Chemical Composition (wt pct), Retained Austenite Measurements, aRceMictions of
TRIP Steels Investigated by Sanstlal [101]

VO, re CJ re

TRIP Steel C Mn Si Al P (ocd ey | Ms(O)
CMnS;i 0.24 1.61 1.45 0.03  0.006 16 1.8 -12

CMnSIiAl  0.25 1.70 0.55 069  0.007 18 1.9 -56
CMnAl 0.22 1.68 0.09 1.49  0.012 14 2.2 22

CMnSIAIP  0.19 1.68 0.48 0.84  0.066 13 2.0 2

The experimental tensile data, showrrigure2.35, depict the transformed martensite volume
fraction, Vusas a function of percent strain for each TRIP alloy. These data were then fitted to the Olson
and Cohen (OC) mod§102] using the least squares method. The OC model predicts the volume fraction

of transformed martensité’ §through the expression

fP=1-e x{gb [-& x(#J O} ] (2.6)
where U is a temperature dependent -baralfoamatert er whi
withstrain0 defines the amount of plastic strain, and
vIK

wherev is theaverage volume of martensitic lath$,is the average volume of shear bands, p is the

probability that a shedrand intersection will generate a martensite embryo, and K is given by

r2 2
K = 1d6 (2.8)

where d & 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 ke Cand CMnSIAIP 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.
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Figure2.35Volume fraction of transformation induced martensite as a function of true strain f e

(a) CMnSi, (b)CMnSiAl, (c) CMnAl, and (d) CMnSiAIP TRIP alloys following tensile testing at

temperatures ranging froni 00 °C. Discrete data points represent expental results and

continuous lines represent the fitted @0del[101].
2.4.2 The Relationship between Retained Austenite Stability and Strain Hardening

The strairinduced 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 kis¢ti03]. De Mooret 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.65Mn-0.38S#1.11A0.08P sheet steélable2.28 summarizes the sample
parameters tested and the resulting retained austenite contents, meiasirdol. 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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Table2.28 Heat Treatment Conditions and Retained Austenite Contents 1
Steels Studied by De Moet al. [104]

: PT/TT/IBT Retained C Content
Microstructure °C) PUTt/IBt (S) Austenite (vol pct)  (wt pet)

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 instantaneodsasti@iing exponent
(n-value) was determined using the following relationship
Oa | -1 0
e (2.9)
oo | b-14g
where U is true st r-agalueploted dgaifst tiuesstrainmpnovédessnsights mite the T h e

n=

work hardening behavior of the stedifggure2.36(a) shows thevalue for Q&P samples with a Pt of

60s, whileFigure2.36(b) includes samples with a Pt of 180 s.
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Figure2.36 Instantaneous strain hardeningv@lue) as a function of true strain for Q&P samples
partitioned at 350, 400, and 450 °C for (a) 60 and (b) 1804.

The plots reveal that strain hardening is influenced by PT. For the 60 s samples, PTs of 350 and
400 °Cresult in a continuously decreasingaue 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 containiddp4.0l pct, compared to
the substantially higher 8.5 vol pct in the 450 °C sample. The continuous decreasdui@ with strain,
typically seen in dual phase (ferrite + mase) steel§105], contrasts with the behavior of the 450 °C
sample, which corresponds to work hardening characteristics of TRIP[$G&]Is

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 0 TB3 sample behaved similarly to the
450 °C sample, with the-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 (9.010.0 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 outlinédhfe2.28, and
compared to the Q&P samplédgure2.37(a) shows the instantaneous strain hardening behavior for
Q&P and Q&T samples with Pt/Tt of 180 s, whiliggure2.37(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 decreasivgloe curves across all tempering
temperatures, where thisasly true for the Q&P sample with a PT of 350 °C.
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Figure2.37 Instantaneous strain hardeningv@ue) as a function of true strain for (a) Q&P and Q.
samples treated at 350, 400, and 450 °C for 180 s, and (b) Q&P and bainitic (TRIP) samples t
400 and 450 °C for 60[404].
In Figure2.37(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 retainediteugtestempering 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 diketignexperiments 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 Xray 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) testoh§osal abrasion testing.

3.1 Materials

The alloys selected for this project were proposed to have C contents ranging from
0.4i 0.6 wt pct, with varying Si levels. The materials studied included a 9260 alloy, provided as 3.81 cm
(1.5 in) diameter b a [187], dnd 6150 Hlloyy dugpléed as llaesssvths r esear ¢
crosssectional dimensions of 2 x 10.16 cm (0.788 liy)dy Gerdau, North America. The chemical

compositions of both alloys are presentedaible 31.

Table 31 Chemical Composition of Tested Materials (wt pct)
Steel C Mn Si Cr Ni Mo P S Vv Cu
9260 0.59 0.82 1.92 0.12 0.05 0.013 0.007 0.016 0.026 0.15
6150 050 086 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, intentionadlyying 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/aighdow Si alloys and different baitic
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.ddgpaiicedures 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®&bL catact dilatometer equipped with
hollow quartz pustiods with a 4nm external diameter. The dilatometer uses induction heating and
guenching with either Ar or He gas, while temperature is moniteithdan Stype Pt thermocouple
welded to the center of tleample surface&samplesvere 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 samplere 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 {f\and the temperature at which the steel becomes fully
austenitio(Acs). Below the A;, the sample exhibits constant thermal expansigh(ddt & 0) . As pe
transforms to austenite, a volume contraction occurs due to the higher density ofahstéeite phase
compared to the beferrite phase, which constitutegmoximately 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
l ength (opl) and the der i v a {dildtewere plottedd s fisctianbad nge wi t
temperature. Significant deviations from a linear dilatons{dpy dt | 0) i ndicated a p
transformation. An example of this analysis for the 9260 alloy is provideigjume 31.
Samples were also cooled from 900 °C to room temperature (30 °C) to determine critical
temperatures during cooling. Unlike the;And A temperatures, the temperature at which austenite
begins to transform into preutectoid ferrite, or the Atemperature, and the temperature at which the
final austenite decomposes, or the tdmperature, are more sensitive to cooling rates. Similar to the
heating curves, these temperatures were identified by significant slope changes in the dilation curve
during constat cooling. An example dilatometry curve for a 9260 sample cooled at a raté@f is
shown inFigure 32, illustrating the determination ofiAand As temperatures.
With faster cooling rates, the+Aand As transformations are bypassed in favor of martensite. The
martensite start (M 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 sheiguaran33 for a

cooling rate ot60 °C/s.
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Figure 31 Sample dilatometry curves to show the critical &nd Astemperatures upon heating.
(a) Shows full heating curve from 30 to 900 °C at 40°C/s, (b) shows areas of interest where devit
from a linear slope were observed. Red lines follow constant slopes, blue lines denote where de’

to constant slopes were noted.
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Figure 32 Sample dilatometry curves to show the criticalaad As temperatures upon cooling.

(a) Shows full cooling curve from 900 to 3C at-1°C/s, (b) shows areas of interest where deviation
from linearity were observed. Red lines follow constant slopes, blue lines denote where deviatior
constant slopes were noted.
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Figure 33 Sample dilatometry curves to show thetsmperature upon cooling. (a) Shows full coolin
curve from 900 to 30 °C ab0 °C/s, (b) shows areas of interest where deviations in a linear slope
observed. Red lines follow constant slopes, blue lines denote where a deviation to the slopelwas

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 foinl@nd quenched to the target
austempering temperatures@d °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 chaxtarized 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 {itlgd/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 34.
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Figure 34 Sample dilatometry curves from the 9260 alloy to show the change in sample length a:
function of time during isothermal austempering treatments at (a) 300 °C where a stasis point we
met, and (b) 400 °C where a stasis point was met, indicated dydile / dt si gnal re
were isothermally held for 10 min.

QA&T heat treatments were evaluated using the dilatometer to assess sample hardness as a
function of tempering temperature and duration, withgib@ 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 30 260&1C/s, and held for 2 min.

Initial tempering treatments involved heating the samples to 350, 450, and 550 °C at a rate of
40°Cl/s, holding for 30 min, and then quenching to 30 °C. Hardness measurements were performed on the
tempered samples, and the Hollomikffe tempering parametwas 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 staisteskfoil 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 35(a).
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Figure 35 Time-temperature profiles outlining the (a) austemper and (b) Q&T heat treatment patt
to create all conditions used in this project.

To validate the austempering heat treatments, samples measuring’/8324 6.35mm (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 900C, 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 risrdce 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 showigire 35(b). Additional details of the
austemperingnd Q&T treatments, along with sample identifications, are provid&dbie 32. The
designations CFB, B, and Q&T correspond to carbide free bainitic, bainitic, and quench and tempered

microstructures, respectively.

Table 32 Heat Treatment Matrix and Sample Identification for the 9260 and 6150 Allc

. Austemper Temper

Alloy  Microstructure Sample ID TemperatuFr)e °C) Tempera{)ure (°C)
9260 CFB 9260-CFB-300 300 -

9260 CFB 9260CFB-375 375 -

9260 Q&T 9260-Q&T-443 - 443

9260 Q&T 9260-Q&T-667 - 667

6150 B 6150B-300 300 -

6150 B 6150B-375 375 -

6150 Q&T 6150Q&T-378 - 378

6150 Q&T 6150Q&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 pm. Etchingevfsmed with a 2 pct nital
solution for 1020 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® JSMIOOF microscope equipped with a field
emission (FE) gun operating atiZ® kV, as well as a TESCAN® S8252G SEM, also equipped with an
FE gun. Environmental SENMESEM) with a Quanta® 600 microscope wasdi® 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 um particle size) foii 8 h. EBSD data were collected mgia TESCAN® S8252G SEM
equipped with an EDAX® EBSD camera at an accelerating voltage of 20 kV and a beam current of
10nA. Data analysis was performed with FTEIIM® 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®&Xay di ffractometer equipped with a C|
30 mA. Prior to testing, samples were polished to a surface tihisthleast 6 um and chemically thinned
using a solution of 10 parts deionized water, 10 parts hydrogen peroxg édd 2 parts hydrofluoric
acid (HF) for 120 s to remove any surface damage imposed by grinding. However, for XRD
measurements of worn saces, the analysis was performed directly on the wear surface without any
additional preparation.

Sampl es wer e s c annigeR° toocamure the {1208 {200k {21d }eand{220}4 0
Uferrite peaks, as well a s -austande pgaksl Scans wefe pdif@rhed { 2 2 0
with a step size of 0.05° and a dwell time of at leasp@& step. The diffraction data were processed
using the JADEE software package, which dncluded
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 Engifi&8ksand ASTME975[109].

For numerous ferrite and austenite peaks, the volume fraction of austeniseg&termined by averaging

each measured integrated intensity teaRue ratio through the following equation
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where } and bare the integrated intensities of a given austenite and ferrite peak, respectively, g 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 interpl

composition of the phase being meadufe is defined as
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where v is the volume of the unit cell, F is the structure factor, p is a multiplicity factor of the (hkl)

R (3.2)

reflection, and " is the DebyeVa | | er f actor. Given that & is the w
exponential term, M, in Equation 3.2 is given by

2
:B S; d (3.3)
where
_q 202
B=8"“¢€: (3.4)

and p is the mean square displacement of atoms from their mean position in a direction perpendicular to
the diffracting plang108, 109]

3.5 Mechanical Testing
Mechanical testing for this project included Rockwell &fickers hardness measuremesus
Charpy \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 tdsg, in accordance with ASTM E38#as performed on all dilatometry samples, as the
circular faces were too small for Rockwell measuremdrdi8]. For Vickers testing, samples were
mounted inBakelite and polished to at least 1 pm without etching. Indentations were spaced at least two
and a half times thiength 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 2§0vas applied for the indentations, and Vickers hardness was

calculated using the following equation
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Rockwell hardness testing was performed on all heat treated test samples in accordance with
ASTM E1820, using the Rockwell (HRC) scalg111]. 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
-1 0-0—— 3.14
H 100.002 (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 twod amalf 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)
teste was used with a load of 200. gf low load was used to minimize work hardening of the
surrounding material while enabling closely spaced indents without overlapping plastic deformation
zonesFor each analysist east five traces of ten indents were performed, starting approxin2atgiy

below the wear surface, with individual indents spaced at least 50 um 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 speciitteaample geometry
outlined inFigure 36. Each sample condition was tested three times at room tempeFatwt®graphs
were obtained using an Olympus® Tough-E@amera, and the fracture surfaces were analyzed using
ESEM.
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Figure 36 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 multpass scratch testing was performed on all conditions using a Steld&T09®
Micro Combi Tester in accordance with ASTM G17112]. All samples were polished to 1 pum prior to
scratch testing. A conical HRC diamond stylus with an apex angle of 120° and hemispherical tip radius of
200 pm was used. Scratches 2 mm in length were made at loads of 10, 20, and 30 N at a rafs of 5 mm
and were all spaced at least 2 mm apart to avoid any work hardening effects produced by previous scratch
tracks. Multipass scratch testing involved conducting a series of 10 scratches sequentially in the same
direction within a single scratch track, atlcorsistent 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. Scratdhesravere 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 AréaRi dge Area) A (3.20

These analyses are shown schematicalligare 37.
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Figure 37 Schematic depicting (a) volume loss due to scratch testing calculation and (b) scratch
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 G§57]. 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 wheignheteaof
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 38. 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 wstiradtenith
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 dimensionsxof@2.#m
(1 x 3in) and a thickness betweenid.2.7 mm (0.1260.5 in). The samples used in this work had a
thickness of 6.35nm (0.25 in). Samples were surface growvith 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[dd@]sive
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
3001 400g/min.
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Figure 38 DSRW testing equipment in the (a) static and (b) dynamic conditions, highlighting the
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 inTable 33. This outlines a relatively severe test, which ranks metallic materials on a wide

volume loss scale from low to extreme abrasion resistance.
Table 33 DSRW Testing Parameters

Force N (Ib) 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 AGTM standard for this test, but testing is outlined in a series of
publications by Bong1i 93]. The testing equipment is illustratedrigure 39. The primary components
of thewear tester consist of inner and outer rotating shafts and a rotating drum lined with mesh to
promote lift of the abrasivieall 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 mmi().#&shand be retained upon a
12.7mm (0.5in) mesh. Sample geometry for the Bond abrasion test is outlikgdure 310. Samples

were surface ground with a 1266t stone wheel prior to testing to remove any decarburization or

59



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.

Rotating Drum

N
: Steel Paddles
‘ )-‘r

Rotating
Drum Cover|

Figure 39 Bond abrasio(r?)equipment agh showing (a) the mechanical inrsgzworkings including the
drum motor and gear box and (b) the rotating drum with 400 g of ore and 2 steel samples mount

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 conductedumiferements 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

grave was loaded for each testing interval.

A4

58.7
76.2

0.8
4.8 [

A 4 Y

127 —

Figure 310 Bond abrasion sample dimensions. 0.8 mm feature is included to attach sample to inr
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. Additlgnklwer 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 wvere als
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, esitits 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 determviaadllatometry are
summarized inrable 41. Dilation curves for samples heated at 40 °C/s are includéigjime 41 for the
9260 and 6150 alloy§&igure 42 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 qftémegdrature.
The transformation temperatures during heating are similar for both alloys, while the 6150 alloy has a
higher M; temperature due to its lower C content.

Table 41 Measured Critical Transformation Temperatures for the 9260 anc
6150 Alloys (°C)

AIon Ac1 Acs Ms Bs
9260 7374 859 + 17 270 + 20 538 + 11
6150 734 +7 858 + 3 296 + 6 591+9

"Values were determined by Therr@alc® Software for cooling rates at or bele®® °C/s

According toThermaCalc® data, a Biemperature is anticipated to be observed in the dilation
datafor both alloyswithin the 500600 °C temperature range for cooling rates betweé&BQ.EC/s.
Figure 43 presentexampledilation data within this temperature rarfgethe 6150 alloyhowever, no
significant deviations from linearity were observed, indicating thattarBperature was not detected with

dilatometry.
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Figure 41 (a) Relative dilation and the first order derivative of the sample dilation with respect to ti
function of temperature upon heating 9260 (black) and 6150 (red) samples at a rate of 40 °C/s to
the A and Ag critical transformation temperatures. (b) Close up of data where deviations from line
were noted, indicating phase transformations.
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Figure 42 (a) Relative dilation and the first order derivative of the sample dilation with respect to ti
function of temperature upon cooling 9260 (black) and 6150 (red) samples at a rate of 50 °C/s to
the Ms temperature. (b) Close up of data where deviations from linearity were noted, indicating ma
phase transformations.
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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 tirst@mmperature combinations required to reach transformation stasis,
as described in Section 3.2.1. Examples of the dilata &s a function of time during isothermal
austempering treatments at temperatures of 300, 325, 375, and 400 °C are indhiglae idd for the
9260 alloy. The time required to reach a stasis point as a function of austempering temperature for both
alloys is shown irfFigure 45. 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 aimsaf thierostructures.

The 9260 alloy underwent a series of austempering treatments at temperatures ranging from
3001 400 °C, with durations betweenidD 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 shokiiguire 46 to evaluate the influence
of austempering temperature on the microstructure. As sholigtne 45, the bainite transformation

should be complete at all of these temperatures.

63


















































































































































































































































































































