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ABSTRACT

Carburized components such as gears and drive shafts experience bending fatigue loading during
service. At stresses abotle endurance limits, fatigue cracks nucleate at an early stage and most of the
fatigue life of the component is spent in the fatigue crack propagation regime, particularly in the case
region of a carburized componemhegoal of this PhD work was to studhe influence of
microstructural features on the fatigue crack growth (FCG) resistance efdrigbn plate martensite
austenite microstructures for potential application in carburized and bearingdséeiscommercial
high-carbon 52100 steel (1 wt pzarborn), high-carbon platenartensite austenitaicrostructures
(microstructures comparable to the case regions of carburizevateeldevelopedatigue tested and
characterized. Thermal processing strategies, namely thermal cycling andetebigy were
implemented and the subsequent refinement in prior austenite grains size (PAG®) apiatsite and
RA was quantitatively characterized. Lower austenitizing temperatures and shorter hold times resulted in
the greatest PAGS refinement as well disieenent in platemartensite and RA constituent size. Multiple
thermal cycling did not further refine the PAGS but resulted in a narrower PAGS distribution. Step
guenching (interrupted quenching belMytemperature) mechanically and/or thermally stalulitte
RA, resulting in a refinement in plateartensite size and an increase in the stability of RA. The mode |
fatigue crack growth (FCG) behavior mfjh-carbon platenartensite austenitaicrostructuresvith
varying amounts and stability of RA was intigated. The interaction between the fatigue cracks and the
surrounding microstructure was characterized using microscopy, electron backscatter diffraction and
guantitative fractography. Higher initial amounts of RA, mechanical stability of RA, and gilegtee of
martensite tempering improved FCG resistand@gif-carbon plate martensite austenite microstructures
Stressassisted RA to martensite transformation was observed in the vicinity of the fatigue cracks in the
microstructures with substantial ammts of RA (more than 15 vol pct). The fatigue fracture surfaces of
the different microstructures exhibited varying combinations of IG fracture, rdixetile brittle (MDB)

and TG (cleavage, quaslieavage, and ductile striations) fracture as a functietress intensity range at



the crack tip. Microstructure conditions showing greater fractions of MDB, and TG fracture had better
fatigue crack growtlnesistance. The presence of a higher initial RA content suppressed brittle IG fracture
and promoted TG écture, potentially due to the transformattonghening associated with RA to
martensite transformation or transformation induced raicack coalescence in the vicinity of the fatigue
crack. Finally, transformation toughening models were developeddiiptige role of deformation

induced martensite transformation (DIMT) on the FCG behavibrgbfcarbon platenartensite austenite
microstructuresThe model predictions of FCG rates were highly sensitive to small variations in the
amount and distributioaf DIMT, suggesting that transformation toughening may be used as a
microstructure design strategy for improving FCG resistanbé@bfcarbon platanartensite austenite

microstructures
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CHAPTER 1

INTRODUCTION

Carburized components are used in vehicle powertrains and power generation equipment where
high strength is required in addition to good fatigue resistdntg The highcarbon case region
provides strength and wear resistance, whereas theddyon core provides toughness to the carburized
components. The case regions contain piaetensite, retained austenite (RA) and occasionally
undissolved cementite, whereas the core regions contain lath martensite, ferrite oflbajnAdong
with the carbon composition gradient, carburized components also have a gradient in hardness and RA
content along the depth of the comporiédr@]. The diffeence in austenite to martensite transformation
kinetics between the case and core during quenching introduces compressive residual stresses at the
surface[1.4]. Additionally, the RA in the case region is susceptible to deformdtidmced martensite
transformation during servidé.2].

Fatigue is a common mode of failure in carburized components.dsginice, regions such as a
root of a gear tooth experience bending loads. Microstructural features such as grain size, amount of RA,
and residual stresses affect the bending fatigue resistance of carburized conjfpdjeAtsstresses
above the endurance limits (presumably, the maximum value of stress below which, the material can
withstand infinite number of fatigue cycles), fatigue cracks nucleate at an early stage and most of the
fatigue life of the component is spent in the fatigue crack propagation regime. The microstructure in the
case region plays an important role in crack initiation and propagation during bending fatigue
failure[1.1]. Hence, an improved understanding of the interaction between fatigue crad¢kglacdrbon
platemartensite austenite microstructucas help better optimize processing and performance of

carburized components.



1.1 Research Objectives
The overarching goal of this PhD work was to study the influence of microstructural features on

the fatigue crack growth (FCG) resistancégih-carbon plate martensite austenite microstructures for
potential application in carburized and bearing st&dlsle the case region of a carburized component
contains a gradient of carbon content, RA phasgtityn, martensite morphology and processing induced
residual stress, this study specifically focuses on the interaction between the fatigue crack and the plate
martensiteandRA in the absence of high residual streskksing commerciahigh-carbon 52100

steel(1 wt pct carbon), microstructuresnsisting of plate martensit®@ A and undissolved cementite

were developed, fatigue tested and characterizeel 52100 steel without the surface compressive
residual stress was prone to crackiluging guenching. Consequently, it was necessary to limit the heat
treatments to develop microstructures comparable to theaegisas of carburized componenite
differerces in the FCG behavior of the carburized steel anbigfirecarbon microstructussleveloped in
this study may stem from the highearbon content of 52100 st€élwt pct) than typically observed in

the case regionsf carburizedcomponent£0.8to 0.9 wt pct).However, the findings of this study are
applicable to microstructures pess in carburized components and bearing st€elsystematically

address the goals of this research, the following research objectives were defined

1. To Develop Microstructure Refinement StrategiesHmh-Carbon PlatéMartensite Austenite

Microstructues

Research Question: How do thermal processing strategies, specifically, thermal cycling-and step
guenching, influence the refinement of prior austenite grains, plate martendR&and

Two thermal processing strategies, (i) thermal cycling and (ii)atepching, were implemented
to develop microstructures containing plate martensite and RA. The resulting microstructures were

characterized using dilatometric analysis, quantitative stereological meaimoidseutron diffraction.

2. To Study the Fatigue Crackrowth Behavior oHigh-Carbon PlatéMartensite Austenite

Microstructures

Research Question: How do fatigue cracks interact withitffecarbon plate martensite austenite



microstructure?

High-carbon platemartensite austenitaicrostructuresvith varying amounts and stability of RA
were developed and their mode | FCG behavior was investigated. The fatigue crack path and fracture
surfaces were characterized to rationalize the influence of microstructure and the deformation induced RA

to martensiteransformation on FCG behavior.

3. To Develop Experimentally Informed Fatigue Life Prediction ModelgHdigh-Carbon Plate

Martensite Austenite Microstructures

Research Question: How does the transformation of RA to martensite in the vicinity of fatigue crack
affect FCG rates ihigh-carbon plate martensite austemitecrostructures?

Existing transformation toughening modél$, 1.6]Jwere modified to predict the influence of
RA to martensite transformiah on FCG rates ihigh-carbon platanartensite austenitaicrostructures
Experimentally determined transformation data were used to calculate the reduction in stress intensity at

the crack tip due to the volume expansion associated with RA to martezisgimrmation.

1.2 Thesis Outline

The background literature pertaining to the carburizing process, carburized microstructures, and
bending fatigue behavior of carburized steels are presented in Chapter 2. A general overview of fatigue
crack propagation in metals, and special topics oguatcrack propagation in embrittled steels, and the
influence of deformation induced martensite transformation on FCG behavior are also described.
Relevant background is also preserdethe start ofach chapter and throughout the thesis where
discussiorof existing literature was necessary.

Chapter 3 presents the experimental methods and microstructure characterization results of
thermal processing strategies aimed at microstructure refinginépiThe trends in refinement of prior
austenite grain size (PAGS), plate martensite and RA constituents during thermal cycling and step

guenchingare discussed.



Chapter 4 describes the development and FCG testimgtetarbon platenartensite austenite
microstructuresvith varying RA content. The interaction between fatigue cracks and the surrounding
microstructure was characterized using micopsg electron backscatter diffraction and stereological
fractography. Pertinent failure mechanisms, the influence of RA on FCG rates, and the implication of the
study onhigh-carbon platanartensite austeniteicrostructuresre discussed in detalil.

Chapte 5 presents implementation of existing transformation toughening niadg|4..6]for
high-carbon platenartensite austeniteicrostructuresThe experimentally informed model predicts the
influence of RA to martensite transformation on FCG ratdsdh-carbon platenartensite austenite
microstructures

The key findings and conclusions of this research are summarized in Chapter 6. Finally,

Chapter7 suggests some recommendations for futesearch based on specific results from this work.
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CHAPTER 2

LITERATURE REVIEW

The following chapter presents background information on thedegepts relevant to this PhD
thesis. Section 2.1 presents an introduction to the carburizing process. Microstructures resulting from the
carburizing process are discussed in SectionB2Rding fatigue behavior of carburized steels is
discussed in Sectmn2.3 with an emphasis on the influence of prior austenite grairRsizand residual
stress on the fatigue performance of carburized microstructures. A general overview of fatigue crack
propagation in steels is presented in Section 2.4. Specificaltysdi®ns ofrCGin embrittled steels and
the influence of deformation induced martensite transformation (DIMT) on fatigue crack propagation in

steels $ presented in Subsections 2.4.1 and 2.4.2 respectively.

2.1 Carburizing Process
During the process of carbmation, the component is heated to an elevated temperature in the

austenite range and is exposed to a carlmbnatmosphere. This atmosphere can be a solid like graphite
in case of packed carburizing or gases like CO; &@ CH in case of gas carburigj. At extended
holdings at high temperatures, carbon diffuses into the surface layer thereby establishing a concentration
gradient of carbon along the depth of the component on top of texigtang carbon levelg.1]. Often,
alternating boost and diffuse cycles are performed to thiéodepth of this concentration profile; a

typical profile is shown in Figur2.1(a)[2.2]. The component is subsequently quenched to obtain a
martensitic microstructure in the higlarbon region. The core maywddop a lath martensit, ferritic,

bainitic or pearlitic microstructure. Optionally, the component may be tempemsatatratdemperatures
(150°C-200°C) to obtain low temperature tempered (LTT) martensite which has transition carbide
precipitates for igh strength and bending/rolling contact fatigue resistgh& A carburizing heat
treatment cycle is schematically shown in FigeuHb). The processing conditions directly govern

features like carbon concertiom, case depth, and case and core hardness.
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Figure2.1 (a) Carbon wt pct as a function of depth below the surface in a Nb modified 8620 steel vacuum
carburized at 1050 °C [2.2] (b) a schematic of a carburizing cycle for 8620 steel.

2.2 Carburized Microstructures

The austenitized and quenched carburized microstructures predominantly contain martensite. Due
to the carbon content gradient along the depth of the component, the martensite in-taeduglcase
and the lowcarbon core vary in morphology, amount, angperties. Furthermore, other microstructural
constituents such as RA, undissolved cementite, andnaotensitic transformation products may be
presen{2.4].

The microstructure in the core region depends on the carbon content, hardenability, and thermal
gradients during quenching. If the alloy has high hardenability, thecéotson core transforms to
martensite and if the alloy has low hardenability, the core may transform to a mixture of ferrite and
pearlite, bainite, and martensite. The loarbon martesite exists as lath martensite morphology which
has a hierarchical structure. Egumior austenite grain consists of several packets, which consist of
parallel blocks of fine sumicron wide laths of martensite crystf#s5]. Figure 2.2 (a) shows an optical
micrograph of a lath martensite microstructure in the core regionl&dis carburized ste.19 pct C,

1.06 pct Mn, 0.52 pct Cr, 0.50 pct Ni, and 0.17 pct [d}]. Fine martensite laths cannot be resolved



using an optical microscope, but the packets can be observed. In the core region, lath martensite is
desirable due to its high strengttdaoughness as compared to a ferrite pearlite microstructure.

During carburizing, the steel is heated to 93&nd carbon diffuses from the surface into the
steel. Control of temperature abodg, and the carbon atmosphere limits the possibility of precipitating
cementite particles during carburiziiguring quenching i the highcarbon region, displacive
transfomation of austenite results in martensite which has a-|k&tenorphology. The martensite plates
differ from laths in that they do not form parallel to each other. The first plate martensite spans the length
of the prior austenite grain. Subsequenilyerf martensite plates form by partitioning the remaining
austenite constituents, resulting in a large range of plate[giggsFigure 2.2 (b) shows an optical
micrograph of a martensitic microstructure in the case regionesftdijuenched SAE 403&teel[2.4].

The dark regions correspond to the needle shaped (in 2 dimensions) plate martensite.

(@) (b)

Figure2.2 Light optical micrographstched using nitashowingcarburized microstructures, (a) lath
martensite in the lowgarbon core region of gas carburized 8719 steel, and (bjyrp&atensite (dark
region) and retained austenite (light regions) in high carbon case regiorOcfté&R

The carborrich case regianare associated with incomplete austenite to martensite

transformation resulting in RA. The light regions in Figure 2.2 (b) show the RA constituents. The

guenching process determines the RA phase fraction particularly as given by the Koistinen andeMarburg



equation,

w p Agppzpm O Y (2.1)
whereV, is RA phase fraction, ands andTq are martensite start and quench temperature in Kelvin,
respectivel\j2.7]. TheMstemperature is an indicator of the thermal stability of austenite, and it depends
on a multitude of factors like compaosition, prior austenite grain size and stres$X8tésarbon is an
austenite stabilizer andmoresses thisls temperaturg2.4]. At room temperature, significant amounts of
RA between 15 pct and 30 pct may be present in the microstructure in the case region.

The RA constituents in the case region are susceptible to mechaiidaktyd martensite
transformation. Figur2.3 (a) and (b) shows optical micrographs of AISI 40126 steel (1.26 wt pct carbon)
in the as carburized and post cyclic deformation conditions resped@v@]yThedark regions in
Figure2.3 (a) are plate martensite while the light regions are RA constituent. After 12 strain cycles at
0.5pct strain amplitude, the microstructure showed the presence of martensitic plates (dark features)

resulting from mechanically inted phase transformation (Figure 2.3 (b)).

(a) (b)

Figure23Li ght opti cal micrographs of o0oil quenched 401
carburized undeformed (b) deformed afterc§les. Magnification is 850 x [2.9].

In the literature, two mechanisms have been proposed for mechaimcaited martensite

transformation: (i) stress assisted martensite transformtib®] and (ii) straininduced martensite



transformatiorf2.11]. According to the stresassisted martensite transformation mechanisms, the
mechanical work done on or by the transforming region providasdneodynamic driving force for
martensite transformation. The strémtuced martensite transformation mechanism suggests that during
plastic deformation, intersecting shear bands give rise to martensite embryos and thus result in martensite
transformatio. The key differences between the two mechanisms are that inagststed martensite
transformation, martensite nucleates at existing sites in the parent phase, while-incitied
transformation, new nucleation sites are formed during plasticrdafimn. Additionally, stresassisted
transformation is possible at stress below the yield strength of the material wheredadiicd
transformation occurs at stresses greater than yield strength.

During the quench step tife carburizing treatmenthe case of the component cools faster than
the core. At elevated temperature, the surface experiences axial and circumferential tension as it tries to
shrink against the hot core. However, as the core cools, the rigid shell applies tensile stresses on a
shrinking core and experiences compression on itself. Thermal gradients are further accompanied by a
time lag in the austenite to martensite transformation between the high carbon and low carbon regions.
The austenite ithelow carbon core (highevls tempeature) transforms to martensite at higher
temperatures than the high carbon case (Idw¢emperature). A volume expansion (pe) is
associated with this transformation and consequently the residual stresses in a component depend on a
complex interplayf thermal anadtarboncontentgradients during the processing stajge$2].

The final stepofthecarur i zi ng process is |l ow temperature
200 . During tempering, fine tr an s-satuiatedmantensitebi des p1
The toughness of the microstructure improves, and residual stresses relax.gkaterap below 200 ,

the RA does not decompose, and compressive residual stresses in the case region aregpeserved

2.3 Bending Fatigue Behavior of Carburized Steels

Carburized components, especially gear steels, are subjected to bending and rolling contact

sliding fatigue in their service lives. In this PhD thesis, microstructural aspects pertaining to the bending



fatigue behavior of carburized steels are investig&edding fatigue behavior of components is

measured in terms of endurance limits which are evaluated by mea$ @ib& where S is maximum

stress during fatigue cycling and N is the number of cycles. The endurance limit is the maximum value of
stress blow which the component is said to endure infinite number of stress cycles. Figure 2.4 (a) shows
a stress versus number of cycles to failure pletl (@ot) for a 0.02 wt pct Nb containing 8620 steel that

was vacuum carburized at 1050[2.2]. Each open triangle data point represents samples that failed in
less than 1 million cycles, while each solid triangle data point repressasple that did not fail in over

10 million cycles. The endurance limit for theetwas determined to be 758 MR&]. Bending fatigue
endurance limits are a good representation of-bigthe fatigue strength of the alloy. At stress amplitudes
greater than endurance limits, within a certaimber of stress cycles, test specimens fail by a sequence

of crack nucleation, stable crack growth and unstable crack growth R&®]je$his sequence is sensitive

to microstructural gradients, residual stresaad, experimental conditions.

Cracks can potentially nucleate at surface defects, internal metallurgical or phase/grain
boundaries. Intergranular (IG) cracking at prior austenite grain boundaries (PAGBSs) is a common mode
of fracture in highcarbon casearburized steels. Intergranular cracks initiate when the bending stresses
overcome compressive surface residual stresses and cohesive forces of prior austenite grain boundaries.
The crack tbn propagates in stable transgranular mode until a critical cragkhlés reached which is
followed by an unstable fracture. In cds®dened steels, crack initiation and stable crack growth regions
are relatively small due to the low toughness of figtbon LTT martensite. A fracture surface is shown
in Figure2.4 (b)where the three different regions of crack nucleation, stable crack growth, and unstable
crack growth are labelled. The sections below discuss the influence of critical microstructural features on

fatigue behavior of carburized steels.
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Figure2.4 (a) Schematic ®l curves for Nb modified 8620 carburized steel tested in bending
fatigue[2.2]. (b) An overview of a typical fracture surface from these bending fatigue tests showing crack
nucleation, stable and unstable crack propagation regions [2.3].

2.3.1 Prior Austenite Grain Size and Bending Fatigue

The prior austenite grain size (PAGS8bects both crack nucleation and crack propagation aspects
of bending fatigue resistance of carburized steels. Generally, finer PAGS leads to better fatigue
performance because of the following reasons:

1. Afiner PAGS upon quenching results in finer maritenand hence, a high strength case
and better higitycle fatigue resistance

2. Larger grain boundary area leads to dilution of phosphorus concentration along grain
boundaries and hence, reduced susceptibility to IG crack initiation along PAGBs

3. Martensite trasformation in high carbon austenite produces microcracks along sites
where plates impinge, particularly in microstructures with coarse PAGS.

Figure2.5 shows endurance limits as a function of PAGS (to the pd&rfor carburized 4320
steelq2.2]. Greater fatigue endurance limits were observed for finer PAGS in the case region. Reheating

below theA.»temperature after the carburizing treatment has been effectively used as a microstructure

11



refinement strategyl'he presence of undissolved cementite in the microstructure suppresses PAG
coarsening dbw austenitizingemperatures. During reheat treatments, austenite reversion takes place. At
elevated temperatures, austenite grains nucleate and grow on PAG leriaddrat martensite/austenite
interfaces. They subsequently impinge against one another resulting in fine austenitic grains and hence a
fine quenched final microstructure. Austenite grain size along the depth of carburized specimen
(carburized at 93€C) is shown in Figure 2.6 for as carburized and multiple reheat @26sSC) [2.13].

Triple reheating treatments led to three times reduction in graimusizemall cementite precipitaies

which was consistent along the depth from the surface.
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Figure2.5 Hall-Petch relationship between case grain size and endurance limitfangasacuum
carburized 4320 and 8620 gear steel. Endurance limit data were obtained from a cantilever bending
modified Brugger geometry [2.2]

Apple and Krauss performed tensitamsion fatigue testing on-aarburized (927C for 6h),
singlereheat (fully austenitic, 843 for 1h) and doubleeheat (intecritical region, 788C for 1h)
specimen$2.14]. Progressively finer microstructures (Figure 2.7(() were observed for single and
double reheat treatments owing to finer PAGS. The tendency towards microcracking during quenching

dropped significantly in finer microstructures, and fine microstructshesved dramatically improved

endurance limits, as seen in thé&$lots in Figure2.7 (d).
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Figure2.6 PAGS of gascarburized 4320 steel versus depth from the surfacedarasirized, direct
guenched, anteheated conditions [2.13].

2.3.2 Residual Stress and Bending Fatigue
Residual stresses shift the mean stress experienced by a component during fatigue cycles. Hence,

under tensile residual stress, endurance limits are drastically reduced. Surfacesete crack

initiation, and high tensile residual stresses may even induce static fracture in some confip&hents
Alternatively, fatigue lives can be significantly improved by introducing compressive residual stresses in
the surface by optimizing thearburizing process or by pastocessing approaches like sipeening.

During crack growth, compressive residual stresses can lead to crack closures and improved fatigue
performance. To illustrate the effects of residual stresses on fatigue behavice2Bda) and (b) show
residual stresses for-aarburized and shaiteenedafter carburizingsamples as a function of depth in
carburized 4320 steel and the corresponding bending fatijueudves, respectiveli2.3]. Various shot

peening techniques induce compressive stresses near the surface and, as a result, the endurance limit is

significantly increased
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Figure2.7 Light optical micrographs famital etcheccase microstructures of gaarburized 8620 steel
subjected to reheating treatments. (aJcAgourized (927 °C/6 h) and direct quenched (b) single reheat
treatment (fully austenitic, 843 °C/1 h) and (c) a subsequent dmlidatreatment (intercritical,
788°C/1h). (d) SN curves for the microstructures above [2.14].
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Figure2.8 Role of residual stresses on fatigue behavior ofcgalsurized, direct quenched and various
shot peened 432feel;(a) residual stress profile along the depth and (b) corresponding bending fatigue S
N curves [2.3]

Experimental investigations on the role of residual stresses are rather complex because residual
stresses are difficult to predict and measure jtasdlifficult to isolate residuastress effects from other
related parameters like case depth and case hardness. In a study by Funatani, the influence of peak
compressive stress on endurance limit was investigated for varying case depths and asodfiastant
hardnes$2.15]. Figure2.9 shows trends in endurance limit as a function of effective case depth for
chromiummolybdenum steels; the peak compressive stresstabeled by an arrow on each
curve[2.12]. The study used steels of different hardenability and thus the steels had varying hardness
profiles along the depth despite having the same surface hardness. While the endurance limit does not

monotonically increase with respect to case depth, higher peak compressive stresses generally resulted in

improved endurance limif2.12].
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Figure2.9 Fatigue properties of a series ofa@sburized chromiurmolybdenum steels with different
hardenability and the corresponding measured peak residual stresses showing the influence of residual
stress on endurance limit for a fixed surface hardness [2.12]

2.3.3 Retained Austenite and Bending Fatigue

RA is acritical component of the higbarbon case microstructure. Carbon, along with some
common alloying elements like nickel, is an austenite stabilizer and hence rapid quenching results in
incomplete austenite to martensite transformation and significant &mafuRA. Increased amounts of
RA are detrimental to higbycle fatigue lives but are known to improve low cycle fatigue performance.

In high-cycle fatigue situations, the presence of RA lowers the yield strength thereby diminishing fatigue
performance. Othe other hand, in low cycle fatigue, RA provides improved ductility and enhances the
ability to accommodate plastic strains. Additionally, under sufficient stress, RA transforms to martensite,
which is accompanied by a volume expansion that resists graeskh during fatigue loading [2.3].

Richman and Landgraf performed fully reversed strain controlled fatigue testing afarlyin
steels to deduce the influence of RA on fatigue behavior offeskened stee[.16]. Quencheeand
tempered 40126 alloys containing 1.26 wt pct carbon were used to simulate the plate martensite and RA
microstructure of a carburized case. Fig2uE) (a) shows peak compressive and tensile stress as a

fundtion of cycle number for various strain amplitudes forquienched 4012fR2.16]. The magnitude of
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stable compressive stress was greater than the magnitude of stable tensile stogssirgtiesuggesting
that mean compressive stresses developed during-strairolled cycling due to the RA to martensite
transformation. Figure 2.10 (b) shows strain amplitude versus number of reversals to failure data for oil
guenched 40126 steel (higtitial RA content) and liquid Nquenched 40126 steels (low initial RA
content). The oiguenched 40126 was more ductile (strain amplitude corresponding to one reversal to
failure) and was more fatigue resistant. They suggested that the transform&toaiartensite
influenced the mechanical behavior in the following three ways:
1. The stress/strain induced martensite transformation shear provides a deformation
mechanism for otherwise brittle higlarbon martensite.
2. The stressassisted transformationgafuct was more ductile than the thermally produced
martensite (liquid Nquenched)
3. RAto martensite transformation generatexiadole mean compressive residual stiess
the component durinthpeinitial fatiguecycles(Figure 2.10 (a)).

Richman and Landgfdurther hypothesized that an optimum amount of RA should be purposely
designed in microstructures to ensure development of compressive residual stresses during fatigue cycling
and thus longer lives in the elastic regime. RA also allows for possibditescommodating high strain
excursiong2.16].

Jeddi and Lieurade investigated RA fractions and residual stress in-41@Nsteel with
different starting initial RA fractions duringyclic loading close to the endurance lifi2itl7]. Similar to
Richman and Landgr42.16], they found that a stable RA fractiand residual stress state are established
in the initial loading cycles which govern the subsequent fatigue behavior. They also concluded that the
transformation manifests as compressive residual stress that improves fatigue lives. The higher the
amount oftransformed martensite, the larger the stabilized compressive stress associated with the
transformation induced volume expansion and subsequently, a greater improvement in fatigue

performancd2.17].
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Figure2.10 (a) Maximum and minimum fatigue stress as a function of cycle number for several applied

strain amplitudes for oil quenched 40126 steels, and (b) Strain ba$edrSes for oilquenched and
liquid N2 quenched 40126 steel [2.16]

24 Fatigue Crack Propagation in Steels
When a component containing a crack is subjected to constant cyclic loading, the crack, length

increases with the number of fatigue cydigdor a constant loadingmplitudegp Pload ratioR

(Pmin/Pmax) and test frequency. The fatigue crack growth datelNincreases with the number of cycles

and can be represented as a functiogp8&nda through the cyclic stress intensity paramepdf This
parameter represents stresses around a crack tip and a correlation existsdmstidegamd op K[2.18].

Metallic structural materials show three distinct regionsda/dNversusp Kcurve, as schematically

shown in Figure 2.11. Region | exhibitspt, threshold value below which cracks do not propagate.
Region Il shows a linear slope, representing a stable crack growth regime. In contrast, region Il depicts
the unstable crack growth regime where fatigue crack growth (FCG) rates increase drastiGally as

tends toward&c [2.18].
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The sigmoidal nature of the curve can be characterized by different modes of fiad@kdn
regon Il, transgranular fracture dominates and is largely insensitive to microstructure and mean stress. At

high growth rates in region lIKuax tends toward&; in this case, static modes of fracture like cleavage,

micro-void coalescence and intergrarrula f r act ur e may activate. I n the 6
strong influence of microstructure, mean stresses and environmental f2ct6ts
2.4.1 Fatigue Crack Propagation in Embrittled Steels

Conventionally in metallic materials, in the 0

growth regimg2.20], the crack propagates via ductile striations mechafis?d], and is largely
insensitive to the microstructure. Ritchie and Kfd22]investigated the FCG behavior of higtiength
mediumcarbon steel (En30A, 0.35 wt pct carbon) susceptible to temper embrittlement. They studied the

650 for

(a)

effect of mean stresson FCG ratesireumb r i t t 1 ed (tempered at

steek (tempered at 540 for 8 h). FimHKolotefor2. 12

different values if load ratios for the +ambrittled and the embrittled steel respectively. A greater value

of load ratio represents a higher value of meansstiagng the fatigue cycling. Ritchie and Knott
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observed that the FCG rates were insensitive to the value of mean stressrfdrittied steels.

However, for the temper embrittled steel, FCG rates were higher themionittled steel and were

strongly d@endent on the load ratio and mean stress. The Paris law expoalentincreased with

increasing mean stress. The observed increase in FCG rates, dependence on mean stress and higher values
of exponenmwere attributed to the occurrence of static maddailure in the embrittled steels.

Figure 2.12 (c) and (d) show fracture surfaces of therabrittled and embrittled steels. The
white arrows indicate the direction of crack propagation. In thenolbrittled steel, the fatigue crack
propagated predomindy via ductile striations through the tempered martensite. In the embrittled steel, a
significant amount of IG fracture was observed at a vall&.gfas low as half oK.

Irving and Kurzfield proposed two possible reasons for the occurrence ofctGrérauring
fatigue[2.23]. In high-strength steels, IG fracture was attributed to segregation of impurities to PAGBs
resulting in high FCG rates. The other proposed mechanism was based on hydrogen derived from water
vapor containing environments and did not affect the FCG rates. This mechanism was prevalent in the
near threshold FCG behavior. Ritcfie24] suggested that both impurity segregation and presence of
hydrogen redce the cohesion at PAGBs and promote |G fracture during fatigue in tembeittied
300-M steel in the neathreshold FCG regime. Chapter 4 in this thesis discusses fatigue crack
propagation irhigh-carbon platenartensite austenite microstructutieat ae susceptible to quench

embrittlemen{2.25].
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2.4.2 Deformation Induced Martensite Transformation and Fatigue

Steels that contain metastable austenite are susceptible to deformation induced martensite
transformation (DIMT) in the presence of stresses or strains. During fatigue crack growth, the crack tip
stress/strain fields can induaehlized phase transformation of RA to martensite in the vicinity of the
crack tip, which can significantly alter the FCG resistance of the microstructure. In the literature, a range
of mechanisms have been proposed to rationalize the influence of DIFAT®rbehavior. The volume
expansion associated with the RA to martensite transformation imposes a compressive residual stress at
the crack tip, which opposes the applied tensile stress, thereby resulting in reduced F{2R6htes
Antolovich and SingHi2.27] suggested that the RA to martensite transformation absorbed energy during
fracture, resulting in less energy available for crackmsibn. The transformation product, fresh
martensite, is hard and brittle, which can lead to crack path deflection and reduction in crack propagation
rates[2.28]. However, since the transformation product is brittle, the fresh martensite can lower the
localized toughness, act as potential site for crack nucleation and deteriorate the FCG resistance of the
microstructurg2.29, 2.30]

Mei and Morris[2.31] investigated the influence of mechanically induced martensite formation
on fatigue resistance of 304 austenitic stainless steel3&3netastable at low temperatur&tpels
with two different compositions were subjected to fatigue loading (differeati®s) at room temperature
and liquid nitrogen temperature. Figure 2.13 (a) and (b) shows the comparison of FCG data and a
representative crack tip in SS304L, highliggtmartensitic transformation (using ferrofluid) around the
crack tip. Low temperature, unstable austenite and gr€aiepromoted a larger amount of
transformation in the vicinity of the crack tip. A 10 times reduction in FCG rate was observed in
SS304.N (austenite stabilized using interstitial N) in the lgykregime as compared to SS304L at
cryogenic temperatures (77 K)atk= 10 MPa.n?, resulting from larger amounts of mechanically
induced martensite in SS304dp.k increases with the increaseaunstenite to martensite transformation.

The authors suggest mechanisms like perturbation of crack tip stress fields and crack deflection to explain
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the improvement in resistance to fatigue crack propagation due to mechainidatigd martensite

formation.
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Figure2.13 (a) Fatigue crack growth rates in liquid, dnd (b) an optical micrograph highlighting
martensite transformation in the vicinity of crack tip [2.31].

Wanget al.[2.33] investigated the role of DIMT on FCG in model medium Mn steels {0.2C
10Mn-3Al-1Si in wt pct). Using intecritical annealing hedteatment, they developed duplex ferrite
austenite microstructures with different austenite volume fraction and niealrstability, and these
conditions were fatigue tested. Figure 2.14 shows the FCG behavior of the two duplex microstructures
with high and low amounts of DIMT. In the sharack growth regime at logp K the microstructure with
higher amount of DIMT habletter FCG resistance, and exhibited abnormal crack growth, such that upon
encountering martensite, the crack was arrested. Once thetigrasiercame the interface barrier, the
crack grew rapidly inside the martensite grain. In the long crack growthegtiie microstructure with
higher amount of DIMT had lower FCG resistance, and no ea@st was observed near
martensiteegions. Instead, secondary microcracks were observed near the fatigue crack, which lead to

increased FCG rates via crack coalesedtransformation mediated crack coalescence, TMCC). The
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micro-cracks formed at the interface of austenite and brittle martensite due to the fatigue loading. A
greater amount of DIMT improved FCG resistance in the stage | short crack regime but wasnthsdtrim
to the FG resistance during stage Il long crack regime. Chapter 4 and 5 in this thesis discuss the influence

of DIMT on FCG behavior ofiigh-carbon platemartensite austeniteicrostructures
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Figure2.14 The influence of DIMT on FCG behavior in model medium Mn duplex ferrite austenite
microstructures [2.32].

2.5 Summary
This chapter presented background information on the carburizing prosfesst treatmerind

the resultingmicrostructures. The carburizing process introduces gradients in carbon content, martensite
morphology, hardness, RA content and residual stresses along the depth of the carburized components.
The lowcarbon case region contains katlartensite while thenicrostructure in the higbarbon case
regions consists of plataartensite and RA (occasionally undissolved cementite). Further, the metastable
RA in the case regions is susceptible to DIMT during service.

Microstructural factors affecting the bendingdae behavior of carburized components were

reviewed. Refinement in PAQ@$ reheating treatmengsults in improved bending fatigue strength since
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finer PAGS have stronger martensite, lower susceptibility to quench cracking and fatigue crack nucleation

(phosphorus dilution along PAGBs). Thermal processing and transformation induced compressive

residual stress in the case regions lowers the mean stress experienced by the carburized component and

results in greater fatigue lives. There is some ambiguityeimdle of RA on fatigue behavior of

carburized steels. During leaycle fatigue, the presence of RA improves ductility, allows for plastic

accommodation. The DIMT during service imposes compressive residual stress in the microstructure and

improves fatigugerformance. However, in higtycle fatigue, presence of RA is detrimental to the

fatigue strength, and the brittle martensite (DIMT product) acts as potential crack nucleation site.

A general overview of fatigue crack propagation in steels was presbentagdembrittled steels,

fatigue crack propagates via ductile striations mechanisms, while in the embrittled steels, static modes of

failure such as IG fracture and cleavage are also present along with fatigue modes of failure. The

influence of DIMT on féigue crack propagation in metastable austenite containing steels in not well

established. The volume expansion associated with DIMT imposes compressive stress at the crack tip,

thereby reducing the efféet p K

and i mproving FCG rpwmductdréslance.

martensite lowers the local toughness and accelerates crack propagation.

This PhD thesis aims to better understand the role of RA on the FCG resisthigteaafrbon

platemartensite austenitaicrostructuregor potential applications in carburized and bearing steels

Microstructures with varying amounts and stability of RA were developed, fatigue tested and

characterized to investigate theffectof DIMT on fatigue crack propagation.
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CHAPTER 3
MICROSTRUCTURE REFINEMENT STRATEGIES INIGH-CARBON PLATEMARTENSITE

AUSTENITE MICROSTRUCTURES

The following chapter discusses implementatiomarostructure refinement strategiesigh-
carbon platenartensite austeniteicrostructuredecause of their potential for improving the fatigue
performance of casearburized componengnd bearing stée Further, stereological methods were
developed to quantitatively characterize the refinement in PAGS;mbatensite and RA constituents.
Section 3.1 discusses relevant literature pertaining to microstructure developimghtdarbonsteels.
Section3.2 presents the thermal processing strategies and stereological characterization methods used in
this study. Two different thermal strategies are presented: (i) thermal cycling, and {gusteghing.
The quantitative microstructural characterizatiesults for the thermal cycling and stgpenching

strategies are presented and discussed in Sections 3.3 and 3.4 respectively.

3.1 Background

Carburized steel components find applications in vehicle powertrains, machines, and power
generation equipment where high strength is required in combination with good fatigue ref3signce
These desirable properties can be attributed to complex mictos&siconsisting of plate martensite and
retained austenite (RA) in the carbich case and lowerarbon microstructures in the core. There is a
gradient of carbon concentration and hence RA content, microstructure, and hardness along the depth of
the conponentd3.2]. Wise and Matlock [3.3] performed a statistical analysis to correlate microstructural
variables with bendingatigue endurance limits of carburizeteels. Case grain size is the most critical
parameter that influences endurance limits in carburized compd8e3djtd=iner austenite grains result in
improved fatigue lives, which is hypothesized to be due to refinement of martensite plates, phosphorus
dilution along austenite gin boundaries, and lower susceptibility to quench micacking [3.2]. Apple
and Krauss [3.4] showed that refinement of prior austenite grains in the case regions using reheating

cycles led to improvements in fatigue performance. During reheating ttedetemperatures, austenite
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grains nucleate and growRAGBs and at martensite/austenite interfaces. Because of the multitude of
grain nucleation sites, a finer PAGS can be achieved. Kfail§seported that triple reheating treatments
led to a three times reduction in PAGS of carburized 4320 steel throughout the carburized case

The mechanism of transformation of martensite from austenite is displaciveand at about
the speed of sound in st¢@l5]. As a result, it is experimentally complicated to study, resolve, and
interpret the nuckgion and growth events. Two common martensite morphologies are found in steels:
lath and plate, where the latter is common in Kighbon microstructures. Three different modes of
kinetics are predominantly discussed in the literature: athermal, isothandaurst kineticg3.6].
Extensive literature on isothermal and burst kinetics of martensite growth existsir-Resystems
[3.7, 3.8] Athermal martensite is usually observed in-aloy carbon stedB.5]. In most steels,
transformation of austenite to martensite proceeds upon lowering the temperature below thgamartens
start temperaturéJls, and is not a function of time (because of rapid rate of transformation), hence the
name athermal. The transformation extends to a temperature range Hdteamntensite start) and a
certain temperaturiels (martensite finish) dew which no transformation takes place even in the case of
the presence of untransformed austenite. Under isothermal conditions at a temperatureMhsaween
M, the transformation rate rapidly slows, but increases upon further lowering of templ&.&jurehe
kinetics of martensite transformation depend on the nucleation rate of martensite plates, as the plates grow
rapidly thereafter. Therefore, the extent of transforomait dictated by the undercooling below e
temperature (thermodynamic driving force for nucleation) and not on the time available for growth
(athermal) [3.7]. Olson and Cohen [3.9,3.10] suggest thatypsting defects in fcc (austenite) serve as
favorable nucleation sites for martensite. Recent molecular dynamics simulations also discuss the
thermodynamics and kinetics of several atomistic transformation mechanisms responsible for nucleation
of martensite on defects in the austenite [3.11]. Thetsteiof the prior austenite grain (size and density
of defects) is thus, one of the most important factors that influences the athermal martensite

transformation kinetics [3.12].
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Previously, researchers have studied the effect of interrupted quenchmmigrostructure
evolution in commercial steels. In legarbon transformation induced plasticity (TRIP) steels containing
alloying additions that suppress carbide precipitation, carbon can partition from supersaturated martensite
into untransformed austenitgpon aging during interrupted quenching [3.13]. The carbmm
untransformed austenite can thus be chemically stabilized. lf0@8Eehighcarbon steel, Van Bohemen
et al.[3.5] showed that partial bainite transformation during interrupted quenching & Shming 3
stabilizes austenite. The volume change associated with bainite, and martensite transformation deforms
and strengthens the surrounding austenite, thereby resulting in mechanical stabilization of RA. Interrupted
guenching can thus chemiigaor mechanically stabilize the austenite and affect the subsequent
martensite transformation.

In several published papers, stereological methods have been used to investigate and
mathematically formalize the mechanisms and kinetics of martensite fomaaii to characterize the
platemartensiteandRA microstructurd3.14i 3.16]. Previous stereological studies alsggest that
PAGBs strongly influence the nucleation of martensite. In the early stages of transformationetGiiang
[3.14] observed that in coarggained microstructures, a greater fraction of martensite plates nucleate at
PAGBSs than in finggrained samples. However, in the later stagésanosformation, no differences were
observed for the autocatalytic tendencies of the platgesnfucleation of new plates on existing plates) at
PAGBs and within austenite graifg14]. PAGS also influencesthe-soa | | ed fAspreado of
(spatial distribution of martensite platésring transformation) [3.16]. The spread of transformation
kinetics is different for large and small grains. Large grains promote uniform spread-andffill
martensite transformation, whereas conditions with finer grain size contain partially treetsfdusters
of grains and in the later stages of the transformation, plate formation gradually spreads in all austenitic
grains[3.17].

PAGS influences both the martensite transfation and the endurance limits in carburized
components. However, the link between martensitic microstructure and fatigue performance is not well

established. In this investigation, stereological methods are employed to provide a quantitative basis for
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the evaluation of refinement in plateartensite and RA constituents associated with thermal cycling and
step quenching. Additionally, steuenching is introduced as a potential heat treatment strategy to

stabilize RA in highcarbon platemartensiteandaustenite microstructures.

3.2 Experimental Methods
The following section presents the alloy composition, thermal processing strategies and

microstructure characterization methods used in this work. Section 3.2.1 and Section 3.2.2 present the
material and sameb used in this study. Two microstructure refinement strategies: (i) thermal cycling,
and (ii) step quenching were implemented as described in Subsection 3.2.3. Microstructures thus

developed were quantitatively characterized using methods discussedatt@ub3.2.4.

3.2.1 Material

In this study, commercial 52100 higlarbon steel is usdd develop platenartensite and RA
containing microstrctures Studies on 52108teel help better understand the evolution of microstructure
in the case region of a caBardened steelnd bearing steel during thermal processing fatigue
application The carbon content ofvit pct is within the range expected fmarburized steels, and a
similar microstructure develops during heat treatment.

Hot rolled and aicooled 3.25 in diameter (82.5 mm) cylindrical bars of steel were received
from TimkenSteefor this researchlThe asreceived 52100 steel consistedpodeutectoid cementite
along PAGBs and pearlite colonies with an initial colony size ofs6819 Ne n3.. 9The composi ti o
steel is given in Tabld.1.52100steel, conventionally used in bearing applicatioves selected due to
its commercial availabily andpresencef existing literature on fatigue behavior. Additionally, using
A n d r eambnearequatiorfor Ms temperatures [3.18],

M(A C) &£&53F1UB. 9 Ni 9+ 515MoCi+x @#-21 @ @## O(3.])
the estimatetlstemperatur@ f 52 1 0 0 s whch iscomparable 704 temperatures for case
region compositions of 8620 1 8 Oand 432Q 1 7 4steeld assuming a carbon content = 0.9 wt pct

(an average of 0.8t pct and 1 wt pct commonly observed in carburized compon&itge the extent of
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martensite transformation depends on undercooling belotdbemperaturé¢3.7], similar amounts of
RA fractionsare expectedt room temperaturder austenitized anquenched2100 steeindshallow
case regions of 8620 or 4320 steel carburized components.

Table 3.1 Composition 062100Steel Provided by TimkenSteel (wt pct)

Alloy C Mn Si Ni Cr Mo V Al N S P Cu

52100 1.00 0.35 0.26 0.13 1.40 0.05 0.004 0.024 0.006 0.006 0.015 0.17

3.2.2 Sample Machining
As-received 52100 steel bars were machined into dilatorspgimensSmall cylindrical

samples, 4nm in diameter and 10 mm in length were obtained from the half radius position of the steel
bar using wireelectrical discharge machiniffgDM). From a given crossection of the steel bar, 16
equidistant small cylinders were machined from the half radius circle, as shown in Figure 3.1. A total of
96 dilatometry samples were obtained from a 6 cm long sectioar agfteel. The cylindrical axis of the

sample was parallel to the rolling direction of the-fudled bar steel.

— T

Figure3.1 Schematic drawing of dilatometry specimen and their location within the 524€l(bar
product (midradius circle).

3.2.3 Thermal Processing
The cylindrical samples (diameted mm, lengtii 10 mm) were subjected to controlled heat

treatments in a TA Instruments Type 805L quenching dilatometer. In the dilatometer, the sample is heated

within an induction coil and temperature is controlled using a thermocouplevsfutEd onto the center
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of the sample. The induction coil has spiral gas ducts which can be used to purge gas such as nitrogen
(N2), argon (Ar) or helium (He) for controlled domy. Austenitizing and quenching heat treatments were
performed to develop plate martensite &#fdcontaining microstructures. Two microstructure refinement

strategies, thermal cycling and sigyenching are described below.

Thermal Cycling

All samples were heated to 1000 °C at 5 “@ssensure complete austenitization and carbide
dissolution (constant for all subsequent heat treatments), held isothermally for 100 s and quenched to
room temperature at 10 °C-t form ahigh-carbon platenartensite austenitenicrostructure (hereby
called DQ, direct quenched). In the subsequent thermal cycling step, samples were reheated to three
different austenitizing temperatures of 9@ 1000 °C or 1100 °C, held isothermally for 100s and
guenched at 20 °€* to ensure martensitic formation (hereby called RH900, RH1000, and RH1100,
respectively). Further, to study the influence of time, a short reheating treatment was performed at 900 °C
for 1s. Up to three short reheating cycles (designated as RHghee n is number of cycles) at 900 °C
for 1s (with an interval of 60 s in between subsequent cycles) were also carried out to study the evolution
of PAGS during thermal cycling. Figure 3.2 (a) shows the summary of thermal Gyobestarting

microstructuredr all the microstructures was plataartensite and RA.

Step Quenching
A novel heat-QueeatmegbH, (68fepred to as SQ100)

dilatometer. During step quenching, the martensite transformation was interrupted by performing
isothermal hold at a temperatufigg below theMs temperature, thereby resulting in primary and
secondary martensite transformation steps. It is hypothesized that during interrupted quenching,
martensite plate growth stops, and maartensite plates nucleate and grow upon subsequent quenching,
thereby resulting in finer martensite plates.

To perform stemjuenching, samples were heated to 1@D@t a heating rate of 5 °C-and

isothermally held for 100 s under vacuum. This timetentperature combination ensured a fully

33



austenitic microstructure with carbide dissolution. The samples were quenched @ (MG 142°C)
usingargon gasvith a cooling rate of 10 °C?s held isothermally for 1000 s and subsequently quenched

to roomtemperature at 10 °C*so form aplatemartensiteand RAmicrostructure (Figur8.2 (b)).
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Figure3.2 Schematic diagram showing thermal history during (a) thermal cycling and (b) step quenching

3.2.4 Microstructure Characterization

The heatreated samples were characterized using dilatometry data, light optical and scanning
electron microscopy, and quantitative stereological analysis methods to understand the evolution of

microstructure during the thermal cycling and step quenching. The details of the characterization

methodology are presented below.

Dilatometry
The length of the sample and temperature data were recorded during controlled thermal cycling and step
guenchingn the dilatometer. The trends in the relative change in length as a function of temperature were

analyzed to study the microstructural response and the phase transformation behavior of the material

during the heatreatments.
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Metallography

The heatreatd dilatometry samples were cross sectioned along their length using a
TedhCut4E ( Al | i Teah Preiduaishnc.) slow speed saw and hot mounted in Bakelite using a
Leco® MX400 mounting press. Mounted samples were metallographically prepared by méchanica
grinding, polishing, and chemical etching. Manual mechanical grinding was performed using a series of
silicon carbide grit papers with grit numbers 180, 240, 320, 400 and 600 grit papers in that order (coarse
to fine). Further, polishing steps were penfied on a Leco® Spectrum System 2000 by using a diamond
suspension solutions. The wheel speed was set to 150 rpm clockwise while the holder rotation speed was
set to 75 rpm counterclockwise. The details of the-potishing procedure such as duration,gitihg
media and applied load are presented in Tal8eThe polishing pads were alternatively sprayed with

diamond suspension and alcohol based ®dgoloie extender every 30 seconds.

Microscopy

Polished samples were etched with saturated picric acigi@tig acid, 100 mL water, 8 mL
Teepol surfactant, and 4 drops HCI) to reveal prior austenite grain boundaries. Teesemple surface
was heated for approximately 30sing a heat guiimmersed in heated saturated picric acid solution
(65°C) for 60s, and finally cleaned with a cotton swab andatézed waterLight optical micrographs
were collected on the Le@oDSX 500 microscope and the Abra&wircle method (ASTM E112) was
used to determine the prior austenite grain size (PAGS) in ImageJ&smfiMore than 400 grains were
sampled for determination of the PAGS.

Metallographically prepared sample surfaces were chemically etched with a 2 pct nital solution
(12 mL nitric acid and 49 mL ethanol) for approximately 15 s to reveal the microstruchusditaents.
Etched samples were observed under a JEOL® 7000 field emission scanning electron microscope (FE
SEM) to identify phases present in the microstructures and perform quantitative stereological analysis.

The FESEM was operated at an acceleratingage of 20 keV and a working distance of 10 mm.
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Table3.21 Auto-Polishing Steps used for Metallographic Sample Preparation

Polishing Media Polishing Pad Load per Sample (Ibf) Duration (min)
9 um Leco Ultra Silk 8 5
6 um Leco Ultra Silk 7 5
3 um Leco Ultra Silk 6 5
1pm Leco Imperial 5 5
0.5 pm Leco Imperial 4 5
0.05 ym Leco Imperial 3 5

Stereological Analysis

The heatreated, crossectioned, hemmounted, and metallographically polished samples were
etched with saturated picric acid to reveal the PAGBs and with 2 pct nital to quantify the martensite plates
and RA sizes. The Abrams threiecle method was usdd evaluate the PAGS of samples from picral
etched specimens according to ASTM E112. More than 400 prior austenite grains were measured.
Polished crossections were also etched with 2 pct nital to reveal plate martensite and RA
microstructures. Stereolagil measurements of the martensite migeometry were performed on
scanning electron micrographs by standard stereological technigues such as point counting and lineal
intercept counting3.19].

Microstructures in metals and alloys contaidiiensional features (such as precipitates), 2
dimensional surfaces (such as grain boundaries), @nmdrsional linear elements (such as dislocations).
During metallographic analysis ofdfmensional crossections, these microstructural features manifest
as area sections, linear traces, and points in the plane of the observation, respectively [3.20ityProbabi
and statistics based stereological methods provide relationships betdipeen3ional features of the
microstructure and thed@mensional observable properties of the micrographs [3.20]. Conventional

notations used in stereology and fundamentatioglships Equations 3.2 3.4) are discussed below. The
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derivations of these equations and a discussion of their accuracy is provided el$81Be3£0].
The notation used her e, and i n tBe alnidt ear at ur e,
geometr c al diD@e n g ih @ Bpsepresbnes the quantity Bfper unit dimensio; for
exampleNy represents the number of features per unit volume. Inaccessibletmeesional features
like Sy or Ly, whereSis surface area/ is volume and. is lergth, can be expressed in terms of two

dimensional quantities using mathematical relationships [3.19], some of which are listed below.

o 6 0 0 (3.2

nY T n 5 (3 3)
A ] CU .

0 ¢0 (3.4

whereP, L andA are point, length and area respectively.
Figure 3.3 schematically shows the evaluated stereological quantities: surface area per unit
volume of martensite midplan&4{"°) and length per unit volume of midplane periphéry'). Chen
and Winchell proposka correlation between shajpglependent stereological features and the
morphological aspects of plate martensite. In this study, two parameters were $tiy@dadrag [3.14].
0 Ty (3.9
i Y 70 (3.6
Thetayis the average thickness of martensite plates weighted by the midplane surface area
(SMP), raygis the average distance between the center of the plate and its periphery along the midplane,
andVy is the volume fraction of martensite (see Figure 3.3). Herelwyill be referred to as the average
martensite plate radius. Thrdanensional quantities in equations 3.5 and 3.6 can be expressed in terms
of two-dimensional properties using equatiorzi33.4:
0 0 7¢O (3.7
i ¢ 70 (3.9
The point fraction of martensitep, was determined by overlaying a grid of points on a

MID

microstructure and calculating the fraction of points lying within martensitiomsd? "~ was
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determined by overlaying parallel lines on the microstructures and calculating the number of intersections
between test lines and midribs per unit length of test RWé® was determined by counting the number

of martensite plate ends pamit area of the microstructure.

t Vy = Volume Fraction
of Martensite

\
Y

Austenite Area

Figure3.3 A schematic drawing showing various stereological quantities measured during the
investigation.
To analyze the size distribution of Ranstituents, image processing was performed using
MI PARE software. Using threshol di ng-Dplanessands of aus
their circular equivalent diameters were determined. The size distribution of the RA constituents per unit
area was determined, given BNa)i, as the number of RA constituents in each class intérweith
diameteD;. The average RA constituent diamei®yis given by

o 2
0

5 © (3.9

where (v)i is the number of constituents per unit volume in each class intBiMalnot a measurable
quantity in micrographs; however, it can be correlatddatby considering the probability of the test
plane sectioning the RA constituents. The Schw@atitykos method was employed to determine the RA
constituent size distributiomN(); [3.19]. The method was originally proposed for a paigpersed system
of spheres, with inaccuracies resulting from-spherical shapes. However, reasonable trends can be

deternined for equiaxed and spheroidal particles with this analysis assuming an isotropic and uniformly
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scattered distribution of particles [3.19]. Takahashi and Suito [3.21] evaluated the accuracy of the
SchwartzSaltykov method and found that the histograminé distribution of particles was independent
of the number of intervals, even for a small number of intervals. Thus, in this study, the analysis of RA

sizes will be based on the size distribution histograms.

Neutron Diffraction

To further understand the differences between direct angjgpched microstructure, neutron
diffraction scans were performed on the dilatometer samples at the Spectrometer for Materials Research
using Temperature and Stress (SMARTS) at the Lujan NeBtattering Center, Los Alamos National
Laboratory (LANL). The details of the instrument configuration and neutron diffraction data analysis
methodology are included in Append In the field of materials science, neutron diffraction has been
employed tcstudy phase transformations, micromechanics, residual stresses, crystallographic texture, and
kinetics of microstructural evolution [3.22]. Neutron diffraction is better suited for bulk samples due to
higher penetration depths as opposed to surface &abisg xray diffraction

SMARTS was used to study the differences in phase fractions and lattice parameters of the DQ

(single thermal <cycle at 1000 for 100 s) and SQ
step quenching was performeda 1 1 0 for 1000 s (hereby referred
the SQ11Gamples were mounted at an angle &ftéhe incident neutron beam (schematically shown
in Figure 3.4), such that the diffraction vector along the radial direction was recoioiek 1, while the
axial diffraction pattern was recorded in bank 2. The esession of the incident beam was 2 mm x 2
mm, and radial collimators were used resulting in a probed volume off8Thmdiffraction patterns
were recorded from the centdrtbe bulk heatreated and compressed samples for 1.5 h each. Rietveld

analysis was performed with GSAS to determine average lattice parameters, and phase fractions.
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Figure3.4 A schematic diagram of sateporientation during neutron diffraction measurements in
SMARTS at LANL.

3.3 Results and Discussioii Thermal Cycling

Cylindrical samples of 52100 steel were subjected to controlleetieaanents in a dilatometer
with an aim to evaluate plateartensiteaustenite microstructure refinement strategies. The two
approaches, steguenching and thermal cycling are evaluated. Section 3.3.1 presents and discusses the
dilatometry data corresponding to the thermal cycling-treatment. Representativptizal and electron
micrographs of the thermal cycling are shown in Section 3.3.2. Quantitative stereological analysis of

PAGS, platemartensite microgeometry, and RA constituents are presented in Sections 3.3.3

3.3.1 Dilatometry
Figure 3.5 (a) shows a typicalienching dilatometry curve (relative change in lengthpl

versus temperature) for highar bon 52100 steel consisting of heati
100 s, and quenching to room temperature, as highlighted. Selected regions of tsb@urn/e

Figure3.5 (b), (c) and (d) correspond to austenite reversion during heating, isothermal holding, and

martensite formation during cooling, respectively. The arrow markers show the directionality of the

rel. gplrepresenting the thermal history (bieg and then cooling). Upon heating theraseived

microstructure, the sample expands in length according to its coefficient of thermal expansion. Above the

A temperature, the austenite phase starts forming. Since austenite (FCC) is the high deepiéygidal
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structure, this transformation is accompanied by a contraction in length. Upon further heating, the
microstructure completely transforms to austenite at thetémperature followed by an increase in the
sample length according to the coefficiehthermal expansion of austenite. Theand Acm temperatures

were 780°C and 793C, respectively. Theel. qplof the sample as a function of temperature during
austenite formation is shown in Figure 3.5(b). The reductioalimp Irepresents the intaritical region

of the phase diagram. The dilatometry data from isothermal holding is shown in Figure 3.5(c). The noise
in temperature data is most likely an outcome of system noise due to the transition between heating and
isothermal holding segmentstbie heat treatment. However, the key aspect of the data is an increase in
the length of the sample by approximately 0.01 pct. During the isothermal holding, temperature
homogenizes within the bulk of the sample and carbides dissolve. The compound efffest of

phenomena results in the volume expansion thus observed. The martensitic transformation is shown in
Figure 3.5(d). Insignificant changes in the slope of the cooling curve betweefCladd 200C

temperature indicate that the cooling rate of@G* suppressed the formation of norartensitic
transformation products. The expansion in length below CA@/As temperature, the onset of deviation

from linearity in therel. gplduring cooling) can be attributed to the formation of phatetensite.

3.3.2 Microscopy
Figure 3.6 (a) shows nital etched light optical micrographs of thecasved 52100 steel. The

microstructure consisted of pearlite colonies with a mixturtefnate dark (cementite) and light (ferrite)

lamellar constituents. Additionally, the PAGBs were decorated with kggiectoid cementite. Figure 3.6

(b) shows a nitakétched optical micrograph of an austenitized and direct quenched sample. The

microstucture consisted of plataartensite (dark) and RA constituents (light) regions. Reheating to

1000 resulted in a ferrite to austenite phase tran
guenching to room temperature at 1@ -§ diffusionlesgransformation of austenite to plateartensite

was observed, and nenartensitic transformation products (NMTP) such as bainite and ferrite were

avoided. Since austenite to martensite transformation was incomplete, metastable RA constituents were
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also observed. A small fraction of large carbides remained undissolved along PAGBs for all conditions.
However, small carbides dissolved during reheating, and no grain pinning effect is expected from the

remaining coarse carbides.
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Figure3.5 A typical dilatometry curve for austenitized and quenched 52100 steel (a) An overview,
(b) austenitization during heating, (c) isothermal holding and (d) martensite formation.
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(@) (b)

Figure3.6 Light optical micrographs. (a) A®ceived 52100 (b) direct quenched martensite and retained
austenite. Etched using 2 pct nital.

After the initial austenitization and quenching step, reheating thegmialsovere performed at
900 , 1000 , and 1100 as d-&)sskow bpticalanicrognaphSe ct i on
of the RH900, RH1000, and RH1100 samples respectively, etched with saturated picric acid. Etching with
picric acid reveals the pri@ustenite grain boundaries. Due to egthing, the platenartensite and RA
substructure is also visible. Notably the scale bar in Figure 3.7 (c) is different from Figure 3.7 (a) and (b).
A greater PAGS was observed for the sample with higher reh¢atimgprature. Higltarbon steels are
susceptible to quenching induced micracking, and the susceptibility increases with increasing
PAGS[3.4]. These microcracks were observed in the optical micrographs (indicated by red arrows),

particularly in the RH1A0 microstructure with the largest PAGS (Figure 3.7 (c)).
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(©)

Figure3.7 Light optical micrographs of 52100 steel dilatometry samples etched with saturated picric acid
to reveal PAGBs(a) RH900, (b) RH1000, and (c) RH1100 samples.

Figure 3.8 (a)d) shows light optical micrographs of RH900 sample, and short time single,
double and triple reheating cycle samples (performed at®@@6r 1 s, RHS 1, 2 and 3). While the
RH900sample was held isothermally 900°C for 100 s, the other RHS samples were held isothermally
for only 1 s. The scale bar for RH900 (Figure 3.8 (a)) is different from the RHS samples, suggesting that a
longer isothermal hold resulted in an approximatetiyn2s larger PAGS. Subsequent short time

reheating cycles,e. double and triple RH cycles, do not alter the grain size significantly. Quantitative
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stereological trends in PAGS, platertensite microgeometry and size distribution of RA constituents are

discussed in the next section.

() (d)

Figure3.8 Light optical micrographs of 52100 steel dilatometry samples etched with saturated picric acid
to reveal PAGBs. (a) RH900, (b) RHS (c)RHS2, and (d) RHS3 samples.

3.3.3 Quantitative Stereology
Stereological analysis was performed on microstructures developed using thermal cycling

(described in Section 3.2.4). The results of trends in PAGS;platinsite and RA sizes as a function of

thermal cycling parameters are presented below.
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Prior Austenite Grain Size

Optical micrographs etched with saturated picric acid were used to determine the PAGS for
different thermal cycling microstructures according to Abrams three circle method ASTMTHEL2.
thermally cycled samples showed significant microstructural bandliggaim sizes possibly due to alloy
segregation and compaositional banding during prior processing. The narrow bands consisting of
significantly smaller PAGS were avoided for stereological measurements.

Figure 3.9 shows the prior austenite grain sizesfasaion of reheating temperatures. Error bars
represent the standard deviation in PAGS determined form different micrographs. Reheating to higher
temperatures leads to coarser PAGS. During reheat treatments, austenite reversion takes place, where
austertie grains nucleate and grow on PAGBs and at martensite/austenite interfaces. They subsequently
impinge against one another resulting in fine austenitic grains. However, during isothermal holding at
elevated temperatures, grain growth subsequently occangelLgrains grow at the expense of smaller

grains to reduce the grain boundary area of the microstructures.
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Figure3.9 Prior austenite grain size as a function of the reheating temperature during thalingl

(isothermal holding of 100 s). More than 400 prior austenite grains were sampled to determine the PAGS
for each condition.
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Stereological analysis was performed to quantify the size distribution of PAGs resulting from
multiple short time réheatingtreatments. Figure 3.10 shows the cumulative distribution function (CDF)
of grain boundary intercept length fmicrostructures produced by multiplelreating cycles. For an
austenite reversion cycle of 1 s at 900 °C, a significantly smaller final PA&8%+ 0.4& m wa s
obtained, less than half the value for a 100s hold at 900 °C (RH8G@)s observed that subsequent
thermal cycling at 900 °C did not alter the averggen sizes significantly; however, for multiplemeat
cycles, the grahsizedistribution became narrower. The tripkeheated sample has a steeper CDF curve
as compared to the single reheated sample, indicating a lower standard deviation in grain size in the triple
reheated specimen. Roughly 20 pct of the lineal intercepts inRH& r e gr eater than 10 ¢
whileinRHS3 | ess than 10 pct of the intercepts are gr e
248e m wer e o0bs e r-¥samplefSonilar ttetds weR ldliserved for multiple reheating cycles
at 1000°C for 100 s. Picric acid etched optical micrographs and trends in PAGS for multiple reheating
cycles (000°C for 100 s) are included in Appendsx
Crack nucleation during fatigue in carburized components can occur via intergranular fracture
alongPAGBSs, and larger grains can serve as larger, more detrimental crack nucleation sites and may act
as the weak link controlling fatigue performance. The difference in CDF betwéeatreonditions
indicates that there are fewer large grains after subsetiiggmal cycles. It is hypothesized that

improved fatigue lives result from this narrower grain size distribution.

47



081

0.6f

— 1 cycle

= = 3cycle

Cumulative Distribution Function

0 5 10 15 20 25
Grain Boundary Intercept Length (um)

Figure3.10 Cumulative distribution function plots for grain boundary linieéercepts of microstructures
produced by thermal cycling (900 °C and 1 s) subjected to multiple austenite reversion cycles.

PlateMartensite MicreGeometry

The refinement in average plate martensite size, resulting from the refinement in PAGS was
guantitdively characterized. Figure 3.11 shows a representative electron micrograph from the RH1000
microstructure etched with 2 pct nital. The dark regions correspond to martensite, whereas the light
regions are RA. The higbarbon martensite has a plate morplglwith varying sizes of martensite

plates and RA encapsulated in between. Differentnicon st i t uent s, namely pl ate

RA(2) microconstituents, are | abeled. Midribs of

The steretmgical featureSMP andL\° (measured in terms of midplane periphery points per unit area,

indicated by black circles) are also schematically highlighted.
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Figure3.11 Scanning electron micrograph oHRO0O0 microstructure etched with 2 pct nital. Constituents
and stereological quantities are schematically labeled in the micrograph

Figure 3.12 (a) and (b) show the trends in average martensite plate thickness and radius as a
function of PAGS where the error bars represent the standard deviation in values obtained from different
micrographs. Fishest al [3.23] formulated an austenpartitioning model for martensite growth kinetics
where martensite units grow and divide austenite grains. New martensite units form in finer austenite
constituents and as a result, the mean martensite plate volume decreases with increasing transformation
All three conditions contain approximately 70 pct martensite by volume, and thus a similar degree of
austenite partitioning can be assumed. Therefore, it is reasonable to quantitatively compare-the micro
geometry of plate martensite for differentireatng treatments. The trends in Fig. 3.12 (a) and (b) show
that the average plate size decreases with a decrease in PAGS. In a given microstructure, a wide range of
sizes of martensite plates can beée nob snbatbewith. Mart e
uniform formation of martensite plates in all austenite grains, while the subsequent smaller plates form in
the smaller austenite volumes partitioned by previously formed plates, resulting in relatively large values
of the reported standar@dations in plate sizes [3.15]. The white arrow in the Figure 3.11 points towards
fine martensite plates that potentially partitioned a large RA constituent during-ihestdige of the

transformation. The stereological results are summarized in Zeble
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Guimarae®t al.[3.16] suggest that martensite formation proceeds in two steps; elastic spread of
the martensite midrib followed by thickening of plates. PAGBsmaadensiteaustenite interfaces are
obstacles to the elastic propagation of midribs. The average plate radius is geometrically limited by
impingement against physical barri§8sl6]. Furthermore, as the midrib lengthens, the deformation of
austenite in the vicinity of the propagating front impedes its growth, limiting the length of[Blaig}s

The average plate thickness is greater at higher values of PAGS. As the martensite plate thickens,
it deforms the surrounding austenite plastically. The surrounding austenite imposes a local mechanical
constraint over the thickness of plafgd< 6]. The complex interplay of mechanical and geometrical
constraints during martensite growth via thickening can potentially explain the refinement in plate
thickness observed Figure3.12 (a). Previous studies on martensitic transformations indaidion
steels have shown thiaiyis composition dependef&.24]. Further, Changt al.[3.14] reported that the
values ofta,g are more sensitive to austenite grain size in O1 tool steel than 4.4&6.02P alloy.

Overall, thegrowth of martensite and its morphology is limited by both characteristics of the austenite

and the grain/phase boundary interfaces.
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Table3.31 Summary of Plate Martensite Stereological Measurements

Experimental Quantities

Reheating T 900 1000 1100

PAGS (um) 12.442.2 31.6+3.6 69.845.8

Stereological Quantities

Vy 0.72+0.01 0.68+0.03 0.72+0.03
SMP (g-¥n 1.21+0.06 0.86+0.06 0.71+0.04
LWMP( &% 1.1+0.1 0.59+0.05 0.41+0.02

Morphological Quantities

tag( € M) 0.59+0.06 0.790.07 1.01%0.07

rag( € M) 2.2+0.24 2.92+0.32 3.46+0.25

Retained Austenite Size Distribution

Austenite grains are partitioned as the transformation progresses and a wide range of constituent
sizes are obtained. Austenite regions were identifiedDm2crographs and their circular equivalent
diameters were determined. The Schw&dattykov methodvas employed to calculate the volumetric RA
constituent size distributiofNv); from the 2D RA area sections [3.19]. Figure 3.13 shows the trend in
average RA constituent diameter as a function of PAGS. Figures 3.14 (a), (b) and (c) show the frequency
distribution for RA constituent sizes in RH900, RH1000 and RH1100 microstructures, respectively.

The average RA constituent diameter increases with an increase in prior austenite grain size of
the microstructure. Since all the conditions have approximdtelgame volume fraction of RA
(determined stereologicallythe influence of PAGS can be isolated in these conditions. The linear trend
for average RA diameter can thus be primarily attributed to geometrically constrained spread of

martensite in differefPAGS. RA constituents share interfaces with plate martensite. As discussed in the
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previous section, finer PAGS results in finer martensite plates, and thus a greater surface area to volume

ratio (SMP). Therefore, finer RA constituents are found in fieGS microstructures.
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Figure3.13 Average equivalent diameter of the RA constituents as a function of prior austenite grain size
(PAGS) of reheated specimen.

The range of the sizes and the size of largest austenite constituent increases with increase in
PAGS. In the existing literature pertaining to éntaining advancetdigh-strengthsheet (AHSS) steels,
the stability of RA has been attributed to factors aschomposition, size, shape, and strain partitioning

in surrounding microstructurg3.26 3.28] The RA volume contribution for each size class interval was

determined by mitiplying the number fraction Nv)i, with the specific spherical volume (determined

using the average diameter for the size class). The size distribution data suggests that constituents with

diameter greater than 225m

contri

but e

t oRAdpvolunme niRALAQGO0 arld y

75

pct

approximately 25 pct RA by volume in RH1000, while all the RA constituents in RH900 are finer than

2.5¢ min RH900, he submicron constituents form the greatest fraction of RA, and they are potentially

mechanically stable cqmared to the larger RAt is hypothesized that microstructural refinement from

thermal cycling resulting in a fine distribution of RA constituents can consequently affect the mechanical

behavior, e.g. fatigue.
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Figure3.14 Size distribution of RA constituents in reheated specimen: (a) RH900, (b) RH1000 and (c)
RH1100. The number fraction of constituents is plotted against equivalent diameter.

3.4 Result and Discussion StepQuenching
Interrupted quenching below tihé temperature (steguenching) was implemented on high

carbon 52100 steel usiglilatometer. A comparison between direct quenched RH1000 sample and the

step quenched (SQ100 and SQ110) samples is presented in this sectrore Thersuptime and
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temperature data is analyzed in Section 3.4.1. Quantitative trends in the martemsigeeometry for
the two conditions are presented in Section 3.4.2. Finally, results of the neutron diffraction studies on

direct and steguenched samples are presented in Section 3.4.3.

3.4.1 Dilatometry
Due to similar reheating and isothermal holding parameters between thegdeached RH1000

sample and the step quenched (SQ100) sample, the trends inversuptemperature were the same
(discussed in greater detail in Section 3.3.1). The therrst@iriiof the RH1000 and SQ100 samples were
significantly different in the quenching step. Consequentlyt tieel versuptemperature data for the
martensite transformation segment were remarkably different. Figure 3.15 (a) and (b) shoavithe ol
versustemperature data for RH1000 and SQ100 samples, respectively. The trend in Figure 3.15 (a)
follows the typical athermal martensite transformation kinelicEigure 3.15b), form 142°C to 100°C
(primary transformation step), tihee | versuptemperate curve followed a similar trajectory to that
presented in Figure 3.15 (a). During the isothermal holding at@®0r 1000 s, a small change in length
of the SQ sample was observed (discussed later in this subsddpon)further cooling of the SQ100
sample, an initial drop irel. qplis observed for the secondary step of quenching up until approximately
85 °C after which, the sample starts expanding again due to the transformaiAriammartensite. An
evident deviation from KM behavior was obseed.

Figure 3.15 (c) shows three | versugptemperature curve for SQ100 sample in the vicinity of the
Tso(a zoomedn section of Figure 3.15 (b)). The segments of the curve corresponding to the primary
guenching step, isothermal holding, and secondaepching step are highlighted in the plot. Further,
three distinct regions were observed intthe | versuptemperature curve in the secondary quenching
step: (i) a reduction in the e | betweph 100C and 85°C, (ii) a rapid increase in three | betweaph
85°C and 8C°C, and (iii) a moderate increase in the | belowg80°C. An increaseinthe e |l . ol
represents martensite formation while the decrease in thé repregeints thermal contraction. Thus, the

dilatometer data during secondary stglench suggest that after the isothermal holding step, martensite
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formation was initially suppressed, or in other words, the austenite was stabilized. However, on further
cooling, a secondaiyls temperature (83C in this case) was observed correspondintpé¢ secondary
martensite formation. Entwisle [3.7] has previously reported a cooling rate dependent martensite
transformation behavior below tiv temperature due to a stabilizing phenomenon. He suggests that any
interruption or slowing down in coolingtards the transformation. Studies on isothermally held or
partially transformed microstructures showed that the stabilizing treatments caused a delay in the
recommencement of martensite transformation (similar to the secdvdmnperature in this styil

Seoet al.[3.30] also reported a shift Ms temperature in dilatometry data during the formation
of secondary martensite in quenchagdpartitioning (Q&P) processed advanced higtiength steels,
which contain latimartensite and RA microstructures. This shifistemperature was attributed to
carbon enrichment in austenite during the partitioning step of thegp&dess (chemical stabilization). In
another studyyan Bohemeret al.[3.5] studied the influence of partial bainitic transformation on the
subsequent martensitic transformation ighicarbon 1080 steel. They observed a drdddtemperature
due to prior bainite transformation, which was attributed to mechanical stabilization, wherein the shape
change associated with the displacive bainite transformation plastically deforms agthstrethe
austenite. The increased strength of austenite leads to a need for higher driving force for subsequent
martensite formation and thus a lowéstemperature for secondary martengitewever, the
dislocations formed due to the deformation of enisé during primary transformation can assist the
subsequent nucleation of secondary martensite, which is referred to as autocatalytic n{@I8htion

A systematic steuenching study was performed to investigate the influen€eg@ind
isothermal haling time on the subsequent shift in secondé¢gtemperature after isothermal holding
(extent of austenite stabilization). The results of the study are included in Appendix C. Figure 3.16 (a)
shows the treMidemper @&t erc e dddas tywadifferenhisothernmalnholding
times, 20 s and 1000 s. The dashed line repre¥estsat a or the o6x = yo6 | ine.
data are plotted as the shift in seconddgyTsoi secondarMs, iNnAC) 6 as dlsoforthetwbi on o f

different isothermal holding times; the relative shift in secont¥ameflects the degree of austenite
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stabilization due to the step quench process. It was observed that the extent of stabilization increased with
increasing hold times and decreasiig The observations were consistent with previous studies in

literature [3.31]. With an increasing amount of primary martensite (I0¥ra greater shift in

secondarys was observed; this trend suggests thattmpressive stresses induced by the primary
martensite transformation mechanically stabilized the austenite.

In quenching and partitioning steels, silicon (greater than 1 wt pct) is added to suppress
precipitation of carbides in martensite and promotatjmaring of carbon from martensite to austenite
(chemical stabilization of austenite). In lesiicon steels such as 52100 steel, partitioning of carbon from
martensite to austenite is not expected at temperatures as low & Hifwever, the time depdant
shift in secondars possibly points toward a chemical nature of austenite stabilization.

Kinsman and Schyne [3.31] studied recommencement of martensite transformation in partially
transformed and aged #&-C steels and proposed a kinetic modetlffierthermal stabilization
phenomenon. The authors assumed that austeaitensite embryos exist which can grow into
martensite below thiels temperature. During the aging treatment (isothermal holding during step
guenching), they propose that carbon sgapes to glissile interfaces of the martensite nucleus and pin it.
Thus, the observed shift in secondityrepresents the undercooling required to provide the chemical free
energy driving force sufficient to overcome the pinning effect of interstitiblorain agreement with
their model, the authors reported that the thermal stabilization increased with increasing aging

temperature and time, while it did not depend on prior martensite content.
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The thermal stabilization mechanism can be used to explain the time dependent shift in secondary
Mstemperature observed during the steenching study. However, unlike-Re-C steelsTsq(aging
temperature) and prior martensite content were interconnected paramdtweg(i&ation) in the 52100

steel. Hence, it is speculated that a combination of nécdilastabilization and thermal stabilization
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mechanisms might be at work in this stggenching heatreatment. The influence of stepienching on

microstructure development is discussed in the next sections.
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3.4.2 Stereological Analysis
Stereological analysis was performed on SEM micrograptiee&Q100 sample to quantify the

volume fraction of RA and martensite miegeometry. Figure 3.1(&) and (bshow quantitative
stereological results. The stgpenched condition SQ100, has 38.1 pct RA while the direct quenched
sample RH1000 contained 32 pct RA. Both the RH1000 and SQ conditions had the same austenitizing
cycle, and thus the PAGS is similar.dttd be noted that SQ underwent one reheating cycle

RH1000 experienced two re

(PAGS=32. 1N1.1 Om), while
significant reduction in average plate radius and average plate thickness in the SQ condition (as shown in
Figure 3.17 (b)) suggests a refinement in martensite plate sizes. During quenching bélw the

temperature, the formation of martensite deforms and introduces dislocations in the surrounding austenite

due to the approximatelyptt volume expansion and shaetmains, which makes the plastic
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accommodation of subsequent martensite more difficult. Chatterjee and Bhadeshia [3.29] hypothesized
that the formation of dislocations in austenite interferes with glissile movement of martensite/austenite
interfaces, and plate stops growing when a strain is reached where the driving force for martensite
formation (undercooling) equals the resistance to interface motion. During the second step, new plates of
fresh martensite nucleate and grow in the deformed austenitdeldrened austenite has high density of
defects, which serve as nucleation sites for martensite. The presence of defects also increases the
resistance to glissile motion of martensitgstenite interface during martensite growth. Hence, the
subsequent trafiormation of the deformeandstrengthened austenite (mechanically stabilized) results in
finer martensite plates during the secondary quenching step. Additionally, the greater amount of RA for
the SQ100 condition is in agreement with the stabilizatiausfenite observed in the dilatometry data

and in previous literature [3.7, 3.31].
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Figure3.17 Comparison of stereological parameters of the direct quenched arglisteghed
microstructures: (a) RA volume fraction and (b) plate martensite size.
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3.4.3 Neutron Diffraction

Neutron diffraction scans were performed on the DQ sampléhar®D 110 (interrupted
guenching at 110C for 1000 skamples using SMARTS in LANL. Due to higlarton content of the
alloy, a body centered tetragonal (BCT) structure was assumed for martensitdyshrasanalysis

Figure 3.18 (a) shows the neutron diffraction pattern (red) for the DQ sample along the axial
direction (bank 2) and the correspondingtiRid refinement fit (green) that was calculated using GSAS
software. The saxis shows epacing in A, while the-axis shows normalized peak intensities in
counts-us. The red and black markers below the diffraction patterns represent the calculated peak
positions for martensite and austenite, respectively. The pink curve below the peak markers shows the
difference between the measured pattern and the calculated fit. In order for the least squares calculations
to converge, martensite was assumed to bg berdtered cubic (BCT) and a fiber texture was assumed
for both phases (since the two detector panels provide limited coverage of the pole figure). The magenta
colored(lower) difference curve suggests that a good fit was obtained using Rietfie&iment
Figure3.18 (b) shows the high intensity austenite and martensite peaks from the same neutron diffraction
pattern. Evident martensite peak splitting was observed due to its high tetragéuatitgr, peaks
corresponding to transition carbides weredwitcted in the diffraction patterns.

Average lattice parameters and weight fractions of austenite and martensite were determined from
the Rietveld refinement fits. Figure 3.19 (a) shows the average austenite lattice parameters measured
along the radial ahaxial directions of the cylindrical sample. By radial and axial direction, it is meant
that lattice parameter is calculated from the grains that diffract the incident neutron beam towards the
bank 1 and bank 2 directisrespectively. The higlarbon maensite has a BCT structure which is
characterized by ad waxdd a&itgwcree parBmetle)y sammd (c) s h
l attice gparcdmetdtespecti vely. Phase weight fraction
refinement angkis of neutron diffraction patterns. Using the density values (calculated from lattice

parameters), the phase volume fractions were calculated (shown in Figure 3.19 (d)).
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Martensite formation is accompanied by volume expansion, which in turn imposesssivgr
residual strains on the surrounding austenite [3.29]. Thettezded alloys RH100 and SQ contained
approximately 67 pct martensite, and thus, the RA was in a compressive stress state. Since the strain free
lattice parameters were unknown, the dltgovalues of elastic macrostrains could not be determined.

However, a comparison of austenite lattice parameters suggested thatesteping heat treatment
resulted in larger compressive elastic strains in the austenite phase. As the martensitensdatélgn a
RA constituent, it plastically deforms and strengthens the surroundirji§.BAWhile neutron

diffraction measures elastic strains, and not the plaséims, the ability to withstand greater compressive
elastic strains is indicative of a greater strength of RA in the SQ microstructure.

Since there was no external applied load, the presence of compressive elastic strain in austenite
would mean thattheanr t ensi t e phase had a tensilad stsainde€d
larger forthe SQ 110 sample than the DQ sample indicatimgesence dénsile residual strains.

However, an opposite trend was observed for the marténsité t i c e cp.ar ahme ttegt ragonal
martensite stems from the presence of interstitial carbon atoms within the supersaturated iron lattice. In

the literature pertaining to low temperature tempering of martensite, redistribution of carbon atoms to

lattice defects and carbon atom clustering are two proposed phenomena [3.32]. For the SQ110 sample, the
lowering of tetragonality (c/a ratio) can thus be attributed to the redistribution of carbon atoms to lattice
defects during the isothermal holding st€bis observation provides evidence for sharige diffusion

of carbon atoms in support of the Kinsman and Sch
austenite during the SQ process [3.31].

Neutron diffraction data suggested that SQ110 sample headtginally lower amount of RA than
the DQ sample (Figure 3.19 (d)). This observation confliatiélol the existing literature and stereological
analysis previously performed in this study. Neutron diffraction is a bulk phase fraction measurement
technigwe which likely has a higher accuracy as compared to stereological analysis of SEM images.
Additionally, the differences in etching response of primary and secondary martensite in the SQ

microstructures may be a source of error in the phase volume frast@msurement. Further
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characterization and data analysis such &itinheat treatment and neutron diffraction would help better

understand the phenomenon of austenite stabilization during interrupted quenching in carbon steels.

DQ bankZ2 Hist 1
Bank 2, 2-Theta ]—90.0. L-3 cycle 121 Obsd. and I?iff, Profiles
3
$
©F | -
° i
" 5
= j_
oo +3 1 73 _
< 113 i ¥
[¢] 4 F 3 = ; +
b4 . i 1% { & &
Iol _
oo W ﬁhﬁﬁ
g —\I\IIH ll\llu |l | ‘l ' |
gl |
=}
g !
™
[=]
=4
‘1,0 2,0 3.0
D-spacing, &
(a)
DG bankz Hist 1
Bank 2, 2-Theta -90.0, L-S cycle 121 Obsd. and Diff. Profiles
T T T T T T T T T T
or s TN .
2 MARTENSITE — "¢ . AUSTENITE
- ‘ " *T, _
o + #:* |
c*‘r‘t"v:."*"’*’ 4
A 1
[\2_ 7 * -
g < ;ﬂ' :
g ,.,ﬁ oY
Sol ntmiie el
5 . o
& Wy At . Lol A P AN 1
N B e e R e e e WA AL AV A By
=}
S |
2z | 1 1 L 1 | 1 | 1 |

1.96 198 200 202 204 206 208 210 212 2.14
D-spacing, &

(b)

Figure3.18 Measured and calculated neutron diffraction pattern of the DQ sample recorded on bank 2 of
SMARTS diffractometer at LANL. (a) full pattern, and (b) high intensity austenite and martensite peaks.
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CHAPTER 4
FATIGUE BEHAVIOR OFHIGH-CARBON PLATEMARTENSITE AUSTENITE

MICROSTRUCTURES

This work aims to elucidate the role of RA on fatigue behavitiigitcarbon platamartensite
austenitamnicrostructuresThe following chaptediscusseslevelopmentcharacterizatio andfatigue

testing of microstructures with varying RA content.

4.1 Background
Carburized components are used in vehicle powertrains and power generation equipment where

high strength is required in addition to good fatigue resistghtE The highcarbon case region
provides strength and wear resistance, whereas the low carbon core provides toughness to the carburized
components. The case regions contain pladetensite, retained austenite (RA) and occasionally
undissolved cementite whereas the core regions contain lath martensite, ferrite of4qainiéong
with the carbon composition gradient, the carburized components also have a gradient in hardness, RA
content, and residual stresses along the depth of the comjgoBlefithe differences in austenite to
martensite transformation kinetics between the case and core during quenching introduces compressive
residual stresses at the surffgd]. The microstruatral complexity further increases owing to the
possibility of deformation induced phase transformation of RA to martensite during $ér2jce

During cyclic loading in service, parts such as driveshafts or af@ogear tooth are susceptible
to bending fatigue failure. Fatigue cracks typically initiate intergranularly along prior austenite grain
boundaries (PAGBs) and propagate transgranularly in the stable crack growth regime. Upon reaching a
critical crack legth, the component fails via intergranular (IG) unstable crack growth in theirgbn
regior{4.2]. The occurrence of IG fracture in higlarbon microstructures has been attributed to
phosphorus segregation andnamntite formation at PAGBg.5]. The role of RA and microstructural
gradients on bending fatigue behavior of carburized components is not well established. Krauss suggested

that the presenagf high amounts of RA (soft and ductile phase) reduces the yield strength and fatigue
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strength. Stress/strain assisted RA to martensite transformation introduces compressive residual stress in
the microstructure and improves fatigue strefigt]. Alternatively, Huet al.[4.7] showed that brittle

martensite formed during fatig cycling increased crack propagation rates and reduced crack growth
resistance. Often, the influence of RA fraction, carbon content, hardness and residual stress are coupled in
the observed results. Further, conducting stable fatigue crack growth (K@&sreents in carburized
components is challenging owing to the strong microstructural gradients in the case region, as the FCG
rates and failure mechanisms vary as a function of carbon content and hardness along the depth of the
cas€4.8].

The goal of this study was to investigate the role of RA on fatigue crack propagation in a
microstructurecontaining platenartensite an®A (similar to the case region of a carburized gtddting
commercial higkcarbon 52100 steel was usedigvelophigh-carbon platanartensite austenite
microstructuresvith varying amounts and stability of RA using thermal processing strategies. The mode |
fatigue crack growth behavior of the different microstructures was evaluated, with an emphasis on
understanding the interaction between the fatigue crack and tharslinghigh-carbon platamartensite
austenitamnicrostructuresQuantitative stereological analysis was performed on fatigue fractographs to

determine the differences in failure mechanism between microstructures with varying RA content.

4.2 Experimental Methods

The following sectiompresent&xperimental methods useddevelop,characterize, and
conductfatigue testing oigh-carbon platanartensite austenitaicrostructuresvith varying RA
content. Sections 4.2.1 and 4.8&scribe the material and saeplsed in this study. Heat treatments for
the fatigue samples were performeith a salt pot (Sectiod.2.3) to develop microstructures with
variations in RA (amount and stability). Microstructure characterization metinedscussedn Section
4.2.4. The various stages of fatigue testing are described in Section 4.2.5. Finally, nusthdds
characterize the interaction between the fatigue crack arsitr@indingmicrostructuresre presented

in Section 4.2.6.
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4.2.1 Materials
In this studycommercial 52100 higharbon steel was used agi®velop microstructures

containing platenartensite an&A. The alloy composition, rationality behind alloy selection, and the

details of the aseceived material were presented in Section 3.2.1.

4.2.2 Sanple Machining

The asreceived 52100 steel bars were machined intesizddl compact tension (CT) fatigue
samples for fatigue crack growth studies. Rectangular blanks of length 76.2 mm, height 32 mm, and
width 6.35 mm were machined from the radial positibthe 52100 steel bar. From each 76.2 mm (3
inch) long section, 8 such rectangular blanks were machined as shown in Figure 4.1.-8wedub
compact tension (CT) samples were wiiBM machined from the rectangular blanks (Figure 4.2 (a)) for
fatigue crak growth testing. The dimensions of the siled CT samples are shown in Figure 4.2 (b). In
addition to the CT samples, three microstructural characterization coupons were also obtained from each
rectangular blank (indicated in Figure 4.2 (a)). The coaokvth direction was aligned along the

transverse direction of rectangular blank and thus along the radial direction oftoeiasd steel bar.

RADIAL RECTANGULAR BLANKS
LENGTH =3 INCH

6.35mm —]| |— |

82.5 mm ]

Figure4.1 A schematic diagram of theientation of rectangular steel blanks that were machined from the
asreceived 52100 steel bar

70



All Dimensions

. 1143 .

are in mm
C OWO C OTO . 8
o 0 O ||[w] 30.48
u U U ;‘
P P P ;|
0 0 0
N CT SAMPLE N CT SAMPLE N )
25.46
31.83
(a) (b)
All Dimensions ___-==""""" "TT=ea
areinmm -~ Y.
el -'-\2.03
i 3 3
s
II, '
',r 1.561
1
1 A
I < 5.08
\
\ 160" [
\ i
\ H
\ :
A 3
\ :
NN
\\~
" 11.43
(©)

Figure4.2 Schematic diagram of fatigue samples. (a) Orientation of CT samplaiarastructure
characterization coupons within the radial blanks, (b) dimensions of thezBT samples used in the

study, and (c) notch geometry of the CT sample.

4.2.3 Heat Treatment

Austenitization heat treatments on the relatively larger fatgneples were carried oom

asreceived pearlite/preutectoid cementite specimenssalt pots, which contained a molten salt mixture

of sodium and potassium nitrate (supplied Bark Thermal, ISGTHERM 220).The dilatometry

samples (Chapter 3) reheatedL000°C were prone to micraracking during quenching. Thus, a lower

austenitization temperature was selected for fatigue samples to provide a fine PAGS and suppfess micro

cracking.The subsize CT sample and a steel coupon were submerged in sbdipattheAcnat 870 £ 5
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°C, held for 30 min, and subsequently quenched to room temperature in an agitated oil bath. The
guenched sample was then tempered at 175 °C for 6 h in a Carbolite Gero CWF 1300 box furnace prior to
fatigue testing. The room tempeareg oil quenched and low temperature tempered condition will be
referred to as the RTDQ (room temperature direct quench) condition throughout this chapter.
Microstructures with a reduced amount of RA were developed using two routes: (i) cryogenic
guenchingo transform RA to martensite and (ii) tempering to decompose existing RAqGeyxhing
results in an increase in microhardness since martensite is the hard phase while RA is the soft phase.
Alternatively, tempering the microstructure results in a redndn the bulk microhardness. For the cryo
guenched condition, the room temperature oil guenched sample was quenched in liquid nitrogen
at-196°C and subsequently tempered at 175 °C for 6 h in the box furnace prior to fatigue testing. The
cryo-quenchednicrostructure will be referred to as the LN2 condition throughout this thesis. A reduction
in RA content and an increase in microhardness value was anticipated for this condition.
To develop a microstructure with lower RA content but similar microhardadsgher
tempering temperature condition was identified. The room temperature oil guenched sample was first
cryo-quenched in liquid nitrogen to transform RA to martensite. Further, the sample was tempered at
240°C for 1.5 h in box furnace. The highentperature condition will be referred to as the LN2T
condition in this thesis. Notably, the liquid Buenched samples (LN2 and LN2T) were first quenched to
room temperature oil bath and then quenched into a liguabitaining dewar prior to tempering
treatment. Dilatometry data pertaining to low temperature tempering is included in Appendix D.
Finally, the O6step qguenchingd heat treat ment
salt pot and oil bath. The sisize CT sample and a steel coupon were introduced in a salt pot at
870+ 5 °C for 30 min and subsequently quenched to 100 °@ imgétated hot oil bath. The sample and
the coupon were held at 100 °C for 1 h in the oil bath and subsequertibpksd to room temperature. A
low temperature tempering treatment was performed at 175 °C for 6 h in the box furnace.-The step
guench condibn will be referred to as the SQ condition in this thesis. Figure 4.3 schematically shows,

and Table 4.2 summarizes the heat treatments used to devedopittrestructurestudiedin this thesis.
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Figure4.3 A schematic diagram showing austenitization, quenching and tempering cycles for the four
microstructures developed in this study (a) RTDQ and SQ, and (b) LN2 and LN2T.

Table4.1i Summary of Heat Treatments

Sample| Austenitization (Salt Pot] Quenching Steps Tempering (Box Furnace
ID Temperature  Time Temperature Time Medium | Temperature  Time
DQ 875 °C 30 min 20 °C - o]] 175 °C 6 h

20 °C and Oil and
LN2 875 °C 30 min - 175 °C 6 h
-196 °C Lig. N2
20 °C and Oil and
LN2T 875 °C 30 min - 240 °C 15h
-196 °C Lig. N2
100 °C and Oil and
SQ 875 °C 30 min 1lh 175 °C 6 h
20 °C Air
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4.2.4 Microstructure Characterization
The characterization methods used to quantify and compare microstructures are presented in this

section. Light optical microscopy (LOM) and scanning electron micros®pi) were used to identify
the phases present in the microstructures. X ray diffraction was used to quantify the fraction of RA, and

Vickers hardness testing was performed to meabermicrohardness values of the different conditions.

Microscopy

The austenitized, quenched, and tempered steel coupons wersamtimsed perpendicular to
their length using an MSX saw, and hot mounted in Bakelite using a Leco® 450X mounting press.
Mounted samples were metallographically prepared by mechanical grinding, polishing, and chemical
etching. Manual mechanical grinding was performed using a series of silicon carbide grit papers, and
polishing steps were performed on Leco® spectrum systemt8008ing diamond suspension solutions.
The details of the metallographic procedure have previously been provided in Section 3.2.4.

Metallographically prepared sample surfaces were chemically etched with a 2 pct nital solution
(2 mL nitric acid and 49 mL &anol) for approximately 15 s to reveal the microstructural constituents.
Etched samples were observed under a®da8X 500 optical microscope and JEOL 7000 field
emission scanning electron microscope-&HEM) to identify phases present in the microstrtes. The
FE-SEM was operated at an accelerating voltage of 20 keV and a working distance of 10 mm.

Polished samples were etched with saturated picric acid (4 g picric acid, 100 mL water, 8 mL
Teepol surfactant, and 4 drops HCI) to reveal prior austerdte goundaries. To etcthe sample surface
was heated for approximately 3@sing a heat gun, atlden immersed in heated saturated picric acid
solution (65°C) for 60 s. The etched sample was cleaned with a cotton swab -z water.

Optical migographs were collected on a L&®SX 500 microscope, and the Abrawircle method
(ASTM E112i 96) was used to determine the prior austenite grain size (PAGS) in ImageJ® software.

More than 1000 grains were sampled to determine PAGS.
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X-Ray Diffraction

X-ray diffraction (XRD) was used to determine the RA volume fraction for different
microstructures developed in this study. To prepare samples for XRD, four approximately 5 mm long
segments of steel coupons were cut, stacked together, and mounted ire Beikgiie 4.4 schematically
shows cuts in the steel coupon and the resulting Bakelite mount. Standard metallographic procedures
were used to polish the samples down to 1 pm diamond suspension (described in Section 3.2.4). By
stacking four crossections tgether, the sample surface area was maximized for improved intensity

counts in the XRD patterns.

Steel Coupon

D SR E—

~
N ) \
TSR S,

~
I —
N

XRD Bakelite Mount |

Figure4.4 A schematic diagram showing sample preparation foayXdiffraction measurement.

XRD patternswr e recorded on a Siemens Kristallofl ex
KFL CU 2 KO6 copper source and a scintillation det
25 mA, respectively. A graphite monochromator was installed on the det@igaf the beam to remove
theKkbeta signals. There were four slits in the syst
and two on the diffracted side, 2Xf anagned o0f. 1450 U aTnhde
with a step sizefo 0. 0 2 and a dwell time of 5 s per step.

Peak intensity data was used to determine the RA fraction from XRD patterns. Peak fitting was
performed on the PANalytical High Score Plus® software. Using the software, the peak positions and
background intensitwe r e f i rst deter mi ned. Further, using t he

software, a pseuddoigt profile (a convolution of Gaussian and Lorentzian functions) was fit to the peak
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shape to determine peak heights and full width at half maximum (#WFhe fraction of RA was

calculated using the SAE.9] method. The RA fraction is given by

Py
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whereV, is the volume fraction of the RA, andngare the number of peaks of austenite and martensite

hkl _hkl
u

respectively|,™ andl

are thehkl austenite and martensite peak intensities,RtftandRJ™ are the
theoretical intensities for tHekl peaks. Thé™ values were calculated as the product of peak height and
peak FWHM values from the peak profile fits. Four austenite peaks}{12ad, { 220}, {311}) and

four martensite peaks ({130{ 200}, { 211, { 220}) were used for the analysis.

VickersMicrohardness

Microhardness measurements were performed on the austenitized, quenched and tempered
conditions using an Instron Wilson Tukon® series 200 manual hardness tester. Indentation was performed
under 1000 ¢ load and a dwell time of 10 s using @wa@midal diamond indenter. Sixteen hardness
measurements were taken for each microstructure condition (four indentations from each segment of the
Bakelite mounted steel coupon previously used for XRD measurements (Figure 4.3)). Each indentation

was at leas1.5mm away from the edge of the sample and from each other.

4.2.5 Fatigue Testing

Fatigue crack growth tests were performed on thetheatied sutsize CT samples. First the
details of the mechanical testing frame and sample preparation are preEeaiedhe preracking

procedure and fatigue crack growth rate testing procedure are described. Finally, the fatigue data analysis

methodology is discussed
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Mechanical Testing Frame and Fixturing

Fatigue experiments were performed on an MTS® Model 208e6vehydraulic load frame. The
hydraulic frame was controlled using an MTSE Test
version3.5c¢ software. Custom fixturing grips were used forsizd CT samples. The grips were 12.7 mm
(0.5 in) wide to account f@amples with varying thicknesses. The samples used in this work were
6.35mm thick (0.25 in). To ensure good alignment, 1.6 mm (1/16 in) thicklolveriction Rulon®J
(polymeric materi al | i ke T &483Kblhvie)e usedbatemsdhe gripd Mc Ma s t
and the sample. Highardness carbon steel shafts, 6.35 mm (0.25 in) diameter and 76.2 mm (3 in) length

(McMaster product 6061K411) were used as loading pins.

Sample Preparation

The heatreated samples wemaetallographically polished prior to fatigue testing. Both the faces
of the subsize CT samples were ground on Leco® PX 300 grinding station using a sequence of 120, 180,
240, 320, 400 and 600 grit silicon carbide (SiC) grinding pads. Using a sequeimaarid polishing
suspensions with sizes 9 um, 6 um, 3 um, and 1 um, the sample surfaces were polished to a mirror finish
on a manual Leco® \M260 polishing wheel. During polishing, Ult&ilk lapping cloth was used for the
9 um, 6 um, and 3 um step, whitbe Imperial polishing pad was used for the 1 um step.

Prior to precracking, a chevron notch was introduced in the polished CT samples using a
diamond wafering blade on Allied Tech® TechCut 4 slow speed saw (recommended for brittle and low
toughness matils). Symmetry in the notch was ensured by measuring the length of the groves on
sample surface using optical imaging on a Leco DSX500 microscope. Approximately 2 mm long grooves

were cut on both sides of the sample resulting in a 120 ° symmetricalndbehcenter.

Fatigue PreCracking

As per the fatigue crack growth testing standard, ASTM E647, a sharp fatigue crack must be
induced in the sample before testing in order to avoid the effects of the machined notch. The process of

introducing a sharp crlen the sample is referred to asjoracking. CT samples have an increasing
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K-gradient, which means that for a constant load amplitude, as the crack grows, the stress intensity at the
crack tip increases. Rogacking is challenging in low toughness eréls since brittle materials have a
narrow Krange where stable crack growth can occur, and a crack that initiates can rapidly propagate to
failure [4.10]. By introducing a chevron notch prior to fatigue testing, a decreasgrgddent is

geometrically generated at the start of-pracking. Further, it is recommended that loading be performed

in displacementontrol so that as the crack grows, the applied load arg Holecreasept.10].

In this study, fatigue preracking was performed on a chevron notchedsszd CT sample in
displacement control. Fatigue cycling was performed at a frequency of 5 Hz and a displacement
amplitude of 0.14 mm, which nominally corresponded to a peak load value between 1.8 kNkdhd 2.2
and arR1 value of approximately 0.2. The region near the notch was observed in real time using a high
magnification USB camera (USB2.0 HD UVC WebCam, Plugable Digital Viewer software) for the onset
of pre-crack initiation at the notch. If no paeackwas observed for 40,000 cycles (approximately 2 h),
the displacement amplitude of fatigue cycling was increased by 0.01 mm for another set of 40,000 cycles.
Once a crack of appreciable length (approximately 500 um) was observed at the notch edggy¢he fati
pre-cracking procedure was stopped. The sample was removed from the load frame, both surfaces were

imaged using a Leco DSX 500 optical microscope, and the lengths of tbeapkenere recorded.

Fatigue Crack Growth Testing

Once the subsize CT sampledha sharp prerack, fatigue crack growth experiments were
performed under constant load amplitude (increagigmode as per the ASTM E647 standard.
Interrupted fatigue cycling was performed at a frequency of 5 Hz. A sinusoidal load function with a peak
load Pmay Of 1.5 kKN and a minimum loadPgin) of 0.15 KN R- ratio =Pmiv/Pmax= 0.1) was used for all
the tests. High magnification stitched images were recorded using a Leco® DSX 500 optical microscope
on both the surfaces of the sample between egtadf sterrupted fatigue cycles. The peak load during
pre-cracking was greater than the peak load during FCG testing. To eliminate the influence of load history

and plastic zone associated with highergnaking loads on the FCG testing results, thelclangth
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data between initial prerack length (approximately 500 um) and 1 mm was disregarded during the
calculation of FCG rates. An approximately 0.25 mm crack extension was ensured between each crack
length measurement. As a result, variable fatigwéirgg intervals were used. For crack lengths ranging

from 1 mm to 3 mm, the crack length was measured every 10,000 cycles. Similarly, for the crack lengths
ranging from 4 mm to 6 mm, the crack length was measured every 2,000 cycles. If the crack extension
one side of the sample was significantly larger than the other side (due to misalignment of the load
frame), the sample was rotated for the next set of fatigue cycling to ensure a planar crack front and a valid
test.

For each microstructure conditiamo samples were tested. For the first sample, the FCG
experiment was stopped at a crack length of approximately 6 mm to study the interaction of the arrested
crack with the surrounding microstructure. The second sample was tested to failure and flactegsap
performed on the fracture surfaces. The trends in crack length as a function of number of cycles were

recorded for the samples. The next section presents data processing methods used to analyze FCG rates.

Data Analysis

Crack length versus numbermfcles data were collected for the four different microstructure
conditions DQ, LN2, LN2T, and SQ. Conventionally, the results of the FCG tests are presented as fatigue
crack growth rateda/dN versus the stress intensity rangel plots on a log scal®&oth da/dNandgp K
values can be determined from the crack length versus number of cycles data.

For CT samples, the stress intensity range at the crack tip, a function of applied load and

geometry, is given by the expression

20— Sl myeisp per p&c va (42

w h e r ea/Whisithe crack length measured from the line connecting the bearing points of load

application, W is the width of the sample (25.4 mm), and B is the thickness (6.35 mm).
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The FCG ratesd@/dN were calculated from the average crack length versus the nuhdyetes data

using the incremental polynomial methods as described in Appendix X1 of ASTM E647. A parabola
(second degree polynomial) was fit to a set of five data points on the crack length versus number of cycles
data using the least square method inTMAB 2021a. The rate of crack growttia/dN was then

determined by taking the derivative of the fitted parabola at the central data point.

4.2.6 Fatigue Crack Characterization

For the sample with the arrested crack, the interaction between the fatgkewd the
surrounding microstructure was characterized using LOM and SEM. The distribution of phases in the
vicinity of the fatigue crack was determined using electron backscatter diffraction (EBSD). For the
sample that was tested to failure, fractogyapias performed on the fracture surface to identify and

guantify the fatigue failure mechanisms.

Microscopy

The CT samples with arrested fatigue cracks were metallographically ground and polished as
described in Section 3.2.4. Sample surfaces were etcthédlv s at ur ated picric acid
60s to reveal PAGBs. A Leco® DSX500 optical microscope was used to acquire high resolution stitched
images of the region in the vicinity of the fatigue crack near the crack tip. The interaction between the
fatigue crack and surrounding PAG microstructure and the martensitgtrsudiure was also observed
using FESEM, and high magnification micrographs were recorded FERBEM was operated at an

accelerating voltage of &V and a working distance of 10 nduaring imaging.

Electron Backscatter Diffraction

To determine the distribution of phases near the fatigue crack, particularly the distribution of RA,
EBSD mapping was performed near the fatigue crack for the RTDQ and SQ samples with the arrested
crack. Theadges of the CT sample were sectioned and removed using an MSX saw to isolate the region
of interest containing the notch, the fatigue crack, and the material around it. In Figure 4.6(a), the dashed

lines schematically represent the cuts made, gray regepresent the removed edges, and the white
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region represents the samples used for EBSD characterization. The sectioned samples were
metallographically polished as described in Section 3.5.1. An additional polishing step was performed
usinga0.03umcalli dal silica solution on the Beuhler Vibr
remove the grinding and polishing induced deformation layer prior to EBSD mapping. Withsizstep

100 nm, 60 um by 30 um sized, EBSD scans were performed at approximatety(corresponding to a

o Kvalue of 5.2 MPa-®¥ at the crack tip) and 6 mmp(K= 5.7 MPa-m® form the notch edge on a FEI

Helios SEM. Figure 3.6(b) schematically shows scanned areas. An operating voltage of 25 keV and a

beam current of 11 nAwere usSdEAMSE EBSD analysis software was u:
Ferrite (BCC) and Austenite (FCC) phases were selected while Kikuchi pattern indexing. Once the maps
were collected using TEAMSE softwar e, the EBSD da
points with a confidence index lower than 0.1 were removed from the data set. Phase distribution and

inverse pole figure (IPF) maps were generated for the EBSD scans to study the microstructure in the

vicinity of a fatigue crack.

T

Fatigue
EBSD Sample i Notch Crack
| Edge
1
(a) (b)

Figure4.5 A schematic diagram of the (a) EBSD sample and (b) EBSD scan methodology.
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Fractography

To identify the failuremechanismgresent in different microstructure conditions, fractography
was performed on the fracture surfaces of the CT samples that were fatigue tested to failure. SEM
micrographs of the fracture surfaces were recorded using-8ERMand FEI Helios SEMThe operaing
voltage was 20 keV and the working distance was approximately 15 mm. All the fatigue fracture surfaces
exhibited a mixed transgranular (TG) and intergranular (IG) fracture morphology. The overload region of
the fracture surface also exhibited mixed i@l 1G fracture. To quantify the trends in percentage 1G
character of the fracture surfaces, stereological analysis was performed on fractographs. For all the
sample conditions, a set of images was recorded from different regions along the centeiirguitibin)d
of the sample as a function of distance from the notch edge (2 mm, 4 mm, and 6 mm). Figure 4.5(a)
schematically shows the imaged regions as a function of distance from the notch edge. Additionally,

fractographs were also recorded from the overlegion of the CT sample, at a distance of 3 mm from

the edge of the sample at the center of the specimen.

(@) (b)
Figure4.6 (a2) An overview of the fractograph acquisition methodology, and (b) aseagegive

fractograph of RTDQ condition taken at 2 mm crack length, showing stereological measurement of
percentage |G character.
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Using ImageJ, an 810 grid of points was overlaid on the fractographs, and grid points lying on
the faceted intergranulaggions were indexed for each fractograph. The percentage |G character was
calculated as the ratio of indexed points and the total number of points (80 in this case). For each region,
the percentage IG character value was averaged é8/euéh fractograph®ore than 2000 prior
austenite grains within a region were sampled for each data point. Fig(ip® gdchematically shows the
indexing methodology used for stereological analysis where the magenta grid points highlighted in yellow
correspond to |G fraate. The fatigue fracture surface shown in Figure 4.5 was collected from the RTDQ
sample at a distance of 2 mrorh the notch edge. 7 out of 20 grid points lie on IG fracture features, thus

the percentage IG character was calculated to be 35 pct fantmde

4.3 Results

Subsize CT samples were machined from 52100 steel bars, heat treated to develophigirying
carbon platenartensite austeniteicrostructure§RTDQ, LN2, LN2T, and SQ), and their fatigue
behavior was investigated. Section 4.3.1 presamomparison of the various microstructures developed
in this study. The trends in fatigue crack growth behavior of the microstructures are presented in Section
4.3.2. Finally, a quantitative and qualitative anedysf the interaction between the fatigerack and

high-carbon platenartensite austenitaicrostructuresre discussed in Section 4.3.3.

4.3.1 Microstructure Characterization

The heatreated steel coupons were metallographically polished and etched for LOM and SEM
characterization. Further, XRD patterns were collected from the polisheeseiigms to determine the
RA fraction for all four microstructures. Finally, microhardness measurements were performed on the

heattreated coupons.

Microscopy

Figure 4.7 (a) shes a low magnification optical micrograph of the RTDQ steel coupon, etched
with saturated picric acid solution. The vertical white arrow on the micrograph shows the rolling direction

(RD) and the axis of the aeceived cylindrical bar. Alternate dark dight microstructural bands were
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observed along with inclusions within the dark bands. Microstructural banding in steels originates from
the dendritic nature of solidification, where impurities and microalloying elements segregate to inter
dendritic regios. In commercial hypereutectoid steels such as 52100 steel, the microstructure banding
results from variation in carbides size and derjdity1]. Figure 4.7 (b) shosva high magnification

optical micrograph with a light microstructural band between two dark bands. Etching with saturated
picric acid revealed PAGBs. Additionally, a fine dispersion of carbides and thenpatensite and RA
substructure were also visgWithin the PAGs.

Figure 4.7 (c) and (d) show SEM micrographs from the light and dark etching regions of the
microstructure. The dark regions showed significantly greater density of carbides. The dark regions had a
greater number of inclusions, suggesting that the darksti@andi greater microsegregation of alloying
elements such as Cr, C, S and others. Upon heating a pearlitic microstructuraberperature, the
carbides spherodize and dissolve. The presence of higher levels of Cr suppressed the carbide dissolution
locally, thus resulting in a higher density of carbides in the Cr rich Fahdl].

Figure 4.8 (a) shows a SEM micrograph of the rétahed RTDQ microsturcture revedjithe
substructure within the PAGs. Tempered platartensite, RA and cementite were identified within the
micrograph as labeled. At austenitizingemperature of 875 wi t hi n t he austenite
field, cementite dissolution and coarsenoctcur simultaneously. Two distinct carbide morphologies are
observed: large, approximatelyin size carbides along the PAGBs and fine-suitron carbides within
the PAGs. A bimodal distribution of carbides in RTDQ 52100 steel has previously beend-@porte
literature[4.12]. Larger cementite potentially forms during the coarsening of kgyexctoid grain
boundary cementite, while the finer carbides result from dissolution and coarsening of fine cementite
lamella present in the pdidic colonies of the prior microstructure.

Figure 4.8 (b) shows a nital etched SEM micrograph of the LN2 condition. Cementite particles
and tempered martensite are evident, similar to the RTDQ condition. As compared to the RTDQ
condition, fewer and smaHl&A constituents (indicated by white arrows) are present in the LN2

condition. Cryequenching resulted in considerable RA to martensite transformation. Figure 4.8 (c) shows
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a nital etched micrograph of the LN2T condition. Similar to the RTDQ and LN2 temmsliundissolved
cementite was observed in the micrograph. RA constituents were not evident since tempering at 240
would have resulted in at least partial decomposition of RA into ferrite and cementite. Figure 4.8 (d)

shows a nital etched SEM microghapf the SQ sample. Similar to the RTDQ microstructure, tempered

plate martensiteRA constituents, and cementite particles were observed.

©) (d)

Figure4.7 Micrographs of the RTD@ondition etched with saturated picric acid to reveal PAGBs. (a)
Low magnification optical micrograph showing microstructural banding, (b) high magnification optical
micrograph showing the microstructure in the light and darklha®EM micrographs from)the light
region and (d) the dark region.
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(a) (b)

() (d)
Figure4.8 SEM micrographs of heat treated 52100 steel etched using nital. (a) RTDQ microstructure

showingplatemartensite, RA and cementite, (HY2 micrograph, (c) LNZ SEM micrograph, and (d)
SQmicrograph.

X-Ray Diffraction

XRD patterns were recorded for each of the four microstructure conditions RTDQ, LN2, LN2T
and SQ. Using the integrated intensitieaw$tenite and martensite peaks, RA volume fractions were

calculated as described in Section 4.2.4. Figure 4.9 (a) shows XRD patterns for the four different
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