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ABSTRACT

Rolling contact fatigue (RCF) is a common cause of failure in tribological machine
components such as rolling-element bearings (REBs). Steels selected for RCF applications are
subject to various material processes in order to produce martensitic microstructures. An effect of
such material processing is the retention of the austenitic phase within the steel microstructure.
Retained austenite (RA) transformation in martensitic steels subjected to RCF is a well-established
phenomenon. In this investigation, a novel approach is developed to predict martensitic
transformations of RA in steels subjected to RCF. A criteria for phase transformations is
developed by comparing the required thermodynamic driving force for transformations to the
energy dissipation in the microstructure. The method combines principles from phase
transformations in solids with a damage mechanics framework to calculate energy availability for
transformations. The modeling is then extended to incorporate material alterations as a result of
RA transforming within the material. A continuum damage mechanics (CDM) FEM simulation
is used to capture material deterioration, phase transformations, and the formation of internal
stresses as a result of RCF. Crystal lattice orientation is included to modify energy requirements
for RA transformation. Damage laws are modified to consider residual stresses and different
components of the stress state as the drivers of energy dissipation. The resulting model is capable

of capturing microstructural evolution during RCF.

The development and stability of internal stresses caused by RA transformation in bearing
steel material was experimentally investigated. Specimens of 8620 case carburized steel were
subjected to torsional fatigue at specific stress levels for a prescribed number of cycles. X-ray
diffraction techniques were used to measure residual stress and RA volume fraction as a function
of depth in the material. A model is set forth to predict compressive residual stress in the material
as a function of RA transformation and material relaxation. Modeling results are corroborated
with experimental data. In addition, varying levels of retained austenite (RA) were achieved
through varying undercooling severity in uniformly treated case carburized 8620 steel. Specimens
were characterized via XRD and EBSD techniques to determine RA volume fraction and material
characteristics prior to rolling contact fatigue (RCF). Higher RA volume fractions did not lead to

improvement in RCF lives. XRD measurements after RCF testing indicated that little RA

13



decomposition had occurred during RCF. The previously established RCF simulations were
modified to investigate the effects of RA stability on RCF. The results obtained from the CDM
FEM captured similar behavior observed in the experimental results. Utilizing the developed
model, a parametric study was undertaken to examine the effects of RA quantity, RA stability, and
applied pressure on RCF performance. The study demonstrates that the energy requirements to

transform the RA phase is critical to RCF performance.
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CHAPTER 1. INTRODUCTION

1.1 Background

Fatigue is the failure of machine components subjected to cyclic loads that are below the
ultimate or yield strength of the material. In components such as rolling element bearings (REBs),
gears, cam-followers, and rail-wheel contacts, rolling contact fatigue (RCF) is the major cause of
failure. RCF has different modes of failure that vary in terms of driving factor and crack location.
The most common types of RCF are surface pitting or subsurface spalling. Figure 1.1 illustrates
and compares two such types of failure. As can be seen, in surface pitting, the cracks start from
the surface and propagate into the material resulting in superficial pits. The root cause of surface
pitting is high stress due to asperity contact between the two surfaces as a result of improper
lubrication or contaminants in the lubricant. Subsurface spalling is different in both crack initiation
and propagation. In this type of fatigue failure, cracks initiate within the material and propagate

towards the surface resulting in deeper spalls compared to surface initiated failures.

Figure 1.1: Surface pitting (left), subsurface spalling (right). Note the difference in the crack
depths.

As the current document focuses on microstructural evolution occurring during a
subsurface failure mode, it would be beneficial to present the fundamentals of this type of failure.
Consider the subsurface stresses when the material is subjected to Hertzian contact. Figure 1.2
depicts the stress history for a point located at 0.5b below the surface as the ball rolls over the
point. As can be seen, shear stress is the only stress at the subsurface of the material which

alternates between positive and negative values. Based on a similar analysis, Lundberg and
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Palmgren [1] suggested that subsurface shear stress alteration is the main cause for subsurface

spalling.

Figure 1.2: Stress history experienced by a material point at the maximum orthogonal shear

stress as Hertzian line contact passes over the surface.

1.2 RCF vs Classical Fatigue

Many of the observations and assumptions applied to classical fatigue problems do not

translate to an RCF phenomenon. Below are listed some reasons why RCF is a more challenging

and involved problem.

1.

Classical fatigue mostly occurs at the surface. The main reason is due to existence of
scratches and/ or notches on the surface that cause stress concentration points or loading
conditions such as bending or torsion produce maximum stresses at the surface.
Investigation of surface initiated fatigue is generally easier as the cracks are mostly visible
and they can be tracked during the propagation stage. However, in RCF, the cracks mostly
initiate and propagate from the subsurface of the material which makes it more difficult to
locate and track them.

In classical fatigue testing, e.g. uniaxial or torsion fatigue, specimens are subjected to
loadings that produce bulk stresses. This causes damage to a large volume of the material
and failure happens at the most critical point due to existence of stress risers like defects or
inclusions. However, the stresses in RCF are highly localized within the non-conformal

contact regions, e.g. a rolling element on a bearing raceway. Consequently only very small
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volumes of the material are subjected to very large values of stress and a significant stress
gradient versus location exists in the matrix.

3. At such small scales, it is not easy to apply common fatigue analysis methods such as linear
elastic fracture mechanics (LEFM). This is mainly due to the crack sizes which are
comparable to microstructural grain size. Thus, the crack propagation can be affected by
microstructural geometry of the material. This makes it of great importance to differentiate
between intergranular and transgranular crack propagation assumptions in RCF studies.

4. There is a large compressive component of hydrostatic stress in rolling contacts which
tends to inhibit Mode I crack growth, but there is not sufficient information regarding how
it affects the Mode II crack growth which is the main cause of RCF.

5. Different stress components, as pictured in Figure 1.2, experience their peaks at different
times during a loading cycle. This culminates in a complex multiaxial state of stress which
changes the direction and magnitude of principle stresses at different moments. This makes

it very important to consider the history of all stress components during loading cycles.

The above points are some of the reasons that make RCF and RCF related phenomena more
challenging to investigate and understand. The problem is further complicated by the
heterogeneity and instability of the material microstructure. The next sections provide background

into the heterogeneity and unstable nature of steels manufactured for RCF scenarios.

1.3 Binary Fe-C systems

The material often referred to as steel is principally iron (Fe) with a small composition of
carbon (C) and other alloying elements. Depending on composition and temperature, iron and
carbon produce many different material phases. Figure 1.3 presents the different phases of a Fe-
C system in equilibrium as a function of temperature and carbon composition. The three phases
of interest in the diagram are austenite, ferrite, and cementite or carbide. The three phases are
distinct based on their atomic organization or structure. Austenite or y phase is a face centered
cubic (FCC) lattice structure and has the highest atomic packing density with 4 atoms per unit cell.
Ferrite or a phase is a body centered cubic (BCC) lattice structure with 2 atoms per unit cell.

Carbide is orthorhombic unit cell containing twelve iron atoms and four carbon atoms. The large
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lattice parameter and large Burgers vectors results in high hardness in contrast to the easily

deformed y and a phases [2].
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Figure 1.3: Binary Fe-C system phase diagram of eutectic steel (0.80% carbon) with slow
cooling. o= Ferrite, y= Austenite, Fe 3 C= Cementite or Carbide.[3]

Up to this point the discussion has been focused on phases existing in steel based on slow
and gradual changes of temperature or composition. However, steel microstructure can be greatly
affected by the rate at which change occurs. A typical time-temperature transformation (TTT)
diagram for plain carbon steel is presented in Figure 1.4. Through careful control of heating and
cooling rates, various steel microstructures can be produced which provide various material
properties. As indicated by Figure 1.4, martensite is generated by rapid quenching from the high
temperature austenite phase. The martensitic lattice structure in steels is a body centered tetragonal
structure due to carbon atoms located on interstitial sites between iron atoms. This results in a
highly deformed crystal structure which produces the characteristically high hardness of martensite.
Without consideration of other alloying elements within the system, a simple plain carbon steel
can produce a variety of unique microstructures. It is important to note, however, that not all

microstructures are equally stable.
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Figure 1.4: Time temperature transformation diagram for plain carbon eutectoid steel. [3]

1.4 Phase Transformations in Solids

The three most common phases of material are gas, liquid, and solid. A material will shift between
these different phases of matter based on available energy. However, as demonstrated by Figure
1.3, materials in a solid state of matter can have a multiplicity of phases present depending on
temperature and chemical composition. The stability of one phase at a particular temperature is
due to the thermodynamics of the system and is described by the Gibbs free energy [4]. The Gibbs
free energy (G) is described as

G=H-TS (1.1)

where H is the enthalpy, T is the absolute temperature, and S is the entropy of the system.
Figure 1.5 illustrates an important difference between stable and metastable equilibrium.
Location A on the diagram demonstrates stable equilibrium where the change in the Gibbs free

energy is zero (dG = 0) and the Gibbs free energy is at the lowest value possible. Location B is a
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metastable configuration as dG = 0 but a lower energy state exists. A phase transformation would
occur if the material were able to move from location B to location A. However, an energy barrier
(AG) exists which does not allow the transformation to occur. A driving force providing energy
greater than AG would enable the material to move from the metastable equilibrium to a state of

stable equilibrium.
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Figure 1.5: Diagram illustrating the difference between stable and metastable equilibrium.

1.5 Bearing Steels

A subgroup of steels known as “bearing” steels have been developed specifically for RCF
scenarios. 52100 or 100Cr6, 8620, and M50 are a few examples of bearing quality steels. Bearing
steels are generally characterized by fewer inclusions within the microstructure, good wear
resistance, and high hardness (58 — 64 Rockwell C) which improves RCF performance [5,6]. The
manufacturing process of bearing steels permits great flexibility in developing specialized
microstructures. Depending on temperature and time of tempering, bearing steels can have
strongly martensitic structures with high carbon concentrations and large carbides [7] or bainitic
steels of ultrafine carbides embedded in ferritic sheaves [8]. Regardless of desired microstructure

all bearing steels must undergo rapid quenching to produce high material hardness. As a result of
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rapid cooling, the steel microstructure is heterogeneous. The martensite, carbide, and austenite
phases observed in Figure 1.6 illustrates the heterogeneous nature of bearing steels.

Aside from the heterogeneity of the material system, the system is also somewhat unstable.
The austenite present in the system is in metastable equilibrium. Therefore, given proper
conditions, the austenite can undergo a phase transformations within the steel microstructure. This
attribute of the entrapped or retained austenite (RA) has led to extensive investigations of the effect

of RA in RCF.

Figure 1.6: Image of bearing steel microstructure prior to tempering [9]. RA is the white area in
the image.

1.6 Effect of Retained Austenite in RCF

For many years, RA has been a focus of developing new steels for RCF applications. Many
works have found an increase in RA volume fraction to be beneficial to RCF performance. [10-
15] Such enhancements in RCF life is attributed to RA’s ability to undergo a strain or temperature
induced phase transformation. As previously mentioned, austenite is the highest atomic density
for steel (FCC). However, after a phase transformation, the FCC structure is replaced by a BCC
or body-centered tetragonal (BCT) structure. This causes a volume expansion in the material and
produces internal compressive stresses. Richman et al. [16] suggested that the compressive
stresses associated with the RA transformation is the cause of improved fatigue life. Huo et al.

[17] found that RA transforms in the plastic zone near a crack tip acting to absorb energy, close
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the crack, and therefore slow the rate of crack propagation. Antolovich et al. [18] also observed
crack tip blunting caused by transformation of the austenitic phase. There is debate regarding by
what mechanism RA is beneficial, however, the general consensus is that RA improves fatigue
performance.

Depending on heat treatment and chemical composition, a high strength steel matrix can
be composed of ~0 - 70% RA [19,20]. However, the benefits of RA during a fatigue process must
also be considered within the context of utility. Most RCF application require tight tolerances to
ensure proper functionality. Many investigations have identified RA as the cause of dimensional
instability [21-26]. Dimensional instability in roller element bearings or gears can result in

misalignment or interference which leads to premature failure [27].

1.7 Modeling RA Transformations

Unlike most phase transformations in solids, the RA transformation does not require
diffusion of atoms. Instead, the transformation is martensitic or an orderly and rapid shift of the
atoms to form a new structure. The martensitic transformation is typically triggered by
temperature but is also influenced by the amount of strain in the material [28]. This behavior has
led to extensive modeling and simulation of RA transformation under static loading [29-32].
While many models exist for a statically loaded condition, few seek to incorporate the RA
transformation into a fatigue process.

Alley et al. [33] created a simulation to incorporate material microstructural considerations
into the fatigue process. The simulation included the RA transformation caused by RCF using a
crystal plasticity framework to incorporate the transformation induced plasticity. The simulation
was impressive, however, limited as it did not provide any criteria to predict when the RA
transformation would occur. As the RCF process leads to significant microstructural alterations
over time, predicting at what point microstructural changes will occur is of great value for advances

in simulating RCF performance.

1.8 Scope of this Work

As previously mentioned, a major focus of improving RCF performance is material based.

Chemical composition, heat treating, and other manufacturing process allow for a variety of

22



materials to be evaluated under RCF conditions. RA volume fraction is one parameter that has
been subject to many such investigations. Despite the significant interest in RA, work is lacking
to incorporate RA within RCF simulations. This work focuses on the development of a system to

include RA and the associated phase transformation into RCF simulations.

Chapter Two presents a thermodynamics based theory for predicting RA transformation
during RCF. An energy based criteria is constructed by combining principles from phase
transformations in solids with the field of damage mechanics. The criteria is implemented in an

FEM simulation of RCF to corroborate results against experimental data.

Chapter Three furthers the RCF modeling by considering microstructural deterioration, the
RA transformation, and residual stress formation occurring during RCF. Crystal orientation is
included to modify the RA transformation requirement. Damage laws are modified to consider
residual stresses and different components of the stress as the driver of failure. Common residual
stress profiles achieved through various manufacturing post-processing procedures are
implemented within the simulation. RCF performance is compared between the initial residual

stress profiles.

Chapter Four discusses experimental data to investigate the stability and formation of
residual stresses in bearing steel material due to RA transformation. Specimens of 8620 case
carburized steel are subjected to torsional fatigue at specific stress levels for a prescribed number
of cycles. X-ray diffraction techniques are used to measure residual stress and RA volume fraction
as a function of depth in the material. A model is set forth to predict compressive residual stress
in the material as a function of RA transformation and material relaxation. Model results are

corroborated with experimental data.

Finally, Chapter Five presents experimental and analytical work demonstrating the
significance of RA stability on RCF performance. Varying levels of retained austenite (RA) are
achieved through varying undercooling severity in uniformly treated case carburized 8620 steel.
Specimens are characterized via XRD and EBSD techniques to determine RA volume fraction and
material characteristics prior to rolling contact fatigue (RCF). Higher RA volume fractions did
not lead to improvement in RCF lives. XRD measurements after RCF testing indicated that little
RA decomposition had occurred during RCF. A continuum damage mechanics (CDM) finite

element model (FEM) is then developed to investigate the effects of RA stability on RCF.
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Utilizing the CDM FEM, a parametric study is undertaken to examine the effects of RA quantity,
RA stability, and applied pressure on RCF performance. The study demonstrates that the energy

requirements to transform the RA phase is critical to RCF performance.
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CHAPTER 2. A NOVEL APPROACH FOR MODELING RETAINED
AUSTENITE TRANSFORMATIONS DURING ROLLING CONTACT
FATIGUE

2.1 Introduction

Steels undergo many different types of heat treatments in order to achieve required material
properties for specific applications. When steels are subjected to rolling contact fatigue (RCF)
(e.g. cam and followers, bearings, etc.) hardness is considered to be one of the most important
material properties. In order to achieve high hardness, steels are rapidly quenched from high
temperatures in order to form martensite from the parent austenite phase. As a consequence of the
high cooling rates, some austenite becomes entrapped inside the steel microstructure, commonly
referred to as retained austenite (RA). These steels typically undergo subsequent heat treatment
processes to temper the otherwise brittle steel and decrease the amount of RA which can be as high
as 40 percent near the surface.

The steel microstructure can be considered as a heterogeneous material with RA having a
lower yield strength than the surrounding matrix [34]. Anoop et al. [35] developed a model to
characterize the material properties of 52100 steel as a function of RA concentration. The
effectiveness of such a model is apparent in static loading conditions but not applicable for fatigue
considerations as material microstructures evolve due to continuous periodic loading [36—40].

Microstructural evolution caused by cyclic loading has been a topic of interest for the past
fifty years. It is well known that SAE 52100 through hardened bearing steels undergo a
microstructural morphology when subjected to RCF. The first stage is the development of the
dark etching region (DER). The DER is observed directly under the raceway in rolling element
bearings and is termed as such due to its dark contrast during optical examination when etched
with 2% nitric acid. However, no definitive answer can be given as to what causes this
phenomenon but many agree that the DER represents martensitic decay [8, 9]. Some have
concluded that DER initiation begins at the depth of maximum (unidirectional) shear stress [43]
and then propagates throughout the depth. Oila [44] observed DER initiation along parent
austenite grain boundaries in helical gears.

Smelova et al. [38] recently applied electron microscopy and nanoindentation to investigate

material variations within 52100 steel microstructure due to RCF. They observed a reduction in
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material hardness from 10 GPa (Nano Berkovich hardness) to 7.5 — 7.9 GPa in the DER region.
Through secondary and backscattered electrons, they identified elongated and globular ferritic
grains appearing within the martensitic structure as the cause of material softening. This
observation provides the strongest evidence of DER formation due to martensitic decay.
Additionally, they provided EBSD maps spanning areas of both the DER and unaffected region.
Theses maps demonstrate a dramatic reduction of austenite within the DER compared to the
unaffected region. The relationship between the DER and austenite is of particular interest for the
current topic as it links martensitic decay or weakening of the microstructure with the phenomenon
commonly referred to as RA transformations or decomposition.

The entrapped RA exhibits metastablilty at ambient temperatures and will therefore
undergo a phase transformation provided sufficient energy. Researchers have observed the
occurrence of an immediate transformation when a free surface was introduced to a grain of RA
[45]. Accompanying these transformations is a volume expansion of approximately 3-5 percent.
The volume expansion is the resultant of RA shifting from the face-centered cubic lattice structure
to a martensitic body centered tetragonal or body centered cubic structure. Some researchers have
concluded that high amounts of RA within a microstructure induces desirable residual stresses and
will therefore improve fatigue resistance [11-13,46,47]. However, in order to reduce dimensional
complications related to volumetric expansion within the material, the RA concentration is
typically limited to less than 10 percent.

The phase transformation of RA within the steel microstructure occurs without atomic
diffusion, known as a martensitic transformation. Martensitic transformations are
thermodynamically driven phenomenon requiring a sufficiently large driving force. In the case of
RA transformations, this driving force is typically provided by undercooling the system. As the
temperature decreases, the Gibbs free energy of the austenitic phase increases [48]. It is the
difference between Gibbs free energy of the austenite and the martensite or ferrite phase that
constitutes the thermodynamic driving force necessary to cause the RA to transform [49].

Both theoretical and experimental work has been conducted to determine the necessary
driving force for RA to transform. Singh and Parr [50] experimentally measured the driving force
necessary for RA transformation as 300 £+ 70 cal/mol in pure iron. Investigations into Fe-C
systems found that initial transformations occurred from a driving force of 290 cal/mol [21, 22].

Nishiyama [53] agreed that 290 cal/mol would satisfy theoretical estimates for the chemical free
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energy and therefore constitute a sufficient driving force to cause the transformation in Fe-C
systems. Please note that this value is subjective as the energy requirements are affected by other
factors such as austenitic grain size and alloying elements [54-56].

Cryogenic treatment of hardened steels has been investigated as a means to eliminate all
RA within the microstructure. Zhirafar et al. [19] compared conventionally heat treated 4340 steel
to 4340 steel which was held at -196° C for 24 hours prior to tempering. They found a drop from
5.7% to 4.2% comparing the conventional to the cryogenic treatment. Thus despite a significant
temperature reduction, which would constitute a large driving force, much of the RA persists
within the microstructure. Thus the transformation of RA requires an increasing amount of energy
as less RA 1is present within the material.

Although undercooling is typically the energy source for phase transformations, Patel and
Cohen [28] demonstrated that applied stresses can facilitate or hinder transformations. Shearing
and tensile stresses will enable transformations by decreasing the necessary driving force while
compressive stresses increase the energy required for transformations. Furthermore, Voskamp et
al. [42] provided experimental results demonstrating RA decomposition at a constant temperature
as a function of depth and cycle in 52100 steel for deep groove ball bearings. Dommarco et al.
[12] was able to demonstrate similar results in 52100 steel utilizing a modified 3 ball and rod
testing apparatus. Distinguishing between bulk and lathe or film RA, Park et al. [57] observed
phase transformations in steel as a function of strain. They demonstrated that bulk type RA,
typically larger than lathe and situated between or inside ferrite grains, more readily transforms
compared to lathe type distributed along martensitic grain boundaries. Therefore energy
requirements for transformation are greatly influenced by the strength and hardness of the
surrounding matrix.

Few models exist to predict RA transformations due to mechanical loading. Available
models simplify the phenomenon by considering only one-dimensional static loading [30, 31].
Models under these conditions have been useful, however cannot be applied to fatigue loading
conditions.

This chapter presents a novel modeling approach for predicting RA transformations as a
function of depth and cycle based on an energy criterion. The approach utilizes continuum damage
mechanics to predict microstructural alterations induced by fatigue loading, in particular RCF.

The current model does not incorporate the effects of material defects. Additionally, residual
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stresses induced by RA transformations will not be considered as this model is only concerned
with modeling until the transformation and residual stresses occur afterwards. The results obtained
from the model for RA decomposition as a function of depth and cycle qualitatively compare well

with the experimental results for 52100 steel.

2.2 Model Description

The proposed model considers RA as a soft inclusion entrapped within the significantly
harder and stronger steel matrix. This entrapped RA is capable of martensitic transformation given
an adequate driving force. Our assertion is to attribute the driving force required for martensitic
transformations to the energy necessary for the RA to overcome the surrounding matrix in order
to provide the appropriate volume expansion for the transformation.

In thermodynamic terms, the steel matrix halts the needed volume expansion by performing
work on the RA phase. Therefore, the model developed for this investigation, considers the
deterioration or decay of the steel microstructure as a reduction to the work energy available in the
steel matrix to halt the transformation. The continuum damage mechanics approach is
implemented to characterize work energy lost within the steel matrix. The loss of work energy is
used in conjunction with a stress-assisted transformation mechanism to determine when energy
requirements for RA transformations are met. The transformation process and modeling approach
developed for this investigation is applied to the specific case of SAE 52100 through hardened
steel in order to corroborate analytical and experimental results. However, the analysis is general

and can be applied to other steel types.

2.2.1 Damage Mechanics

The field of continuum damage mechanics represents the degradation of materials by an
internal state variable D. Material degradation is a thermodynamic phenomenon described by a
state potential function and a dissipative function. The state potential function defines the total
energy within the system while the dissipative function describes the evolution of energy from a

useful to non-useful form. A mechanical representation of the state variable D is defined as;

D=5 2.1)
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where S is the total cross-sectional area of some arbitrary plane in the material and S, is the area
of voids lying on that plane. .Lemaitre describes the state potential and dissipative functions

respectively as follows [32, 33]

* * 1
P =y +;al-,-e§’j —Y, -, (2.2)

F =F(o,7,X;,Y;;,D;,T) (2.3)
where W* is the Gibbs specific free enthalpy term deduced from the Helmholtz free energy by

partial Legendre transform on the strain. W, is the elastic contribution affected by the damage

parameter; 0;; and efj are the corresponding stress and plastic strain respectively. Wr is defined

as the temperature contribution while Wp is defined as
1 1
w, =;(f Rdr + 2 Cayja; ) (2.4)

Here, R is the associated variable for isotropic hardening, a;; is the back stress, and C is the

material parameter representing the linear portion of the kinematic hardening. In the case of

isotropic damage accumulation, the elastic contribution is defined as

« _ ObqRVE
¥e = 2E(1-D) (2.5)

where 0,4, Ryg, and E are the von Mises equivalent stress, the triaxiality function and Young’s

modulus, respectively.

Ryg ==(1+v) +3(1—2v) ("—H)Z (2.6)

Oeq
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Damage mechanics quantifies the dissipation of energy from a useful state, work, to a
non-useful state, entropy. In the context of the austenite phase trapped within a steel
microstructure, the degradation of the surrounding matrix is a decrease in the energy available
within the steel matrix to halt the martensitic transformation. Therefore, the intent is to find the
change in available work energy or AW* in the steel matrix and equate this to a reduction of the
barrier energy or driving force needed for the austenite to transform. Thus if the steel matrix has
lost a sufficiently large amount of work energy, the RA transformation will spontaneously occur
without further provocation.

By considering a steady state condition at constant temperature, AWy is zero and thus the

equation reduces to;
AP* = AP + %AaijAelpj — AY, 2.7)

This relationship was implemented to predict RA transformations. Due to the availability
of RCF experimental results, SAE 52100 steel was chosen as the case study for evaluating the
modeling procedure. Rubin et al. [61] demonstrated that SAE 52100 steel subject to RCF
undergoes kinematic hardening without isotropic hardening. Therefore, in the current study, the

isotropic hardening parameter R in equation (2.4) is neglected thus reducing the AW, term.

2.2.2 Damage Accumulation

The state and dissipative functions from damage mechanics establish an energy criterion
to predict phase transformations within the microstructure. However, the objective is to model
RA decomposition as a function of both depth and cycles. Therefore, additional equations are
needed to calculate the damage rate in the material with respect to cycles and the subsurface stress
state. Xiao [62] developed an equation for high cycle fatigue that relates the rate of damage with

respect to cycles as follows.

A0eq 2q

dD
= s 28)
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Here, Aa,, is the range of the von Mises stress over a single stress cycle. M, q, and o, are

material specific parameters found via fatigue testing. Raje et al., Bomidi et al., and Slack et al.
[63—65] have used this fatigue equation successfully to predict life for different RCF loading
conditions. In the case of RCF, it is generally accepted that the rolling contact fatigue phenomenon
is a shear driven process. As fully reversible loads are considered to be the most detrimental to
fatigue life and experimental observations have indicated initial failure at or near the depth of

maximum orthogonal shear stress, this led to a modification of damage equation (2.8).

dD_[ ar M

aNn ~ lt,.(1-D) (2.9)

This modified form is derived by replacing the von Mises criteria with the range of
orthogonal shear stress (A7) over a single stress cycle. 7, and m are material specific parameters
established from torsional fatigue experimentation. This modified damage law has been
implemented in multiple RCF modeling procedures [10,64,66—68]. Equations (2.8) and (2.9) can
be used to calculate the energy dissipation in the material microstructure as a function of stress

cycles.

2.2.3 52100 Steel Material Parameters

Having established a method by which RA transformations can be predicted, a specific
material must be selected to compare analytical and experimental results. SAE 52100 through
hardened steel was chosen as the case study because of the experimental results available in the
open literature.

As previously described, the damage rate equations (2.8, 2.9) require material specific
parameters. The evaluation of these material parameters requires experimental stress life (S-N)
data. Bomidi et al. [69] demonstrated that a power law in the form of equation (2.10) can be used

to fit the experimental results for the case of fully-reversed shear loading;

A
7’ = AN} (2.10)
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where Nf is the number of cycles to failure at the range of shear stress Az with A and b being

constants of the line fit. Integrating equation (2.9) from an undamaged state (D = 0) to a fully
damaged state (D = 1);

0 1+m LAt

— m m
[y an = 7 (252) " ap > Ny = —[Z| (2.11)
Comparing equations (2.10) and (2.11) results in the following relationships;

m=—21 (2.12)

T, =24 (1 - l)_b (2.13)

Jalalahmadi et al. [67] provides a thorough explanation of this process. Given the
experimental results by Bomidi et al. [69], where A = 2.39 and b = —0.09, equations (2.12) and
(2.13) result inm = 11.1 and 7, = 5.98 for SAE 52100 steel subjected to fully reversed shear
stress.

Applying similar principles, the o,- can be derived from the available data by recognizing
the relationship between the shear stress reversal (At) and von Mises stress (o;,) in materials
subjected to pure shear. Based on the Mohr’s circle and the definition of von Mises stress, for a

material in pure shear;

A
~ = Tmax (2.14)
Oeq = \/§Tmax (2.15)

Therefore combining equations (2.14) and (2.15);
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(2.16)

Following a similar process as before, integrating equation (2.8) from an undamaged condition to

a fully damaged condition results in;

Nf oo 1 (o (=D
Jo an = J; =92 ap (2.17)
m
—_1 |or
Ny = [aeq] 2.18)

Substituting equation (2.16) into (2.10) and comparing to equation (2.18) gives

m 1
Lo = (Zea)p
e o I € @.19)
1
m=—1 (2.20)
g, = A 2.21)

As before, m = 11.1 while g,, = 5.18 for SAE 52100 steel considering von Mises stress as the

cause of damage within the material.

2.2.4 Driving Force Variation

Zener [51] and Cohen et al. [52] measured 290 cal/mol as the necessary driving force to
produce initial martensitic transformations in Fe-C systems. This value varies based on the applied
stress, the crystal orientation [28], and the surrounding material composition. For the specific case
of 52100 through hardened steel, alloying elements such as Chromium, Manganese and Silicon
will directly affect the driving force required for RA to transform. However, lacking experimental

measurements of the exact driving force needed in 52100 steel, the effect of alloying elements was

33



not considered in this modeling. Instead, the measured driving force for a generic Fe-C system
was considered as an approximation for 52100 steel.

An important consideration in stress-assisted martensitic transformations is the orientation
of the habit plane. The habit plane is the interface plane between the parent austenite phase and
the martensite. Unique to this plane is the lack of lattice distortion due to the martensitic
transformation. Patel and Cohen [28] demonstrated that shear stresses resolved on habit planes
will facilitate martensitic transformations while normal stresses will either facilitate or inhibit the
transformation depending on the directionality. They found that compressive stresses will increase
the required driving force thus impeding transformations while tensile stress normal to the habit
plane will decrease the required energy for RA transformations.

To incorporate the effect of habit planes, crystal orientations are randomly assigned to each
element within the model. For SAE 52100, the habit planes are approximated as [2,2,5] using
miller indices [70]. Shear and normal stresses are then resolved along habit planes based on the
assigned crystal orientation. These resolved stresses then directly modify the driving force
required for RA to transform. The miller indices [2,2,5] can be represented by multiple equivalent
planes within a given crystal lattice orientation; therefore only the plane that most reduces the
required driving force is considered as the habit plane for the specific crystal orientation.

Aside from the crystal orientation, the required driving force is also a function of RA
present within the material. This is most clearly demonstrated from results produced by Zhirafar
etal. [19] and Park et al. [57]. In order to capture this phenomenon within the model, as the volume
fraction of austenite decreases towards zero, the energy requirement is modified by an assumed
relationship of the initial volume fraction of austenite divided by the current volume fraction of

V¢ initial

” ) This is applied to represent increasing energy requirements for
f

austenite present (

transformations as less RA is present in the material. The increase in energy requirements for
transformations is at a rate less than the growth of available energy due to material damage,
therefore the increased energy requirements do not forbid RA transformations as volume fractions

approach zero.
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2.3 FEM Model of Rolling Contact Fatigue

Modeling RA decomposition can be achieved by considering the localized driving force
present at different points throughout the material. This driving force is a function of the damage
accumulation and resolved stresses along crystalline habit planes, both of which are functions of
the stress state. Therefore, a two-dimensional FEA model was developed to capture the complex

subsurface stress state induced by rolling contact fatigue.
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Figure 2.1: a) Depiction of 2D finite element domain. b) Magnification of finite element mesh to
demonstrate mesh refinement nearing the RVE
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Figure 2.1 depicts the domain developed for this investigation. The domain is 10b by 7b
in the width and depth, respectively, comprised of constant strain triangular elements, where b is
half the width of the Hertzian contact in the rolling direction. The representative volume element
(RVE) is the region from -3b to 36 with respect to the x direction and 0 to —1.575b in the y direction.
Boundary conditions were enforced along the bottom surface by setting the displacement in the x
and y directions to zero. The area of interest in the model is from -0.5b to 0.55 in the x direction
and 0 to -1.57b in the y direction. The domain dimensions are sufficiently large to produce stresses
in the area of interest comparable to a Hertzian pressure profile being passed over a semi-infinite
domain. To reproduce RCF loading conditions in the area of interest, a Hertzian pressure profile
was moved from left to right along the upper surface of the RVE from -3b to 36 in 81 discrete
steps. The developed FEA model closely mirrors previous rolling contact models [10,64,67,68,71].

In order to incorporate material effects due to austenite concentration, a random function
generator was used to assign an austenite volume fraction to each element within the RVE. The
procedure further ensures that the aggregate volume fraction of austenite within the domain is
comparable to reported levels in experimental data. Figure 2.2 presents the RA volume fraction
assigned throughout the RVE. The scale depicted in Figure 2.2 assigned red to the highest RA
concentration (~12.5%) and blue to the lowest (~0%).

Depth from the surface (um)

-100 0 200
Distance from RVE centerline (um)

Figure 2.2: Initial local RA assignments throughout the RVE for an average RA concentration of
10%. Scale is relative to the maximum RA assignment 12.5%.
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Via an assigned state variable, the volume fraction at each location within the domain is
used in ABAQUS to modify element specific material properties. For simplicity, a Voight or rule
of mixtures solution [72] is applied to calculate the yield strength for each element similar to

previous modeling of RA in 52100 steel [35].

Sy =Vr*Sya+ (1—=V;) * Sy, (2.22)
where Vf, Sy, and S, are the volume fraction of austenite, yield strength of austenite and

yield strength of the matrix, respectively. In order to compare with the experimental data presented
by Voskamp [42], the yield strength and modulus of elasticity are needed for both the austenite
and matrix of 52100 steel. Hatem [34] provides material properties for the austenitic phase while
Shimizu [73] has conducted extensive material testing on 52100 steel. Table 2.1 contains the
material properties used in this investigation. Additionally, elemental material parameters were
modified as a function of RA decomposition to represent material softening occurring within the
DER. To the best knowledge of the authors, experimentally determined values for the DER yield
strength and Young’s modulus are not available. Therefore, reasonable estimates for the final
yield strength and Young’s modulus (E = 180GPaq, S, = 1.8GPa) of the fully developed DER
were assumed based on hardness measurements. Using the initial values of E and S,, for the steel

matrix and final DER, a linear relationship between local RA decomposition and local material

softening was imposed in the model.

Table 2.1: Material Properties of Austenite phase and 52100 steel matrix

Austenite 52100 steel
200 GPa 205 GPa
Sy 367 MPa 2030 MPa

Because of the high localized stresses due to rolling contact pressures, the effect of
plasticity must be considered within the model. As previously described, Rubin [61] demonstrated
that fatigue loading causes kinematic hardening in SAE 52100 steel. In order to introduce

kinematic hardening into the material model, the ABAQUS simulation is initially conducted
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without considering damage or RA decomposition. This allows localized yielding and strain
hardening to occur within the material. The simulation is continuously updated during this process
until a steady state condition is reached where plastic yielding ceases. After achieving steady state,
stresses are then extracted from the ABAQUS simulation and input into a Matlab function where
localized damage is calculated as a function of cycles. The state of stress and amount of damage
at each element is implemented within the energy criteria to calculate RA decomposition. The
Matlab function increases the number of cycles while continuously determining the RA
decomposition until a threshold value of RA decomposition is reached. Updated volume fraction
values of RA are then returned to ABAQUS for further simulation to extract modified stress states
within the material. This procedure continues until a desired limit of total RA decomposition

within the RVE is reached.

2.4 Results and Discussion

The FEA modeling and analysis for RA decomposition in 52100 steel was performed with
the material parameters extracted from the experimental life data for 52100 steel in fully reversed
shear loading. The analysis was completed by employing both the von Mises and orthogonal shear
damage accumulation criterions individually. The ABAQUS FEA model developed was used to
corroborate with the experimental loading and geometric conditions provided by Voskamp et al.

[42].
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Figure 2.3: RA decomposition with respect to depth under the condition of a) von Mises stress
and b) orthogonal shear inducing damage, equation (2.8) and (2.9). The plotted lines represent
the RA decomposition in the microstructure at the different number of cycles provided.
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Figures 2.3a and 2.3b depict the analytical results for RA decomposition with respect to
depth and cycle. Each line on the Figure represents the amount of RA decomposition with respect
to depth at a specific moment during the simulation. The cycle count is used to define when the
RA decomposition verses depth was recorded during the simulation. These results were obtained
by implementing the proposed energy criteria in conjunction with the FEA model. Figures 2.3a
and 2.3b, were obtained by using the orthogonal shear and von Mises damage accumulation,
respectively. The simulation was performed at an RA volume fraction of ~10% subjected to a
maximum Hertzian pressure of 3.2 GPa with a half-width of contact, b, equal to 190 um. The
results shown in Figure 2.3 are compared to Figure 2.4 which illustrates Voskamp et al.’s [42]
experimental results of RA decomposition as a function of depth and cycle in 52100 steel with a

similar RA volume fraction and loading condition.

RA Decomposition (%)

o} 01 02 03 04 05 06
Depth into Material (mm)

Figure 2.4: RA Decomposition as a function of depth and cycles. Results provided by Voskamp
et al. [42] from 52100 steel deep-groove ball bearings.

Both the orthogonal shear and the von Mises criterion capture the overall shape as
represented by the experimental results of Voskamp et al. [42]. The orthogonal shear criterion
more accurately captures the location of the initial RA decomposition while the von Mises criteria
is able to better capture the decomposition occurring further into the material. This comparison
suggests orthogonal shear as the primary cause of material degradation and therefore RA
transformations in rolling contact fatigue.

In the current modeling, trends in the overall decomposition caused by the orthogonal shear

criterion as a function of depth were found to be in good agreement with experimental results. The
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analytical model predicted the depth for maximum RA decomposition as observed in experimental
results. Additionally, the modeling was correctly able to produce results that asymmetrically
favored RA transformations at greater depths compared to superficial material layers. It is noted
that analytical results deviate from experimental results at depths greater than 0.5 mm.

Cycle counts produced by the proposed model differed from those reported by Voskamp
et al. [9]. This deviation is attributed to a lack of experimental data for RA transformations. As
previously discussed, parameters m, 7,, o0, are material specific parameters applied within the
damage accumulation equations to determine the rate of damage with respect to cycles. These
material parameters were estimated from torsional fatigue life data. This is considered an
appropriate approximation in order to introduce the proposed energy criteria presented in this
investigation; however, fatigue experiments should be performed to improve model accuracy. The
experiments need to measure RA decomposition as a function of cycles at various stress states.
The data for RA decomposition with respect to cycles could then be curve fitted with a power law
in accordance with the principles introduced to extract material parameters as done previously with
the torsional fatigue data. This would then allow the extraction of the m, 7,, and g, specific to
RA transformations.

Although approximate material parameters (m, t,., g,-) are considered the primary cause of
differing cycle counts, deviations in cycle count may also be attributed to the use of 290 cal/mol
as the required driving force for RA transformations in 52100 steel. The value of AW*
implemented in the model is for a generic Fe-C system and not specific to the 52100 steel
composition which will be affected by the alloying elements: Cr, Mn, Si, S, P. Furthermore,
material properties E and S, for the DER were obtained based on the experimental hardness

measurements. The values of E and Sy will alter subsurface stress states and therefore the rate of

damage accumulation with respect to cycles.

Model parameters (7, g, m, AW, E, S,)) can be determined experimentally and employed
within the model to better reflect RA decomposition with respect to cycles. In order to demonstrate
the large effect model constants have on cycle prediction, all material parameters and properties
except m were held constant for the condition of orthogonal shear induced damage. Figure 2.5
presents the results of the simulation employing m = 17 as the material parameter. The

modification of the m parameter slightly affected the observed pattern of RA decomposition;
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however, the cycle count was greatly influenced by the alteration of the m parameter. This result

provides a clear demonstration of how material parameters greatly affect cycle predictions.
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Figure 2.5: RA decomposition under the condition of orthogonal shear inducing damage with
material parameter m=17.

Having observed good agreement between the analytical and experimental results for RA
decomposition with respect to depth, the modeling procedure was utilized to examine the effects
of RA concentration and distribution. Applying only the orthogonal shear stress criteria, the model
was used to examine additional conditions of 20% and 35% RA randomly dispersed within the
RVE. Figures 2.6a and 2.6b present the results for the 20% and 35% RA simulations, respectively.
Furthermore, two additional cases were considered to examine the effects of RA distribution by
linearly distributing the RA as a function of depth. In the first case, the maximum value of RA
(35%) was assigned to the surface and was linearly decreased to 0 at a depth of 0.6 mm. In the
second case the maximum was assigned at a depth of 0.6 mm and linearly decreased to O at the

surface. Figures 2.7a and 2.7b show the results of RA transformation for the two different cases

considered.
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Figure 2.6: Results for RA decomposition of a) 20% and b) 35% RA randomly distributed
throughout the microstructure applying the shear criteria.
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Figure 2.7: Results for RA decomposition for case of linear distribution with respect to depth. a)
35% assigned to surface and 0% assigned at 0.6 mm. b) 0% assigned to surface and 35%
assigned at 0.6 mm.

When high levels of RA exist in the microstructure, RA decomposition occurs more readily
without the need for material deterioration as seen in Figures 2.6a and 2.6b. From a microstructural
stand point, this is expected as RA is a softer phase of the material and more RA will decrease the
overall matrix strength. Thus less energy is required to overcome the surrounding matrix to enable
RA transformations. Additionally, the material as a whole will be subjected to greater plastic
deformation which further induces RA transformations.

Martensitic steels will typically have a high concentration of RA near the surface which
gradually diminishes with increasing depth into the material. The distribution of the RA greatly
affects RA decomposition with respect to cycles as demonstrated by Figures 2.7a and 7b.

Typically, RA decomposition gradually occurs over many stress cycles, however, in the case of
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high RA concentration at near the surface this does not occur. As shown in Figure 2.7a, two of
the lines representing the amount of RA decomposition within the RVE at different times during
the simulation are separated by a single load cycle. This signifies that additional material
degradation was not necessary and the available energy provided by the applied stresses was
sufficient to enable a large amount of RA transformations without the need for additional material
degradation. This is caused by a high RA concentration near the surface which creates a less rigid
material in close proximity to the highest stresses; therefore, RA decomposes rapidly in this region.
Conversely, initial RA decomposition, as shown in Figure 2.7b, required significantly more cycles
compared to the simulation for Figure 2.7a. This again is explained by having a low concentration
of RA near the surface. The material is stronger and more rigid in the absence of RA at the
locations of highest stress. Therefore the increased cycle count is due to both the improved
material resistance to plastic deformation and the distance of the majority of RA from areas of

high stress.

2.5 Combined Criteria

The modeling approach described in the previous sections has only considered the
orthogonal shear or the von Mises stresses separately. As previously discussed, the orthogonal
shear stress criteria produced results which are in better agreement with the experimental
observation, however, material degradation may be a function of both damage criteria. Therefore,
further simulations were performed which consider both the orthogonal shear stress and the von
Mises damage criteria simultaneously.

To consider both criteria simultaneously, the rate of damage as a function of cycles was
calculated for both criteria at every location throughout the RVE. The highest damage rate at each
location was then applied to determine available energy as in previous simulations. The analysis
considering both criteria simultaneously was first completed utilizing the material parameters as
previously established for 52100 steel. Figure 2.8a illustrates the results of the analysis
considering both criteria simultaneously while applying material parameters: 7, = 5.97, 0, =
5.17. This produced results identical to simulations which only considered the von Mises damage
criteria. This signifies that the von Mises criterion is dominating at every location throughout the
domain given the current material parameters. However, experimental observation indicates that

more RA decomposition occurs near the depth of maximum orthogonal shear as compared to the
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depth of maximum von Mises stress. Thus, orthogonal shear is considered to be more detrimental

to material degradation.
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Figure 2.8: Results of RA decomposition when applying both damage laws simultaneously.

Therefore, varying the material parameters (7., ,-) would allow the orthogonal shear to be
dominate at certain locations while the von Mises would be dominate elsewhere. A parametric
study was performed to determine if a simulation combining both criteria could produce better
results than the use of any single criterion. Thus in the parametric study material parameter o,

was varied, while maintaining 7, constant. This effectively varies which criteria is considered at

every location. Figure 2.8b depicts the results of the parametric study when ;—r = 0.7654.

Applying this ratio between the orthogonal shear and von Mises stress produces RA decomposition
as function of depth which closely matches the experimental results of Voskamp et al. [42]. This
agreement with experimental results suggests that RA transformations are a function of both
orthogonal shear and von Mises stress; however, the orthogonal shear has a more dominant effect

on material degradation as compared to the von Mises stress.

2.6 Summary and Conclusion

In this chapter, a novel energy based criterion is proposed to predict the decomposition of
retained austenite within martensitic steels. The approach is based on the experimental
observations of induced microstructural evolution through rolling contact fatigue. Fundamental

to the energy criterion is that some thermodynamic driving force is necessary to promote the
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material transformation. This driving force was accounted for by considering work energy
provided by cyclic loadings upon habit planes within the material and the energy dissipation or
loss of useful work in the surrounding matrix. Thus a continuum damage mechanics modeling
approach was developed to determine changes in the state potential and determine transformational
driving forces.

The energy criterion developed was implemented within an FEA model to investigate RA
decomposition for the specific case of 52100 steel. The analytical results were then compared to
published results measuring RA decomposition in 52100 steel. The RA decomposition results
obtained from the FEA modeling approach developed for this investigation were corroborated with
experimental results in the open literature. The results are in good agreement with published
experimental results as a function of depth and cycle. Improvements for a more accurate cycle
prediction can be achieved provided experimental work to measure required material parameters

(ty, 0, m, A¥™) specific to RA transformations in 52100 steel.
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CHAPTER 3. EFFECT OF RESIDUAL STRESSES ON
MICROSTRUCTURAL EVOLUTION DUE TO ROLLING CONTACT
FATIGUE

3.1 Introduction

Materials subjected to fatigue are known to undergo microstructural alterations. The
rolling contact fatigue (RCF) process which induces a high localized stress state produces
especially prominent changes in bearing steels. Bearing steels are known for their extremely high
hardness derived from their martensitic microstructure.

At high temperatures prior to quenching, steels are composed of the Face-Centered Cubic
(FCC) phase austenite. As cooling occurs the austenite transforms into a Body-Centered Cubic
(BCC) phase. Depending on the carbon composition, steels at room temperature will be composed
of pure ferrite or a ferrite cementite composite. In the case of bearing steels, martensite in the
microstructure is produced by extremely high quenching rates which cause a phase transformation
to occur without allowing for atomic diffusion; this is also known as a martensitic transformation.
The martensitic transformations do not allow carbon atoms to diffuse from interstitial positions
resulting in an asymmetrically warped crystal structure known as Body-Centered Tetragonal
(BCT). This structure is highly strained and by nature of the transformation process leads to high
dislocation densities within the martensite. These characteristics of the martensitic structure
produce the high hardness of the material.

An additional consequence of the extremely high quenching rates, is the presence of
retained austenite (RA) within the steel microstructure. Austenite at room temperature can achieve
a lower energy state via a phase transformation to a BCC structure. However, phase
transformations from an FCC to a BCC or BCT structure necessitate a volume expansion of
approximately 4 — 8% due to the comparatively higher atomic packing density of the FCC structure.
Therefore, the hardened steel structure surrounding the retained austenite acts as an obstacle to the
martensitic transformation by halting the needed volume expansion. This produces the metastable
behavior of retained austenite. Researchers have confirmed this behavior by providing a free
surface to specific grains of RA via focused ion-beam (FIB) milling and observing immediate

martensitic transformations [45].
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Despite the surrounding material, the RA will undergo a martensitic transformation
provided a sufficient driving force. This driving force has been approximated as 300 cal/mol in
Fe-C systems by the electrode potential method [50]. The necessary driving force for
transformations to occur is typically attributed to undercooling of the system, however,
deformation has been shown to stimulate martensitic transformations[30,56—58]. Work performed
by Blond¢ et al. [74] observed RA transformations due to temperature and deformation. As
temperatures were decreased, the energy provided by undercooling increased and the total amount
of mechanically induced austenite to martensite transformations increased leading to a larger
deformation prior to fracture.

52100 through hardened steel is a martensitic steel frequently used for rolling contact
applications. For this reason, it has been the subject of many studies to characterize microstructural
variation induced by RCF. After repeated rolling contact, the first major indication of
microstructural changes is the appearance of the dark etching region (DER). Jones [75] was one
of the first to report this phenomenon in bearings. Oila et al. [44] also observed the DER below
the contact surface in helical gears. This study indicated DER initiation to occur along parent
austenite grain boundaries at a depth corresponding to the location of maximum Von Mises stress.
Researchers have concluded that the DER formation is an optical representation of the decaying
martensitic structure [41,42,76].

Recently, Smelova et al. [38] performed electron microscopy and nanoindentation on
specimens of 52100 steel subjected to rolling contact. The study observed the DER formation and
through nanoindentation measured a softening of the material within the DER. Muro et al. [77]
also observed this softening in the DER. These results support the idea that the DER 1is simply an
optical representation of material deterioration due to cyclic loading. Additionally, electron back-
scatter diffraction (EBSD) performed on these specimens by Smelova et al. [38] observed a sharp
decrease in the amount of RA within the DER compared to other regions within the material.

Morris et al. [78] considered these results as the basis to propose an energy criteria to
predict RA transformations due to RCF. The key assertion of the model is to attribute the required
driving force for RA transformations to the loss of useful work energy in the surrounding material.
The model achieved good agreement with experimental results of RA decomposition in 52100
steel as measured by Voskamp [42]. Although the modeling procedure achieved results that

compared well with previous investigation, the procedure lacked consideration of residual stresses
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(RS) developing within the material due to the phase transformations and the RCF process. RA
transformations are known to induce compressive internal stresses between the original steel
microstructure and the newly transformed phase [79].

The concepts of material degradation, RA decomposition, and RS formation are not
independent phenomena. In order to obtain a better understanding of the microstructural response
to RCF, all three processes must be considered simultaneously. Microstructural decay, phase
transformations and internal stresses were implemented within a 2D FEA line contact model to
investigate variation in microstructural alterations due to residual stresses present within the
material. In order to verify the modeling procedure, initial simulations were performed using
parameters and conditions extracted from experimental conditions and then directly compare to
empirical measurements of RA decomposition and RS formation in 52100 steel deep groove ball
bearings. Further simulations implemented various residual stress profiles induced by laser-shot

peening or carburizing processes to compare the benefits of different initial RS states.

3.2 Energy Criteria for RA Transformations

As previously mentioned, the energy criteria proposed by Morris et al. is implemented in
this model to predict RA transformations as a function of stress history and load cycles. This
modeling approach requires a material specific energy to predict RA transformations. The material
specific energy has been observed to vary due to chemical composition, grain size and material
phase composition [54,55,57]. Due to the lack of experimental results identifying the specific
energy criteria for 52100 steel, measurements by Zener [51] and Cohen et al. [52] of 290 cal/mol
in FE-C systems are considered as a good approximation and as the default required driving force
for 52100 steel’s chemical composition. Due to the carbon concentration of 52100 steel (~1%),
the martensite morphology is considered a mixture of lathe and plate martensite.

Work done by Parks et al. [57] utilized EBSD to observe changes in RA volume fraction
due to an increasing strain. Two important outcomes of the study were that austenite undergoes
incremental transformations as energy is available and areas of higher austenite volume fraction
required less energy to induce transformations. Therefore, within the modeling approach used for
this investigation, partial RA transformations are considered to occur as the energy becomes
available. These transformations in turn create more constraint on the remaining RA thus

increasing the required energy for further phase transformations.
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Two available sources are considered to fulfill the energy requirement. The first being
material deterioration or damage which decreases the amount of useful work available in the
surrounding matrix to halt the required expansion for the FCC to BCC or BCT phase
transformation. The second is a stress-assisted transformation phenomenon. Patel and Cohen [28]
observed a relationship between the required driving force of RA transformations and the applied
stress resolved on the habit planes. A tensile normal stress reduced the total energy requirement
while a compressive normal stress increased energy requirements necessary for martensitic
transformations to occur. Shearing stress, regardless of direction, reduced the total energy
requirements for transformation. They proposed the following work equation to modify the energy

requirement

U=r1yy,+o0¢€ (3.1)

where 7 is the shear along the habit plane and o is the normal stress perpendicular to the habit
plane. y, and €, are the shear and normal components of the transformational strain which are
approximately 0.2 [28] and 0.04 [80], respectively. Voothaluru et al. [81] verified this concept by
observing preferential austenite transformations along planes of the highest resolved shear stress

via in-situ neutron diffraction.

3.3 Development of Residual Stresses

Residual stresses are internal stresses that exist within a body without the application of
some external force. RS arises due to misfit strains within the material [82]. These misfit strains
are attributed to either non-uniform volume expansion or non-uniform plastic deformation. For
the specific case of 52100 steel subject to RCF, non-uniform volume expansion occurs due to RA
transformations while non-uniform plasticity is caused by the complex subsurface stress state.

Johnson [83] has provided extensive theoretical examination of residual stresses within an
elastic-plastic half-plane subjected to rolling contact. Applying Hertzian theory with a Von Mises
failure criterion, Johnson asserts that residual stresses will develop perpendicular to the contacting
surfaces. Development of such RS would decrease the maximum Von Mises stress occurring

during a load pass and initiate the second stage of RCF process known as shakedown.
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Experimental work by Voskamp [79] demonstrated large compressive residual stresses developing

perpendicular to the contacting surfaces.

3.4 FEM Model of Rolling Contact Fatigue

A finite element modeling procedure was developed to determine the evolving
microstructure due to RCF. The modeling procedure is performed for 52100 through hardened
steel. 52100 steel was chosen because of its frequent use in rolling contact scenarios and the
availability of extensive experimental results. Details of the specific modeling procedure are

provided below.

Figure 3.1: Depiction of 2D finite element domain

3.4.1 Two-Dimensional FEA Model

In ABAQUS, a semi-infinite domain constructed of infinite elements and constant strain
triangular elements is used to determine stresses occurring within the material. Figure 3.1 depicts
the domain developed for this investigation. The representative volume element (RVE) is the

finest meshed region from -3b to 35 in the x direction and 0 to —1.57b in the y direction, where b
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is the half width of the Hertzian contact. In order to simulate conditions similar to experimental
results, b is set to 380 um and B, 1s 3.28 GPa. Infinite elements attached along the sides and
bottom of the domain act as boundary conditions allowing for the implementation of residual stress
along the rolling direction.

The area of interest in the model is from -0.55 to 0.5 in the x direction and 0 to -1.57b in
the y direction. The domain dimensions are sufficiently large to produce stresses in the area of
interest comparable to theoretical line contact on a semi-infinite plane. To reproduce RCF loading
conditions in the area of interest, a Hertzian pressure profile is moved from left to right along the
upper surface of the RVE from -2.2b to 2.2b in 81 discrete steps. The use of 81 steps allowed for
close approximations of the stress history at all points throughout the domain while minimizing
computational effort. The developed FEA model closely mirrors previous rolling contact models
[10,64,67,68,71].

Stresses are extracted from the ABAQUS simulation and input into a Matlab function
where localized damage is calculated as a function of cycles. The state of stress and the amount
of damage at each element is implemented within the energy criteria to calculate RA
decomposition. The Matlab function increases the number of cycles while continuously
determining the RA decomposition and RS formation until a threshold value of RA decomposition
is reached. Updated volume fraction values of RA and new RS values are then returned to
ABAQUS for further simulation to extract modified stress states within the material. This
procedure continues until a desired limit of total RA decomposition within the area of interest is

reached.

3.4.2 Crystallographic Considerations

'Finite Element

(b)

Figure 3.2: a) Voronoi tessellations representative of an austenitic microstructure. The average
Voronoi diameter is 10 um. b) Discretization of Voronoi tessellations to create finite element
mesh.
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As previously discussed, crystal orientation directly affects energy requirements for RA
transformations and is therefore an important component of modeling material microstructures.
Voronoi tessellations simulate observed microstructures and have been incorporated into modeling
procedures [67,84,85]. These tessellations are generated via seed points or a finite and distinct set
of points distributed within a plane. Areas of the domain are assigned to the closest corresponding
seed point. This generates the Voronoi diagram representative of an austenitic steel matrix as
shown in Figure 3.2a. Each tessellation is further discretized into finite elements to allow for a
better stress state solution (Figure 3.2b).

Crystalline orientation is described using three Eulerian angles; from each angle a
rotational matrix is created. The individual matrices are then multiplied together to create one
rotational matrix representative of a XZX rotation. This provides all the information necessary to
calculate energy requirements by resolving stresses along habit planes. The three Eulerian angles
are assigned at random to each representative grain or Voronoi area and in turn all corresponding
finite elements.

Habit planes are the interface between the parent austenite and martensite phase. By
definition, these unique planes have no lattice distortion due to the transformation. In the case of
52100 steel, the habit plane is best approximated by the [2 2 5] plane [70]. Considering the [2 2
5] plane within an FCC crystal structure gives 24 equivalent planes but only six unique stress states
after stresses were resolved. The resolved stresses were then implemented in Patel and Cohen’s
work equation to determine the most advantageous plane for RA transformation. All future work

energy calculations are performed with respect to this plane.

3.5 Material Evolution

3.5.1 Material Deterioration

The RCF process brings about gradual material changes. Within this modeling procedure,
material deterioration, RA transformations and RS formation are the three principle considerations.
As previously described, damage is often represented by microvoids within the material.
Equivalently, damage can be expressed as a deterioration of the material stiffness by introducing

the concept of damage into the stress equation as follows.
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where F is some applied force, & is the effective stress in the material due to damage, and S is the
effective area of some plane within the material subjected to damage. Apply equation (3.2) to

Hooke’s law

oc=E(1—-D)e (3.3)

The effective modulus of a material subjected to damage is defined as

E=EQ1-D) (3.4)

This definition for the material stiffness is implemented within the ABAQUS simulation to

represent the deterioration or weakening of the material.

3.5.2 Retained Austenite

RA is distributed throughout the material domain by means of an assigned volume fraction.
The volume fraction is randomly assigned to each element, however, the process ensures that the
aggregate amount of RA within the microstructure is representative of concentrations typically
found in 52100 steel, approximately ten percent. Using an assigned state variable, the volume
fraction at each location within the domain was implemented within the ABAQUS FE model to
modify element specific material properties. For simplicity, a Voight or rule of mixtures solution
[72] was applied to calculate the yield strength for each element similar to previous modeling of

RA in 52100 steel [35].

Sy =VixSya+ (1= V) *Sym 3.5)
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where V¢, S,,,, and S, are the volume fraction of austenite, yield strength of austenite and yield
strength of the matrix, respectively. In order to compare with the experimental data presented by
Voskamp [42], the yield strength and modulus of elasticity are needed for both the austenite and
matrix of 52100 steel. Hatem [34] provides material properties for the austenitic phase while
Shimizu [73] has conducted extensive material testing on 52100 steel. Table 2.1 contains the

required material properties for this investigation.

3.5.3 Residual Stress

The fundamental concept of internal or residual stresses due to misfit strains is well
understood. However, the prediction of RS within materials is a complex phenomenon to capture.
The occurrence of RS can be considered as the combination of two accumulative functions and
one dissipative function. Plastic yielding and phase transformations within the material will
increase misfit strains while material relaxation reduces internal stresses.

Relaxation has been observed in cyclic loading conditions of materials with preexisting RS
values such as cold rolled steel or shot peened materials [86,87]. Voskamp [42] also provides
evidence of relaxation occurring during the RCF process by observing a decrease of the RS values
measured at depths where all RA has transformed. Some phenomenological models have been
proposed to predict new residual stress states in materials as function of previous stress state,
applied stress, and cycle [88—90]. These models are material dependent and limited to uniaxial
loading conditions. Zhuang et al. [91] proposed a physics based modeling approach, however, this
approach is not applicable to an evolving residual stress state nor complex state of stress as would
be present during the RCF process.

Initial simulations were used to verify the model developed by comparing experimental
work performed by Voskamp to simulated results. The maximum Hertzian pressure due to the
applied load was set to 3.28 GPa. According to Johnson [92], the yield condition for two

contacting cylinders assuming a Von Mises criteria is given by the following equation

po =31k (3.6)
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where p, is the maximum Hertzian pressure and k is the shear yield strength of the material. This
yield criterion is extended to line contact by the notion of equivalent radius. Experiments
performed using a MTS torsional fatigue rig give k = 1.5 GPa for 52100 through hardened steel,
Figure 3.3.

52100 Through Hardened Steel

0 5 10
Angle of Twist (°)

Figure 3.3: Static torsional test of through hardened 52100
steel. Yielding initiates at approximately 1500 MPa.

Therefore, given Voskamp’s loading conditions, the effects of plasticity are small and will
therefore be neglected when considering RS formation. Thus, RS formation becomes a function
of phase transformations and material relaxation. Due to the extremely intricate nature of residual
stresses arising in the material, an empirical formulation is constructed from experimental results
obtained by Voskamp. The function assigns an RS value to each element within the domain based
on the RA decomposition and stress history. The RS values are then implemented within
ABAQUS and Matlab to modify the subsurface stress state and energy calculations, respectively.

Material degradation, retained austenite transformation, and residual stress formation are
all considered to be occurring simultaneously. The modeling procedure determines damage as a
function of cycles using equation (2.9). The change in damage is used in conjunction with the

work performed along habit planes to determine RA decomposition and RS generation. Values of
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RA and RS were calculated using an iterative process to converge at a new material state. This

material state is then implemented within the ABAQUS simulation.

3.6 Results and Discussion
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Figure 3.4: RS values and RA Decomposition as a function of depth and cycles. a) Experimental
results provided by Voskamp et al [42] from 52100 steel deep-groove ball bearings. b) Simulated
results.

The ABAQUS simulation combining material degradation, phase transformations and
residual stress formation was first completed with loading conditions and material parameters to
replicate experimental conditions as recorded by Voskamp [42]. The results for this simulation
are directly compared to experimental measurements of RA decomposition and RS formation in
deep groove ball bearing obtained through X-ray diffraction as depicted in Figure 3.4.

Both the RA decomposition and RS formation observed in the simulated results show good
agreement with Voskamp’s measurements. The simulation correctly predicts the largest RA
decomposition near 0.215 mm with an asymmetric profile about the depth of highest

decomposition. Additionally, the RS profile produced via the simulation closely mirrors stress
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levels measured within the bearing material. The simulation predicts a marginally higher
compressive stress at a slightly deeper depth within the material. Overall, the trends of RA
decomposition and RS formation are remarkably similar to experimental results. It should be noted
that Voskamp et al. attributes the high compressive stresses and high RA decomposition at the
surface to the machining processes performed to manufacture the specimens.

The results of the initial simulation indicate the model is capable of capturing the overall
pattern of microstructural evolution due to RCF. However, the model is not considered accurate
at predicting microstructural evolution as a function of cycles. This is attributed to uncertainty in
the material parameters chosen for the simulation as well as the underlying assumption that all
material parameters will remain constant throughout the entire process. Regardless of the model’s
limitation in predicting material evolution as a function of cycles, the model is considered adequate

for a comparative examination of initial residual stress profiles.

3.6.1 DER Formation

RA decomposition is considered to directly correlate to the formation of the DER [38].
Therefore, the results of the FEA modeling of RA decomposition were compared to experimental
observations of DER formation. In order to compare the FEA results with DER formation, the
volume fraction of austenite was plotted in grayscale at different steps throughout the simulation.
The maximum value of 12.5% RA in this simulation is represented by white while a 0% austenite
concentration is represented as dark gray. Figure 3.5 presents images of the RVE from the FEA
simulation utilizing parameters to simulate loading conditions described by Voskamp.

Due to crystal orientation, RA within certain prior austenite grains is more susceptible to
martensitic transformations. This is the cause of the seemingly sporadic transformations occurring
at various depths. As demonstrated in Figure. 3.5, the repeated rolling contact favors
transformations within the region between the maximum orthogonal shear and the maximum Von
Mises stress. As RA is depleted within this region, transformations begin to occur more regularly
at greater depths. The results closely represent experimentally observed patterns and behavior of
DER formation. Figure 3.6 illustrates images of DER formation in deep groove ball bearings made
of 52100 steel. Figures 3.6a and 3.6b correspond to a rolling contact fatigue specimens after 3.4

x 108 and 1 x 10° cycles, respectively, applying a 3.2 GPa maximum Hertzian pressure.
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Figure 3.5: Simulated RA decomposition plotted in a relative scale where white is the maximum

RA present (12.5%) and black represents zero RA. Images correspond to an increasing cycle
count moving from left to right.
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a)

Figure 3.6: Images of DER formation in 52100 steel due to rolling contact P max=3.2 GPa after
a) 3.4 x 10”8 cycles and b) 1 x 109 cycles [42]

b) &

3.6.2 Effect of Initial Residual Stress State

Different manufacturing processes achieve a variety of initial residual stress conditions.
Some methods such as shot peening, laser-shock peening, and cold rolling intentionally induce RS
within the material. Other processes such as heat treating, case carburizing, or gas nitriding
inevitably create RS fields within the material. Nikitin et al. [86] provides RS profiles for
conditions of laser-shock peened and cold rolled steel. Walvekar et al. [85] discusses various RS
profiles due to the carburizing process; these profiles are also applicable to nitride layers [93].
Seven distinct RS profiles are implemented within the microstructural evolution simulation to
represent RS values achieved via manufacturing processes. Figures 3.7 through 3.13 illustrate
differences in RA decomposition and RS formation due to various initial RS profiles. The
implemented initial residual stress profiles correspond to different manufacturing processes: laser-
shock peening, deep rolling and carburizing at different case depths (b, 2b, 4b, 5b, 10b).

In general, the addition of an initial residual stress state provided an increase to the total
number of cycles required to cause RA transformations. Furthermore, in the cases of high initial

residual stresses near the surface, laser-shot peened; deep rolled; and carburized at a case depth of
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b, the high compressive stresses near the region of maximum orthogonal shear stress serve to retard
phase transformations. This creates a scenario where the RA phase found deeper within the
material is more likely to transform. This effect is minimal in the laser-shot peened case but

apparent in the deep rolled and case depth of b material as illustrated in Figure 3.8-3.9.
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Figure 3.7: Simulation results for a) RA decomposition and b) RS formation in laser shot peened
steel.
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Figure 3.8: Simulation results for a) RA decomposition and b) RS formation in deep rolled steel.

In the case of large initial residual stresses deeper within the material, preliminary RA
decomposition is concentrated at the location of maximum orthogonal shear stress. As this region
is depleted, RA at greater depths begins to be consumed by the RCF process as shown in Figure.
3.11-3.13. Failure in the RCF process occurs when a crack propagates to the surface and material
is dislodged creating a pit or spall. Therefore, in order to extend RCF life, material degradation is
preferential at greater depths within the material. RS profiles that have increasing RS values at

depths beneath the location of orthogonal shear stress intensify the RA decomposition within the
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near surface region. Since this behavior is linked to material degradation, this may lead to crack

initiation nearer the surface and therefore lower RCF lives.
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Figure 3.9: Simulation results for a) RA decomposition and b) RS formation in case carburized
steel of case depth b, where b is the length of the Hertzian half-contact.
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Figure 3.10: Simulation results for a) RA decomposition and b) RS formation in case carburized
steel of case depth 2b.
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Figure 3.11: Simulated results for a) RA decomposition and b) RS formation in case carburized
steel of case depth 4b.
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Figure 3.13: Simulated results for a) RA decomposition and b) RS formation in case carburized
steel of case depth 10b.
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Considering all the initial RS profiles implemented within the simulation, the deep rolled
case was considered the most beneficial. The high RS values near the surface retard near surface
material degradation and shifted the material deterioration to greater depths. These results concur
with practices frequently performed in industrial settings. Often to increase the life of a rolling
element bearing, the component will be subjected to a load much larger than anticipated operating

conditions to cause plasticity and large residual stresses similar to the deep rolled RS profile.

3.7 Summary and Conclusion

The focus of this paper was to capture a more complete picture of microstructural evolution
occurring during the RCF process. This was accomplished by utilizing principles of damage
mechanics and energy to predict phase transformations within the material. Residual stress values
were then determined from experimental data relating stress state and RA decomposition to RS
present within the material. Material degradation, RA transformations and RS formation are then
coupled together within an ABAQUS FE simulation to observe microstructural evolution due to
RCF. The simulation provided good agreement with experimentally determined values of RA
decomposition and RS formation in deep groove ball bearings.

The modeling procedure was then used to investigate various initial RS conditions within
the material. Higher RS values near the surface caused microstructural alterations to occur deeper
within the material. This is beneficial as cracks would need to propagate a larger distance in order

to reach the contact surface.
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CHAPTER 4. RESIDUAL STRESS FORMATION AND STABILITY IN
BEARING STEELS DUE TO RETAINED AUSTENITE
TRANSFORMATION

4.1 Introduction

Hardened steels are commonly used for critical mechanical components subjected to
rolling contact fatigue (RCF). The high hardness achieved through rapid quenching and subsequent
heat treatments is ideal for RCF scenarios. To improve RCF life, compressive residual stress (RS)
is often introduced within the material [94-96]. Carburization, nitriding, over-rolling, hard turning
and shot peening are viable processes to induce compressive RS within materials. The RS created
during these processes is a consequence of either chemical, thermal, or plastically generated misfits
within the material [82]. Materials that use phase transformation specifically to generate residual
stresses in the material can also be created.

Typically, the austenite phase in steels is energetically unstable at low temperatures.
However, because of the rapid quenching and chemical composition, austenite may exist within
the steel matrix at room temperature. The entrapped or retained austenite (RA) within the steel
microstructure is a metastable phase that produces improved ductility and strain hardening
behavior in specimens subjected to tensile loading. Improvements in material behavior are
attributed to the approximate 5%—8% volume expansion accompanying the transformation as face-
centered cubic (FCC) austenite transforms to a body-centered cubic (BCC) ferrite/cementite or a
body-centered tetragonal (martensite) crystal lattice.

Unlike many types of phase transformation, RA transformation is martensitic or occurs in
an orderly manner without the need for diffusion. Instead of relying on diffusion, RA
transformation is typically assisted or triggered by the applied stress state or overall material strain.
Although tensile stresses normal to the RA habit plane facilitate decomposition [28], RA
transformation can occur under purely compressive loading.

Several published studies have supported this observation. Hossain et al. [97] applied
compressive stresses to high-carbon steel to examine RA transformation. The results show
increasing RA transformation as compressive stresses increase. Interestingly, Hossain et al. [97]
also indicates that despite 3 GPa of applied compressive stress, some amount of RA remained in

the material microstructure. Similar work by Voskamp [42] observed gradual RA transformation
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in bearing raceways as a function of rolling passes. An increase in compressive RS magnitude was
observed to accompany RA transformation. Morris et al. [78] proposed that the process of RA
decomposition in bearing steels subject to fatigue is enabled by the weakening of the surrounding
steel microstructure, which allows the RA to expand. Results by Voothaluru et al. [81] of in-situ
neutron diffraction on bearing steel subjected to uniaxial loading supports this idea. The results
indicated that no RA transformation occurred until the material began to plastically deform, which
created space for the RA to transform.

Many researchers consider RA within the microstructure to be beneficial to material fatigue
resistance. Some attribute the improvement in fatigue life to the theory that RA acts to blunt crack
tips propagating through the material [18]. In the case of RCF, researchers have suggested that the
compressive residual stresses accompanying RA transformation improve RCF life [10-12,14,15].

However, the issue is more complex than simply the amount of RA present within the
material. In order to achieve high volume fractions of RA, specific heat treatments and chemical
compositions are required to stabilize the RA within the material. Further, the stability of the RA
is also dependent on morphology. Park et al. [57] observed bulk or granular RA decomposing at
lower macro strains compared to film RA, which is much thinner and often wedged between or
around plates of martensite. Garcia-Mateo et al. [98] suggested that the stability of RA must neither
be too high nor too low to capitalize on the benefits of RA within the material. For RCF, the
increase in compressive RS from RA transformation is assumed to be the most significant benefit.
But the development of RS in the material cannot be attributed solely to RA transformation.

As previously mentioned, many processes are available to induce RS within a material
microstructure. The extremely high localized stresses caused by the RCF phenomenon induce
subsurface compressive RS [77]. Once RS is present in the material, repeated loading creates a
competing process known as “material relaxation” to alleviate RS [88,90]. Zhuang and Halford
[91] identified the main factors affecting RS relaxation: initial magnitude, stress amplitude, and
number of cycles. Lu et al. [99] notes that relaxation via macroplasticity is dominant for high
stresses. Thus, the RS present within the bearing steel material is a combination of various
phenomena occurring simultaneously.

The objective of this investigation is to observe RS development as a function of RA
transformation in bearing steels. A material subjected to rolling contact fatigue exhibits

compressive principal stresses. The differences between these principal stresses create shear
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stresses within the body, including fully reversed shear stress. The RCF process can be greatly
affected by a number of factors such as lubrication, contamination and material hardness. In order
to remove the influence of these factors, bearing steel specimens were subjected to fully reversed
shear stress via torsional fatigue. Torsional fatigue has the added benefit of applying pure shear
without compressive stresses to hinder RA transformation, applying a far more uniform stress state
compared to RCF, and removing the high localized stresses of rolling contact as a means of RS
generation.

To examine the relationship between RA transformation and RS generation, specimens of
carburized AISI 8620 steel with high RA concentrations (~35%) were subjected to various loads
of torsional fatigue at prescribed cycles. The specimens were then examined using X-ray
diffraction techniques to observe changes in the RA concentration and RS magnitude. The results
demonstrate the interaction between RA transformation and material relaxation as it relates to RS
formation in the material. Utilizing the experimental results, an analytical model was developed to

predict RS formation in the AISI 8620 steel specimens.

4.2 Experimental Investigation

ISO standard 1352 torsional specimens of carburized AISI 8620 steel were machined to
the specifications presented in Figure 4.1 and subjected to fully reversed shear loading. The
specimens were specifically manufactured to have high amounts (approximately 35%) of RA
within the microstructure. The material was measured to have an ultimate shear strength (S,5) of
2.17 GPa.
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Figure 4.1: Torsional fatigue specimen. Surface is ground and polished along axial direction.
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The testing was performed at three stress levels in an attempt to isolate the different
phenomena occurring during the fatigue process. At low stresses, relaxation is generally minimal,
and slow and progressive RA transformation is expected. At high stresses, RA is quickly consumed
during the fatigue process, and relaxation becomes the dominant RS behavior. Therefore, 0.4S,;,
0.6S,,, and 0.8S, were chosen as the stress levels. Stress level 0.6S,, acts as an intermediary
between the two extremes. Multiple tests were performed at each stress level for the various
prescribed cycles. Table 4.1 presents the stress level and prescribed cycles for each torsional
fatigue specimen.

In order verify that RS was not being generated by the fatigue process alone, certain
specimens were subjected to a unique stress history. The specimens were first subjected to one
fatigue cycle at 0.8S,,;, after which additional fatigue testing was performed at 0.4S,,; or 0.6S,,.
The first cycle served to consume the majority of the RA in the system, thereby enabling the
observation of RS formation in the material in the absence of RA. This group was designated as

the R group (see Table 4.1).

Table 4.1: List of various stress levels and prescribed cycles for the carburized AISI 8620
specimens. Cells with numbers represent standard testing; an ® represents R group results. Cells
with both indications had two specimens performed under the two different conditions.

Cycles
1 |5 10 | 50 | 100 | 1,000 | 10,000 | 100,000
Shear
stress | 0.4 | 4-1 4-2 ® 43® | 4-4 4-5 | Group 1
A“Eg'“;‘de 06| 6-1 |6-2]6-3® 6-4 | 6-5® Group 2
0.8 | 8-1 84 |8-5 Group 3

Upon test completion, x-ray diffraction (XRD) was used to measure the RA volume
fraction, circumferential RS, and distortional RS in the material. The measurements were taken at
0, 10, 40, and 80 pum below the surface. The average measurement error of the circumferential

stress was 1+4.34 MPa, with the highest recorded error being £6.95 MPa.
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4.3 Results and Discussion

The primary focus of this work was to investigate the evolution of the RS in carburized
AISI 8620 steel. Phase transformation and material relaxation are considered to be the primary
drivers of RS formation. Specimens were divided into four groups. Groups 1, 2, and 3 correlate to
the applied shear stress amplitude (7,) at the values of 0.4S,, 0.6S,,, and 0.8S,;, respectively.
The final group is the R group, as previously mentioned. Each group will be discussed individually,
although certain overarching patterns were observed in all data sets.

Similar to bearing steels subjected to RCF, the torsional specimen exhibited a “shakedown
period.” The shakedown period is characterized by higher strains that lead to material hardening.
After initial deformation, the material response stabilized and constant strains were observed until
final failure was approached. Consequently, the first fatigue cycle, regardless of 7,, consumed the
most RA compared to any subsequent fatigue cycle. Additionally, the initial fatigue step caused a
reduction in the surface RS magnitude.

After initial loading, RA decomposition and RS generation stabilized. RA decomposition
occurred at near equal rates throughout the material depth measured. As the amount of RA present
in the material decreased, inducing additional phase transformation in the remaining RA became
increasingly difficult. Indicative of uniform volume expansion, RA transformation did not lead to
an increase in distortional or shear RS under any loading condition. An increase in compressive

circumferential RS due to RA transformation was observed in all cases.

43.1 Groupl (t, =0.4S,,)

For the majority of specimens in group 1, the change in RS magnitude from depths of 0 to
10 um below the surface was approximately 200 MPa, as shown in Figure 4.2. This matches well
with the pristine or un-run specimen measurement, and is indicative of two important phenomena.
First, the RS increase caused by RA transformation was evenly distributed throughout the material.
Second, material relaxation was small, if not negligible, for the 0.4S, case. Given that relaxation
is a function of the current RS in the material, the fact that the much higher RS value at the surface
was not reduced to more closely match the RS value at 10 um suggests that material relaxation

was not occurring.
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Figure 4.2: X-ray diffraction measurements for torsional fatigue specimens subjected to a shear
stress amplitude of 0.4 S _us after various prescribed fatigue cycles. a) RA percentage as a
function of depth. b) Circumferential residual stresses as a function of depth.

Despite being the lowest loading condition, the RA volume fraction was reduced to
approximately 25% within the first cycle. The RA morphology is most likely the cause for the
large drop in RA. As Parks et al. [57] demonstrated, the larger bulk RA transforms more readily
at low strains. More importantly, the large amount of RA decomposition did not lead to a
significant increase in the overall RS value. This leads to the conclusion that not all RA present
within the material is equally advantageous in generating compressive RS.

The authors observed that the RA decomposition due to the low 7, value was slow and
progressive. This enables a gradual increase in compressive RS over a long period of time. As less

RA is transformed with each cycle, the RS growth levels off (stabilizes) and is incapable of
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attaining a higher RS magnitude. This is particularly interesting, since stagnation occurs while the
volume fraction of available RA in the material is greater than 10%. It follows that the applied

stress does not provide sufficient energy to drive the transformation forward.

4.3.2 Group2 (t, = 0.6S,,)

Due to the increase in 7, the rate of RA decomposition for group 2 increased, as expected.
The first fatigue cycle was able to trigger phase transformation and reduce RA concentration by
approximately 18%, as shown in Figure 4.3. Contrary to group 1, the majority of the compressive
RS was produced during the first load cycle. Although it is unclear why RS was generated on the

first cycle, unlike the previous group, possible explanations are presented here.
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Figure 4.3: X-ray diffraction measurements for torsional fatigue specimens subjected to a shear
stress amplitude of 0.6 S_us after various prescribed fatigue cycles. a) RA percentage as a
function of depth. b) Circumferential residual stresses as a function of depth.

First, the increase in RS could be a combination of the phase transformation and plastic
deformation occurring in the material. The higher shear stress may cause localized yielding to
generate misfits in the material. This seems unlikely, since the applied stress is reasonable and
uniform throughout the depth.

The second possibility is based on the results from Hossain et al. [97]. During compressive
testing, two different martensitic structures were formed. The initial RA decomposition resulted
in hexagonal close-packed (HCP) martensite, while the later RA transformation resulted in
BCC/BCT martensite. The difference in lattice structure generally results in very different

compressive stresses. Therefore, the large amount of RA decomposition observed during the first
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cycle may have depleted all the HCP martensite and initiated the BCC/BCT stage. This idea is
supported by RS measurements from group 1 where significant RS generation occurred only after
one-third of the RA volume fraction had transformed. RA morphology may also be an important
consideration. Bulk RA transforms more readily, but it may not generate the desired compressive
stresses.

In contrast to group 1, the increased shear stress in group 2 enabled material relaxation to
occur from the offset of testing, as evidenced by the reduction in the difference of the RS between
the surface and 10 pum below. This is best demonstrated in Figure 4.3 by the change of slope at the
surface between the pristine specimen and all other specimens in group 2. It is interesting to note
that after the initial loading, the slopes did not appear affected by additional cycles.

After the initial fatigue cycle, ensuing cycles resulted in further RA decomposition, but no
significant increase in the compressive RS state (as shown in Figure 4.3). This is indicative of a
balance between material relaxation and RS generation as a result of RA transformation. As less
RA transforms, the RS generation is no longer able to counteract the material relaxation, and the

RS magnitude begins to decline.

4.3.3 Group 3 (t, = 0.8S,;)

At t, = 0.85,,, macro plastic deformation is expected. Figure 4.4 illustrates the high rate
of RA decomposition and material relaxation caused by high stress and material yield. Within one
fatigue cycle, the RA volume fraction in group 3 was reduced to 8% and surface RS was reduced
by approximately 200 MPa. Two measurements were taken for specimens subjected to one cycle
at T, = 0.85,5. The results show very different material responses. For one measurement, the
residual RA was extremely low (~8%) and only a small increase in RS magnitude accompanied
the large amount of RA decomposition. For the other measurement, more RA remained in the
material (~11%) and a significant increase in compressive RS was observed. With additional
cycling, the RA concentration was further reduced — but the fatigue process was unable to
completely deplete RA from the material, as was observed in the previous groups. Despite
applying multiple loadings above the material yield strength, some of the RA remained

untransformed.
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Figure 4.4: X-ray diffraction measurements for torsional fatigue specimens subjected to a shear
stress amplitude of 0.8 S_us after various prescribed fatigue cycles. a) RA percentage as a
function of depth. b) Circumferential residual stresses as a function of depth.

73



4.3.4 Group 3 (R Group)

As previously mentioned, the R group consists of specimens that had a single 0.8S,
fatigue load applied prior to being subjected to additional cycles at lower t, values (see Table 4.1
for exact specifications). The focus of the R group was to observe the RS behavior after the
majority of the RA had already transformed. Figures 4.5 and 4.6 depict the R group specimens
subjected to 10 and 1,000 cycles, respectively, with their non-R group counterparts.
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Figure 4.5: X-ray diffraction measurements for torsional fatigue specimens subjected to 10
fatigue cycles at various shear stress amplitudes. a) RA percentage as a function of depth. b)
Circumferential residual stresses as a function of depth.
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Figure 4.6: X-ray diffraction measurements for torsional fatigue specimens subjected to 1,000

fatigue cycles at various shear stress amplitudes. a) RA percentage as a function of depth. b)
Circumferential residual stresses as a function of depth.

The first high stress load was assumed to put the material into a condition similar to the
specimens from group 3 that were subjected to one cycle. For R group specimens with higher RA
measurements (>10%), the first high stress cycle was assumed to modify the RS state to a condition
similar to the RS measurements observed for the group 3 specimens with a higher remaining RA
concentration. The continued fatigue process at lower stress then caused further alterations to the
RA and RS present.

The initial high stress cycle consumed the majority of the RA, leaving the more stable RA
within the material. As cycling continued at lower stresses, the RS magnitude stagnated because

the applied stress was an insufficient driving force to induce transformation in the remaining RA.
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High stresses at the beginning of the fatigue process, whether intentional or accidental, had an

adverse effect on the development of compressive RS, as observed in Figures 4.5 and 4.6.

4.4 Analytical Model

The next objective was to develop an empirical model based on the experimental results
incorporating the effects of RA transformation and material relaxation. The following equation is

proposed to describe the change in RS per cycle:

Ors = Ogs + F1(4y) + F5(74, 0gs) 4.1)

where gy is the new RS magnitude, gy is the RS magnitude at the current cycle, and functions
F1 and F, represent the change in RS due to phase transformation and material relaxation,

respectively.

As material undergoes case carburization, the amount of carbon diffused into the material
varies as a function of distance from the surface. This is one cause of the high RS at the surface
and may also explain behavioral differences between RS formation at the surface versus inside the
material. Since data was not taken to measure variations in carbon as a function of depth, the model

is limited and does not consider the effect of carbon concentration when predicting RS formation.

4.4.1 Effect of Phase Transformation

The F; function describes the observed change in RS magnitude due to the volume
expansion caused by the RA transformation. F; is considered a function of the decomposition of
RA per cycle (Ay). Excluding the RA transformation caused by the initial fatigue step, RA decay

due to subsequent cyclic loading is characterized well by a power law relationship:

Yy =C* NP1+ C, (4.2)
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where Cy, C,, and b, are fitting constants, ¥ is the RA volume fraction, and N is the number of
fatigue cycles. These parameters vary among the groups and are presented in Table 4.2. This

relationship was used to obtain Ay.

Table 4.2: Constants necessary for power law relationship of RA as a function of fatigue cycles.

e [ o e |
0.4 -.09337 .3482 07973
0.6 .2909 -.1061 -.03976
0.8 .04184 .04529 -.8495

The relationship between RS increase and Ay is best observed in group 1, where the rate of

material deformation and relaxation was lowest. The change in RS is captured well by:
Fl = Al * Ay (4'3)

where A, is a fitting parameter. As the amount of RA that transforms per cycle decreases, the RS

growth levels off and allows for material relaxation to occur.

4.4.2 Effect of Relaxation

The relaxation function F, is based on work by Zhuang et al. [91] and is dependent on 7,
and the current RS magnitude in the material (ozg). With increasing 7, and ogs, the rate of
relaxation increases, but the relaxation is a much stronger function of 7,. For example, at 7, =
0.4 S, the relaxation is nearly negligible at even the highest RS level, while at 7, = 0.8 S5,
relaxation becomes the most dominant of the three functions.

The relaxation function is described as follows:

. (2)f2 (4.4)
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where A,, fi,and f; are fitting parameters and Sy, is the material yield strength in shear
(~1500 MPa). Equation (4.4) fulfills the intuitive boundary condition that material relaxation goes
to zero as the RS value approaches zero. Further, the form allows for 7, to have a greater effect on
material relaxation than the RS value. For the specific case of the carburized AISI 8620 steel, the
RS measurements show a minimum compressive RS limit at 100 MPa. This is attributed to the
carburization process, which allows carbon to diffuse into the material and occupy interstitial sites.
Equation (4.4) is thus modified by adding an addition term to represent the RS value created by

carburization:
fi f2
F, = A, * ("‘*2—*3) x (—) (4.5)

B acts as the reference of material relaxation. For materials without RS values created by

carburizing or nitriding practices, B; = 0.

4.5 Predictive Model Comparison

The RS values at the specimen surface did not exhibit RS formation behavior similar to
that of the interior points within the material. This is thought to be caused by the carburization
process. Regardless, the modeling procedure was more focused on matching behavior at
subsurface locations, since crack initiation in RCF is commonly a subsurface phenomenon.
Using an optimization scheme, all necessary constants were calculated based on experimental
data and are reported in Table 4.3. After calibrating the functions, the model was run and
compared to the experimental results. Figures 4.7—4.10 illustrate the results of the predictive
model compared to the corresponding experimental results. The modeling results represent the

RS alterations well.

Table 4.3: Constants for RS functions.

4 1297.86
4, 119.07
fi 2

£ 15.15
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Figure 4.7: Predictive RS model results at 7, = 0.4 S, ; plotted against experimental results
under equivalent conditions. M is used to identify results obtained through the predictive model.
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Figure 4.8: Predictive RS model results at 7, = 0.6 S, plotted against experimental results
under equivalent conditions. M is used to identify results obtained through the predictive model.
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As previously mentioned, an initial high stress load can greatly disrupt RA decomposition
and, consequently, RS generation in the material. Using the torsional fatigue life (Nf) for
carburized AISI 8620 steel presented in Figure 4.11(a), the model was exercised to examine the
effect of a high stress cycle later in the fatigue process. Figure 4.11(b) demonstrates how RA
transformation stalls and the amount of RA in the material stabilizes with increasing fatigue cycles.
The RA remaining in the system is thus unusable because the applied loading is unable to trigger
transformation. By applying a higher stress, the unusable RA becomes active, resulting in a sudden
increase in RS magnitude (as seen in Figures 4.12 and 4.13). Restoring the original loading results
in a higher rate of relaxation than previously experienced because RA is further depleted and
cannot act as an obstacle to material relaxation. Therefore, the inactive RA in the system can act

as a buffer from unexpected high loads, but the benefit is limited.
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Figure 4.11: (a) Torsional fatigue results for carburized AISI 8620 steel. (b) Model prediction of
volume fraction of RA present within the material subjected to 7, = 0.4 S,

82



Predicitive Model: = =04 S
a us

-260
-280 1
-300 |/

.I
c7/o) I
-340 {

——100,000 Cycles
-360 -==+1Cyc;7.=0.7S
a us

" ........... + 50,000 Cyc; . =04 S
-380 {, ° e |l

y |- + 100,000 Cycles; 7, = 0.4 S
-400 ' ' '

0 20 40 60 80

Figure 4.12: Predictive RS model used to evaluate the effects of high stress applied during the
high cycle fatigue process for 7, = 0.4 S,;5. The different lines represent the evolution of the RS
in the material when subjected to additional cycles.

Predictive Model: - =0.6 S
a us

-150
=200 [,oxm
-250 |
-300 1
-350 ——100 Cycles
- ==+ 1 Cycle; taua =0.7 Sus
4001 e + 400 Cycle; taua =0.6 Sus
----- + 500 Cycle; tau_=0.6 S
a us
-450
0 20 40 60 80
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in the material when subjected to additional cycles.
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Figures 4.14, 4.15, and 4.16 depict the RA volume fraction and RS magnitude as a function
of load and cycles. The figures illustrate the importance of controlling the applied load. At 7, =
0.4S,,5, phase transformation is triggered and the corresponding RS generated is maintained in the
material throughout the fatigue process. In contrast, when 7, = 0.6S,,5, the material is initially
able to generate a large amount of RS by quickly consuming a large amount of RA. However, the
higher stress results in a higher rate of relaxation. Since no RA is available to obstruct relaxation,

the high RS value is quickly reduced during the fatigue process.
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Figure 4.14: Model prediction of RA and internal compressive stresses present within the
material at 7, = 0.4 Sy;.
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Table 4.4: XRD measurements of high RA 52100 through-hardened steel subject to T_a=0.25
S us=530 MPa. RS values from predictive model are in parentheses.

Cycles Ay Residual Stress (MPa)
100 025 -36 um (32.45)
1x10° 0.09 -147 um (-116.8)
1x10° 0.04 -85 um (-51.9)
3 %105 0.11 -116.5 um (-142.8)

Both 8620 and 52100 steel are commonly used in bearings and exhibit similar hardness
and yield strength. To further validate the predictive model, XRD measurements of through-
hardened 52100 steel subject to torsional fatigue were compared to model results. The 52100
material was subjected to torsional fatigue at 530 MPa or 7, = 0.25 S,;5. RA volume fraction and
circumferential RS measurements were taken at 10 pm and 100 pm below the surface, as seen in
Figures 4.17 and 4.18. The 52100 steel data is limited, so all parameter values calculated from the
AISI 8620 steel were used to predict RS generation in the 52100 steel. The XRD measurements
and modeling results are summarized in Table 4.4. The modeling results match well, considering

all parameters were calibrated using the XRD data for AISI 8620 material.
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Figure 4.17: Volume fraction of retained austenite in 52100 through-hardened steel subjected to
torsional fatigue at t, = 0.25 S, = 530 MPa.
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Figure 4.18: Residual stress in 52100 through-hardened steel subjected to torsional fatigue at
T, = 0.25 S, = 530 MPa.

87



4.6 Rolling Contact Considerations

The objective of this study was to examine RS formation in bearing steel as a function of
RA transformation. A torsional fatigue procedure was chosen instead of an RCF process because
it eliminated many factors that could generate RS. However, bearing steels are intended for rolling
contact scenarios. Therefore, the results were considered next with respect to RCF. This was
accomplished by recognizing that the RCF of a given maximum Hertzian pressure (Pygy)
produces fully reversed shear stress in the body at a depth of z = 0.5b, where b is the half-width
of the Hertzian contact. This allows for a comparison between the applied shear in torsion and
shear due to RCF. According to Johnson [92], the amplitude of shear reversal between two

contacting elastic bodies in rolling contact is:

Tqg = 025Pmax (46)

Converting the three values of 7, from torsional fatigue results produces three RCF cases:
Prax = 3.5 GPa, 5.23 GPa, and 7 GPa. In this manner, the torsional fatigue results can be used to
estimate RA decomposition and accompanying RS evolution in RCF of equivalent alternating
shear. Based on experimental results, Hertzian contacts at approximately 5 GPa or greater rapidly
deplete RA volume fraction, and compressive RS due to RA transformation is limited.

This is not to say that no compressive RS is expected in a material subject to a 5 GPa Hertzian
pressure profile — rather that the RS generation directly caused by RA transformation is limited
in such a scenario.

At Ppax = 3.5 GPa, the RA decomposition is expected to be a more controlled and
beneficial process. Contacts at or below this pressure should generate compressive RS in the
material that can be maintained throughout the entire fatigue life.

Also of interest is to consider at what point the RA is no longer triggered for RA
transformation. Referring again to the measurements of high-RA through-hardened 52100 bearing
steel depicted in Figures 4.17 and 4.18, initial cycling does not cause a shakedown or sudden drop
in RA volume fraction. RA is stable within the material, particularly for the specimen subject to 1
million fatigue cycles. The small amount of RA that did transform resulted in a mild increase in

compressive RS, but the applied stresses were insufficient to trigger the majority of the RA in the
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material. Applied torsion of T, = 530 MPa corresponds to a Hertzian contact of P,,,, = 2.1 GPa.
This indicates that in order to maximize the benefits of compressive stresses associated with RA
transformation, materials should be subject to RCF within the range of B4, = 2.1 — 3.5.

This comparison is limited as it does not account for plasticity occurring in the bodies or
the hindering effect of compressive normal stresses on RA transformation. The comparison should

therefore be considered a conservative prediction of RA transformation during RCF.

4.7 Summary and Conclusions

The role of retained austenite (RA) in developing and maintaining compressive residual
stresses (RS) in bearing materials was examined. To evaluate RS alterations due to RA
transformation, specimens of carburized AISI 8620 steel were subjected to torsional fatigue.
Cyclic torsional loading was performed for a prescribed number of cycles at specific stress levels.
After fatigue testing, the specimens were examined using x-ray diffraction techniques to observe
RS values and RA concentration. The results identified RA transformation and material relaxation
as two competing phenomena in the material. An empirical model incorporating phase
transformation and material relaxation was then developed to predict RS formation. The results
obtained from the model corroborate with the experimental measurements.

The experimental results indicated that only a small portion of the total RA was useful in
generating compressive RS. To clarify this outcome further, modeling results were compared with
known specimen fatigue lives to consider RA and RS evolution throughout the expected fatigue
life. It was found that by controlling applied loading, compressive RS can be generated and
maintained throughout fatigue life.

These findings were then translated into RCF scenarios to identify the loading conditions
that maximize the benefits associated with RA transformation. The experimental and modeling
results highlight the utility of RA transformation in increasing compressive stresses within the
material, but emphasize the importance of controlling applied load in order to maintain beneficial

levels of RS.
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CHAPTERSS. RETAINED AUSTENITE STABILITY ON ROLLING
CONTACT FATIGUE PERFORMANCE OF 8620 CASE-CARBURIZED
STEEL

5.1 Introduction

To achieve high hardness and strength, bearing steels are subjected to rapid quenching in
order to generate a martensitic microstructure. As a consequence of the rapid quenching process,
various concentrations of retained austenite (RA) may be present within the steel microstructure.
The amount of RA in a steel microstructure is a function of steel processing and chemical
composition.

Generally, RA volume fraction is limited in most applications due to the dimensional
instability associated with the volume expansion as RA undergoes a martensitic transformation
[22,23,25,26]. The effect of RA on RCF performance has been investigated a few times
[10,11,13,14,100-103], despite concerns with dimensional stability. The focus of previous
research has been to examine the effects of RA quantity on various failure mechanisms caused by
RCF; surface initiated cracking, subsurface initiated cracks, and micropitting. The research
concludes that higher quantities of RA in the system are beneficial to RCF performance. However,
to achieve variation in the RA volume fraction, researchers may alter quench severity, tempering
time and duration, or carburization temperature and atmospheric carbon concentration. These
variations in material processing produce variations in microstructure beyond simply the amount
of RA present in the material. This leads to uncertainty on whether the change in RA volume
fraction or the change in the overall microstructure is responsible for variation in RCF performance
[14]. Further, limited work has been performed to examine the effects of RA stability on RCF
performance. The stability of RA is defined by the driving force or energy requirement to induce
the martensitic transformation. A higher stability RA requires a larger driving force to initiate the
phase transformation. Thus, RA stability is affected by a number of factors.

Chemical composition affects both the amount and the stability of the RA in the material.
Alloying elements such as nickel are known austenite stabilizers which enable austenite to be
produced at room temperature [ 104]. High concentrations of carbon dissolved in the austenite also

act to stabilize the austenitic phase. It is by this principle that high strength alloy steels commonly
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known as TRIP steels are able to maintain a desirable amount of metastable austenite in the steel
microstructure [105].

Size and shape or morphology of the RA within the microstructure are other important
qualitative considerations of the austenitic phase. Xiong et al. [106] used X-ray diffraction (XRD)
and transmission electron microscopy (TEM) to observe greater resistance to the martensitic
transformation in small film-like RA compared to large bulk RA despite higher concentrations of
carbon in the bulk RA. Parks et al. [57] performed electron backscatter diffraction (EBSD) of
TRIP steel undergoing elongation and confirmed these findings. The energy requirements to drive
the martensitic transformation of the RA will directly affect material properties and performance
[107].

In this investigation we have experimentally examined the effects of RA on RCF
performance of AISI 8620 case carburized steel. RCF testing was conducted on a 3 ball on rod
test apparatus. RA quantity and residual stress (RS) magnitude was measured via XRD. EBSD
was used to characterize the RA in the system. Based on the experimental results, the role of RA
stability on RCF performance was investigated. The effect of RA stability was examined using a
continuum damage mechanics finite element model developed for RCF simulations. The model
incorporates an energy criteria to predict RA transformations due to the RCF process. The model
was utilized in a parametric study to compare RCF performance as a function of the applied
Hertzian pressure, RA volume fraction, and energy requirements to induce RA transformations.

The results of the study indicate that RCF performance is a strong function of RA stability.

5.2 Experimental Investigation

The chemical composition of all 8620 steel specimens prior to carburization is provided in
Table 5.1. All 8620 specimens were carburized for 8 hours at 940 C in a 0.90 — 1.05% carbon
atmosphere and directly quenched in 49 C oil. This resulted in a case depth of 1.5 mm and a post-
carburization carbon content of 0.7 — 0.8% for all specimens. The specimens were then divided
into three groups to vary RA volume fraction. The variation in RA concentration was achieved
through varying the amount of undercooling applied to each group of specimens prior to tempering.
This allowed for consistent chemical composition between all specimens from all groups while
also varying the amount of RA in the system. Table 5.2 contains the undercooling and tempering

processes.
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Table 5.1: Chemical Composition of of 8620 Specimens (wt%)

C 0.17 - 0.23
*0.7-0.8
Mn 0.35-0.75
Ni 0.35-0.65
Cr 0.15 - 0.65
Mo 0.15-0.25
Si 0.15-0.25
S 0.015-0.025
Cu > 0.35
P > 0.025
*After Carburization: 58-62 HRC at surface with case
depth of 1.5 mm.

Table 5.2: Undercooling and Tempering Process for RA groups

RA Groups

Processing Procedure

~30-35% RA
(High)

No freeze
Temper at 149 C for 2 hours

~15-20% RA
(Mid)

-45 C freeze for 2 hours
Temper at 149 C for 2 hours

~10% RA
(Low)

-84 C freeze for 2 hours
warm to room temperature
-84 C freeze for 2 hours
Temper at 149 C for 2 hours

5.2.1 XRD Measurements of RA/RS as a function of depth

RA content in the different groups was quantified and characterized using XRD and EBSD
techniques. One specimen from each heat treatment group was used to examine the microstructure
prior to RCF testing. To obtain RA and RS measurements as a function of depth, measurements
were performed by an A2LA accredited laboratory to ISO 17025. Material was removed by

electro-polishing in accordance with SAE HS784. XRD measurements were performed in
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accordance with ASTM E2860 and ASTM E975 for RS and RA measurements, respectively.
Figure 5.1 presents XRD data for RA volume fraction as a function of depth in the Low, Mid, and
High RA groups. A large reduction in RA was observed between the High and Mid groups while
the difference between the Low and Mid groups was much smaller. Despite the severe
undercooling imposed upon the Low RA group, a significant amount of RA was retained in the
steel.

It is well known that compressive residual stresses have a significant effect on RCF
performance, therefore, XRD was also implemented to compare the residual stress state between
the three groups. Figure 5.2a depicts XRD measurements to quantify RS as a function of depth in
three different groups of 8620 steel specimens prior to RCF testing. The stress state is similar
between the three groups with the exception of a large difference in the surface RS measurement
between the High RA group and the remaining two. To verify whether this difference in
compressive stresses at the surface was consistent, the surface RS was measured for three
additional specimens from each of the three groups. Figure 5.2b presents the results which indicate

no apparent trend in the surface RS value between the three groups.
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Figure 5.1: XRD measurements to quantify RA volume fraction as a function of depth
in the three different undercooling groups of 8620 steel specimens prior to RCF testing.
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Figure 5.2: a) XRD measurements of residual stresses on experimental specimens prior to RCF
testing. b) Measurements at the contact surface. Three different specimens were measured
from each group.

5.2.2 EBSD and Optical Examination of Microstructure

Rolling contact fatigue is a localized phenomenon inducing high stresses near the
contacting surfaces which quickly dissipate in the material as a function of distance from the
contact. Using Hertzian theory for two elastic bodies in contact, the maximum orthogonal shear,
maximum von Mises stress, and maximum resolved shear occur at 0.5b, 0.7b, and 0.78b below
the surface, respectively, where b is the calculated half-contact width. In our experimental
investigation b = 153 um. Therefore, the critical material which will define RCF performance is
from 0 — 200 um below the contacting surface. Therefore, EBSD techniques was used to
determine the material state near the surface.

The rod specimen was sectioned normal to the axial direction and set in a cold mount epoxy.
Specimens were then mechanically polished up to a 1um diamond abrasive with final polishing
on a VibroMet using 0.05 um colloidal silica. Since ferrous alloys are prone to oxidization,
specimens were re-polished by hand using 0.05 um colloidal silica prior to loading into the SEM.
The accelerating voltage and step size for the EBSD measurements were 20 keV and 2 um,
respectively. EBSD was performed approximately up to 50 um below the contacting surface to

avoid edge charging caused by the cold mount material.

One specimen from each group was selected and up to 4 EBSD scans were performed per

specimen. Table 5.3 presents the results of the EBSD investigation. The total fraction corresponds
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to the amount of austenite divided by the total scan area while partition fraction is the amount of
austenite divided by the area of positively identified crystal structure. For all three RA levels, the
majority of the scan was considered null space where no phase description had a confidence index
greater than 0.1. The null space occurs at locations of multiple grain boundaries and areas of
highly distorted crystal structure. The EBSD measurements confirm variation in the RA
concentration in agreement with the labels. As expected, the EBSD predicts lower RA in the

system compared to the XRD measurements.

Table 5.3: EBSD results on specimens from the low, mid, and high RA groups. Values are the
averages of up to 4 scans per group

Low RA | Mid RA | High RA
Total Fraction (%) FCC Austenite 1.7 3.85 9.55
Partition Fraction (%) FCC Austenite 6.73 8.33 19.9
Total Fraction (%) BCC ferrite 23.63 42.13 38.55
Total Null Space (%) 74.67 54.03 51.9

As described earlier, EBSD was used to observe qualitative aspects of the RA: size and
morphology. Figure 5.3 depicts EBSD scans from each of the three groups. Figure 5.4 shows
optical white light images of the three materials after polishing to a mirror finish with 5 um
diamond paste and etching in 2% Nital for 5-7 seconds. The microstructure for all three groups
consists of lathe and plate martensite as observed in the optical images. Bright areas in optical
imaging represent retained austenite in the microstructure. The High RA group presented in Figure.
5.3a, has large clusters of bulk like RA approximately 5 um across. Fine, submicron, RA pockets
can also be observed throughout the high RA material microstructure. The microstructure of the
intermediate or Mid RA group appears similar to the High RA group but all large RA has been
removed from the system by undercooling. However, the finer RA can be seen persisting in the
Mid RA group microstructure. The Low RA group has a small amount of RA in the system which
is very finely dispersed in the microstructure. Please note, the amount of null space reported for
the Low RA group is significantly higher than the other two groups. This is attributed to an
increase in material distortion as more of the RA had undergone the martensitic transformation

due to the more severe undercooling condition.
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Figure 5.3: a) EBSD phase map of specimen from high RA specimen. b) EBSD phase map of
specimen from intermediate or mid RA group. ¢) EBSD phase map of specimen from low RA group
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Figure 5.4: White light optical image of material surface after 2% Nital etch for a) High
RA, b) Mid RA, ¢) Low RA.
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5.2.3 RCF Experiments

RCF testing was performed using a 3 ball on rod apparatus. In this apparatus, a rod
specimen is driven by an electric motor while 3 hardened steel balls are radially loaded against the
rod surface using a self-aligning spring mechanism. Spring loads are calibrated using a dead
weight load to achieve the desired contact pressure. An oil drip feed provides lubrication for the
contact. RCF tests are run until failure. This type of testing results in a subsurface initiated failure
which is detected by a rapid increase in measured vibration. Specimens are then removed and
inspected to verify that a spall is present within the contact track. The experimental rig is
thoroughly described by Glover [108] with similar testing performed by Liston [109]. Table 5.4
provides all relevant parameters for the RCF testing. In this investigation, tests re suspended after

~725 hours of operation if no failure occurred. 33 tests were completed for each RA group.

Table 5.4: Experimental Conditions for 3 Ball on Rod Experiment

Rod Diameter 3/8” (9.525 mm)
Rod Surface Speed 1.8?
Rod Surface Roughness (Sq) 0.382 um
Ball Material 52100 through hardened steel
Ball Surface Roughness (Sq) 0.248 uym
Ball Diameter 0.5” (12.7 mm)
Applied Dead Weight 215N
Maximum Pressure P, 3.6 GPa
Hertzian Half-Contact (b) 153 um
Lubricant MIL-PRF-23699F
Operating Temperature (C°) ~45 — 50 C°
Lambda Ratio 0.3
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5.2.4 Results and Discussion

Figure 5.5 depicts the 2 parameter Weibull distributions fitted to the experimental results
obtained from the 3 ball and rod RCF machine with the accompanying Weibull parameter values.
The Weibull slope or § parameter quantifies the amount of scatter in the data with lower values
indicating a larger scatter. All three groups have similar Weibull slopes which fall within the range
of expected values for bearing steel subjected to RCF. The Weibull shape or strength represented
by the 1 parameter provides the number of cycles at which approximately 63% of specimens are
expected to fail. The Weibull strength facilitates the comparison between the three experimental
groups as the Low RA group is approximately two times that of the High and Mid groups. The
results shown in Figure 5.5 demonstrate that the Low RA group outperforms the Mid and High

RA group. This is contrary to the general notation that RA improves RCF performance.

0.99 CDF g = 1-exp(-(N/7)”)
High RA: =169e6; 3=1.54
0.9 Mid RA:  7=119e6; 3=1.75
Low RA: 7=267e6; 3=1.7
0.75
0.50
X markers are
suspended tests
¢ High RA
® Mid RA
0.10 ® |owRA||
107 108 10°

Figure 5.5: 2 parameter Weibull distributions fitted to experimental RCF results of
8620 specimens.

After completing testing of each group, the RCF track of a specimen from each group was
reexamined using XRD to measure RA volume fraction and RS. The results of the XRD RA
measurements are shown in Figure 5.6a. Figure 5.6b through 6d depict the post-RCF XRD RA
measurements for each group plotted against their respective RA measurements prior to RCF
testing. The amount of RA in the Low RA specimen remained constant despite the 120 million
RCF passes. The Mid RA specimen exhibited some amount of RA decomposition but was not

reduced beyond the RA level observed in the Low RA specimen. Remarkably, little RA
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decomposition is observed in the High RA specimen after 333 million cycles. To confirm this
finding, additional measurements were taken at two additional RCF tracks on the High RA
specimen. The results are shown as Figure. 5.6e. The additional measurements verify that despite
having large amounts of RA available in the High RA group, the RA remained stable throughout
the entire fatigue process. It was speculated that the RA decomposition in the High RA group was
occurring at depths correlated with the maximum orthogonal shear. Figure 5.6e exhibits a distinct
drop in RA amount for all three measured RCF tracks at a depth of 89 ym. The maximum shear
reversal is expected to occur at 76.5 um according to Hertzian theory for elastic bodies in contact.
It is hypothesized that the lower hydrostatic pressure present at the location of maximum
orthogonal shear compared to the location of maximum resolved shear induces more RA
decomposition. However, the results are not conclusive to confirm this hypothesis. XRD
measurements of the internal stresses acting in the circumferential direction of the rod specimen
are provided in Figure 5.7a through 5.7d. The Low RA group shows no significance change in the
residual stress state. However, the Mid and High groups show an appreciable increase in the
compressive residual stress state after testing. Generally, this increase in compressive internal
stress is attributed to the volume expansion associated with the RA transformation, however, no
significant change in RA concentration was observed in these measurements. The higher internal
compressive stresses are generally considered beneficial to RCF life. Both the High and Mid RA
groups, which generated additional internal compressive stresses, were outperformed by the Low
RA group which exhibited no increase in the compressive residual stress state.

The martensitic transformation of metastable RA is considered a benefit which can
improve fatigue life. However, the stability or resistance of the RA to undergo a phase
transformation is affected by many factors: alloying, heat treatment, size, and morphology
[56,57,106,110,111]. As the experimental results indicate, RA that is too stable will not undergo
the beneficial transformation and may act to reduce RCF life. Conversely, RA that is not
adequately stable will undergo the martensitic transformation prematurely and the maximum
benefit is not achieved [98]. This was previously observed for torsional fatigue of AISI 8620
carburized steel [112]. Much of the RA had undergone the phase transformation within the first
cycle of fatigue and did not cause significant change in the material condition. Only a small portion

of the RA volume fraction produced behavior beneficial to resisting fatigue.
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The high RA specimens had a significant amount of RA within the microstructure, however,
the RA remained stable throughout the entire test and the RCF performance was worse compared
to the lower RA specimens. There is a trade-off between retaining austenite in the matrix and
producing a fine martensitic microstructure. As the EBSD and optical results indicate, the Lower
RA group was able to produce a more distorted and fine martensitic structure due to the induced
RA transformations during severe undercooling. Therefore, the inability to transform the RA in
the High and Mid group during RCF testing, combined with an initial finer martensitic
microstructure in the Low RA group, resulted in higher RCF lives in the Low RA group. The
decision to seek more RA in the microstructure must be considered against what quality of steel
microstructure could be produced if the RA was removed. Further, highly stable RA is a detriment
to the steel microstructure as it is intrinsically weaker than the martensitic structure. The results

highlight that RA quantity alone is not sufficient criteria to predict RCF performance.
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Figure 5.6: a) XRD RA measurements of RCF tracks from each of the three RA
groups. Direct comparison between the XRD measurements before and after RCF
testing are given in b) — d) for the Low, Mid, and High groups, respectively. e)
Additional XRD measurements on th
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Figure 5.7: a) XRD RS measurements of RCF tracks from each of the three RA groups.
Direct comparison between the XRD measurements before and after RCF testing are
given in b) — d) for the Low, Mid, and High groups, respectively.

5.3 RCF Simulation

The experimental RCF results demonstrated that a lower RA concentration improved
performance. XRD examination demonstrated that the majority of the RA in the system remained
untransformed despite millions of rolling passes. To examine the effect RA stability may have on
RCF performance, a 2D continuum damage mechanics (CDM) finite element model (FEM) was
further developed to investigate the effects of RA stability (E7) on RCF performance. The RCF
CDM ABAQUS FE model has been described in previous works. [78,113]

Figure 5.8a depicts the ABAQUS domain developed and used in this investigation. The
domain is a semi-infinite plane strain FEM extending -10b to 10b along the rolling direction and
10b in the vertical direction. The domain contains a center region known as the representative
volume element (RVE) which extends from -1.5b to 1.5b along the rolling direction and down 2b
from the surface. The pressure is moved from -2.5b to 2.5b across the top surface of the domain

in 81 discrete steps to model a rolling pass. The ABAQUS UTRACLOAD subroutine was used
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to pass a Hertzian pressure profile of half-width (b) and maximum pressure (P4, ) on the surface
of the finite element domain. The surface of the semi-infinite domain is subjected to a frictional
force proportional to the applied pressure. The coefficient of friction used is ¢ = 0.05, which is
representative of good lubrication [114,115]. The domain is constructed using CPE3 elements
with infinite elements acting as boundary conditions for the lateral and lower surfaces. The RVE
was meshed using Voronoi tessellations with an average grain diameter of 10 um.

Simulations were conducted at a set level of RA volume fraction (Vz,4). In order to achieve
the desired V4 in the simulation while allowing for randomness in the RA distribution, a Gaussian
distribution with a mean set to the target RA concentration and a standard deviation of 0.1 or 10%
RA was used to assign Vi, values to each individual element within the RVE. If the total Vg, of
the simulation differed from the desired target Vz4 by +1%, then the V4 values assigned to each
element were adjusted until the total Vi, of the system fell within +1% of the target or desired
Vga. In order to conform to reality, Vg, values assigned to individual elements had to fall within
the range of 0% — 100%. In order to account for variation in the material response due to varying
amounts of V4, a Reuss boundary was used to describe the resultant Young’s modulus (E") and
the resultant Poisson’s ratio (v') of each element as a function of V4. Equations 5.1 and 5.2 [116]
provide the formulas implemented within the ABAQUS subroutine UMAT to define elastic
properties where E,, v, are the Young’s modulus and Poisson’s ratio for austenite and E,,, v, are
the Young’s modulus and Poisson’s ratio for the steel matrix or martensitic phase, respectively.
Inelastic behavior was described using a J2 criteria with linear kinematic hardening as defined in
equation 5.3 where «, C, gy, 0, a, €Pl are the change in the backstress, the kinematic hardening
modulus, the yield strength, the stress tensor, the backstress, and the equivalent plastic strain rate,

respectively. Values for the necessary material constants are provided in Table 5.5.
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Table 5.5: Material parameters for RCF simulation[10,34,59]

Young’s Modulus (E,) 130 GPa
Young’s Modulus (E,;) 228 GPa
Poisson’s Ratio (v, vy,) 0.3
Linear Hardening Parameter (C) 6 GPa
Shear Resistance Parameter (o;.) 5.97 GPa
Shear Exponent (m) 11.1
Crack Closure Parameter (h) 0.2
Coefficient of Friction 0.05
L= teay Ve (5.1)
Rl S 62
o'czCaio(a—oc) épl (5.3)

ABAQUS was used to solve for the stress fields resulting from the applied Hertzian
pressure. The stress tensor at each element was extracted for each step of the simulation using a
python script. The stresses acting on each element were utilized within a MATLAB script to
perform necessary calculations for fatigue related damage and energy considerations to predict RA

transformations.

5.3.1 Damage Mechanics

The damage variable, D, is defined by equation 5.4 where S is the total cross-sectional area
of some arbitrary plane in the material and S}, is the area of voids lying on that plane. Therefore,
as D increases, there is less material available to resist the applied loading. As Equation 5.5

demonstrates, the effective stress within the material (o, 7¢) becomes infinite when D = 1.

D=2 (5.4)
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The damage accumulation associated to the fatigue process was calculated using equation 5.6

[117].

=l

AN~ lo,.(1-Dh) (5.6)

where 2—5, Az, 0,, and m are the rate of damage per cycle, the shear reversal induced by rolling

contact, the material shear resistance parameter, and the material shear exponent, respectively.
The damage calculation was performed for each individual finite element with the respective
damage and shear reversal associated to that element. Material parameters m and o, are derived
from a power law fit of the torsional fatigue data as described in previous work [10,118]. In
accordance with Lemaitre [59], a crack closure parameter h = 0.2 was used to modify D directly.
A microcrack was considered to occur at the grain boundary of any element where D > 0.4. To
enable simulation of high cycle fatigue, the jump-in-cycles method originally proposed by
Lemaitre [59] was implemented within this modeling procedure. The procedure assumed a
constant rate of damage over a given block of cycles. The size of the block of cycles was calculated
with respect to the critical damage rate (dD/dN).;; or the highest rate of damage occurring
within the RVE. The simulation restricted the amount of damage accumulated by any one element
to a maximum of 0.2 for any given block of cycles. By this restriction, the change in the number

of cycles (AN) can be determined as follows.

AD,

= @ S

where AD, was set to 0.2 for the current simulation. The AN value is then multiplied by the
damage rates of all remaining elements within the RVE in order to update damage accumulation
due to the fatigue process. After the damage was updated, the ABAQUS RCF simulation was
performed again to determine new stress fields within the material and the numerical procedure
was repeated. The simulation continued running until a crack reached the surface of the FE

domain at which point failure was considered to occur.
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5.3.2 Energy Criteria for RA Transformations due to RCF

The energy criteria to predict RA transformations is based on the premise that RA would
undergo a spontaneous phase transformation if the steel matrix were not acting to halt the
martensitic transformation. Therefore, as the material is subject to fatigue, useful work energy is
dissipated as entropy [59]. This loss in useful work energy limits the ability of the steel matrix to
halt the RA transformation. This reduces the barrier restricting the phase transformation from
occurring until the transformation may occur spontaneously. Morris et al. [78] combined damage
mechanics with principles of phase transformations in solids to formulate an energy criteria to
predict RA transformations during a fatigue process. This was accomplished by recognizing that
the Gibb’s free energy enthalpy term could be directly related to the damage. The change in the
Gibb’s free energy due to damage could then be quantified and considered as the driving force for
inducing martensitic transformations. The necessary equations to calculate the change in Gibb’s

free energy as a function of damage are provided by Lemaitre [60] and are presented below.

AP = AY; + %AaijAefj — A, (5.8)
AY: = % (5.9)
Ryp = 5(1 +v) +3(1—2v) (:—*;)2 (5.10)
AW, = %(g CAaijAaij) (5.11)

In Equation (5.8), AW*, AW;, AW,, p, Aoy, Aefj are the change in the specific Gibbs free
energy to drive the phase transformation, the elastic contribution, the plastic contribution attributed
to kinematic hardening, the material density, the change in stress, and corresponding plastic strain,
respectively [78]. The elastic contribution AW,, equation (5.9), is calculated from the equivalent
von Mises stress g, the elastic modulus E, the damage variable D, and the triaxiality function
defined in equation (5.10) where v and oy are the Poisson’s ratio and hydrostatic stress,
respectively

In addition to the above, the modeling approach developed for this investigation considered

the effect of stress-assisted transformations. Each Voronoi tessellation within the RVE was
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randomly assigned three Euler angles to be used in a ZXZ rotation sequence to define a unique
crystal orientation in space. These crystallographic orientations were used to resolve shear and
normal stresses acting on habit planes to modify energy requirements for the martensitic
transformation [28]. Shear and tensile stresses acting on the habit planes facilitate the phase
transformation while normal compressive stresses act to resist the transformation in accordance to
equation 5.11 where U is the work energy driving the phase transformation and t, o are the shear
and normal stress resolved on the habit plane. The shear and normal components of the
transformational strain are denoted by y, and €, and are set at 0.2 and 0.04, respectively. RA is
considered to transform when the available energy in the system exceeds the energy threshold.
The energy threshold increases as less RA is present in the system [57] until an upper energy limit

1s reached.

U = T)/O + O-neo (5.12)

The martensitic transformation of RA is known to have an accompanying volume
expansion which varies depending upon carbon content [80]. For the current simulations, the
volume expansion was taken to be 3%. This volume expansion was considered to directly reduce
damage in the material by acting to close material voids. In accordance with previous work [112],
internal compressive stresses generated by the RA transformation were assigned based on the
empirical relationship provided. The empirical relationship also accounts for material relaxation
which leads to a decrease in material residual stresses as a function of fatigue cycles and applied
stress. Internal compressive stresses were assigned using the SIGINI subroutine in ABAQUS at
the beginning of each RCF simulation. The change in Vg, due to phase transformations was
calculated along with damage using a MATLAB script. The elemental values of V4 were then

updated in the ABAQUS simulation to modify material properties and alter stress fields.

5.3.3 Validation and Parametric Study

To validate the modeling approach, the RCF simulation was first run with a high value of
RA stability (Er) under contact conditions identical to the experimental RCF testing: P4, =
3.6,b = 153 um. The simulation was run a total of 30 times per RA group to generate a Weibull

distribution to be compared to experimental results, Figure 5.8b. The qualitative aspects of the

108



modeling show good agreement with the experimental data. The lowest RA group performed the
best with no significant difference between the intermediate and high RA group. The predicted
lives from the simulations are smaller than the experimental lives, however, the interest is to
examine the relative change in RCF performance based on RA stability. The simulation results
for the validation case were further examined to determine the amount of RA decomposition which
occurred during the RCF process. As observed in Figure 5.8c, the RA volume fraction remained
unchanged from the initial state. This is similar to the behavior observed in the experimental

results which showed no discernable change of the aggregate amount of RA after testing.
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Figure 5.8: a) Representation of RCF simulation in ABAQUS. b) Comparison of
predicted RCF lives from FEM simulation run at P max=3.6 GPa;b=153 um;E_T=15
GJ/g against experimental RCF data of 8620 steel. c) Amount of RA remaining in the

simulation at the time of RCF

Upon finding good qualitative agreement between the simulated and experimental results,
a parametric study was undertaken to investigate the effects of RA quantity and stability on RCF.
The parametric study varied the amount of RA present, the energy threshold to induce RA
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transformations, and the applied Hertzian contact pressure on the material. Table 5.6 provides the
values applied in the study. The RA volume fraction (Vz4) and Hertzian pressure (B, ) are self-
explanatory. The energy threshold ( E;) is the initial energy barrier to induce the RA
transformation.

Due to the stochastic nature of assigning the elemental values of Vg, in the RCF
simulations, it was necessary to perform multiple simulations for the same set of parametric
conditions to characterize the failure distribution. 30 domains were run for each condition in order
to generate a Weibull distribution of the RCF lives as a means to compare performance. The
results were fitted using a 2-parameter Weibull distribution to compare against different parametric
conditions. The results of the study are given in Table 5.6 as the L50 lives in millions of cycles
for the various parametric conditions. As expected RCF life is found to increases as P, 1S
reduced in the simulation.

The parametric study found that lowering the stability of the RA resulted in an increase in
predicted RCF life in all RA groups. However, this increase did not occur until the lowest Er
value was used. Figure 5.9 depicts the RCF simulation results with large improvement in RCF life
at the lowest E value. .If the required driving force was sufficiently low, more RA in the material
became a benefit to RCF performance as observed in Figure 5.10. The relative difference in RCF
performance between the three RA groups was also dependent on the applied P,,;,. A higher
contact pressure will result in a higher driving force inducing more RA transformations. Thus
higher RA concentrations were favored under higher contact pressures as the RA was more likely
to transform. The simulations demonstrate the importance of RA stability on RCF performance.
Knowing only the amount of RA present is insufficient information for determining whether RA

will be beneficial to RCF performance.
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Table 5.6: L50 lives for the various parameteric conditions. Values are in millions of cycles

Energy Threshold (E7)

Volume Fraction or Retained

G G G G
15e‘9—] 10e‘9—] 5e‘9—] 1e‘9—]
g g g g
10% RA 81 44 66 492 P
20% RA 43 26 29 1,336 3 Smg;a
30% RA 27 15 12 1,036 '
E 10% RA 183 110 101 1,821 P
> | 20%RA 156 117 133 3,099 3 ’g‘;)"a
< | 30% RA 129 100 76 1,396
.f'j 10% RA 687 811 779 7,906 P
§ 20% RA 600 513 732 8,265 ) Smg;a
< | 30% RA 528 585 711 1,724 '
10% RA 5,373 4,859 4,703 18,041 P
20% RA 3,337 3,089 3,803 13,645 ) ’g‘;)"a
30% RA 3,537 4,249 5,743 3,497
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Figure 5.9: Predicted RCF lives as E is varied given P max=3.5 GPa;b=100 um with
a RA volume fraction of 10%. An increase in life is not observed until the lowest
energy threshold.
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becomes beneficial to RCF performance.

5.4 Summary and Conclusion

The effect of RA volume fraction in RCF has long been a topic of interest for many decades.
It is usually assumed that more RA within the system results in improved fatigue life. However,
experimental work performed on case-carburized 8620 steel has shown that increasing the amount
of RA present within a material system does not necessarily improve RCF life. In this investigation,
all specimens underwent an identical carburization and tempering process in an effort to maintain
chemical composition and similar microstructures between the three groups. Variation in RA
volume fraction was achieved through varying the severity of undercooling between the
carburization and tempering process.

The specimens were subject to RCF in a 3 ball and rod machine. Despite millions of fatigue
cycles at high contact pressures (3.6 GPa), little to no RA decomposition was induced in the
material. The high stability of the RA restricted phase transformations which halted the formation
of additional martensite in the microstructure. This resulted in an overall weaker microstructure
which was detrimental to RCF performance. The importance of RA stability was explored using
a FEM CDM model incorporating RA transformations. If RA stability was reduced below a certain
threshold, then RCF performance was found to improve regardless of the RA concentration.

Additionally, higher RA concentration outperformed lower RA groups at the lower driving force
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requirements. The experimental and analytical results indicate that RA considerations must extend

beyond simply quantifying the amount of RA to ensure RA is beneficial to RCF performance.
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CHAPTER 6. SUMMARY

In Chapter Two, a thermodynamics based theory for predicting RA transformation during
RCF was presented. The energy based criteria was constructed by combining principles from
phase transformations in solids with the field of damage mechanics. The energy criteria considered
elastic, plastic, thermal, and dissipative energy contributions to the phase transformation. The
required driving force for RA transformation was taken from the open literature with special
consideration of normal stresses acting on the parent austenite habit planes. The criteria was
implemented in an FEM simulation of RCF to corroborate results against experimental data.
Multiple damage causing mechanisms were considered and compared against experimental data

to determine best fit.

Chapter Three further discussed the RCF modeling by considering microstructural
deterioration, the RA transformation, and RS formation occurring during RCF. An FEM domain
was developed from Voronoi tessellations to represent prior austenite grain boundaries. Grains
were assigned crystal orientation to modify required driving force for the RA transformation.
Damage laws were modified to consider RS and different components of the stress as the driver
of failure. RS was allowed to develop due to RA transformation and were implemented to directly
alter the fatigue process. Common RS profiles achieved through various manufacturing post-
processing procedures were investigated to examine RCF performance as a function of initial RS
profile. The modeling approach was capable of capturing an evolving microstructure and

produced results similar to experimental observation such as DER formation.

Chapter Four discussed experimental data to investigate the stability and formation of RS
in bearing steel material due to RA transformation. Specimens of 8620 case carburized steel were
subjected to torsional fatigue at specific stress levels for a prescribed number of cycles. After
fatigue testing, x-ray diffraction techniques were used to measure RS and RA volume fraction as
a function of depth in the material. The results identified RA transformation and material
relaxation as two competing phenomena in the material. An empirical model was developed to
predict RS formation as a function of RA transformation and material relaxation. The model was
corroborated with experimental results. Further, the results indicate that only a small portion of

the total RA was useful in generating compressive residual stresses. This demonstrated the
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importance of controlling the loading condition in order to maximize residual stress formation

associated with the RA transformation.

Chapter Five presented experimental and analytical work demonstrating the significance
of RA stability on RCF performance. Varying levels of retained austenite (RA) were achieved
through varying undercooling severity in uniformly treated case carburized 8620 steel. Specimens
were characterized via XRD and EBSD techniques to determine RA volume fraction and material
characteristics prior to rolling contact fatigue (RCF). Higher RA volume fractions did not lead to
improvement in RCF lives. XRD measurements after RCF testing indicated that little RA
decomposition had occurred during RCF. A continuum damage mechanics (CDM) finite element
model (FEM) was then developed to investigate the effects of RA stability on RCF. The results
obtained from the CDM FEM captured similar behavior observed in the experimental results.
Utilizing the CDM FEM, a parametric study was undertaken to examine the effects of RA quantity,
RA stability, and applied pressure on RCF performance. The study demonstrates that the energy

requirements to transform the RA phase is critical to RCF performance.
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