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ABSTRACT

The purpose of this study wasevaluate the effects of nickel (Ni) content on the
performance of steels subjected to rolling-sliding contact fatigue (RSCF). Bars of four different
commercially produced alloys (4120, 4320, 4820, and EN-30B) containing 0.13, 1.72, 3.38, and
4.15wt pct Ni, respectively, were machined into 25.4 mm diameter test specimens and gas
carburized. As-carburized specimens were tested on a modular RCF/RSCF testing machine
designed and built at the Colorado School of Mines. Tests were conducted at a Hertzian contact
stress of 3.2 GPa with a -20 pct slide ratio; the contacting surfaces were lubricated by a jet oil
which was heated to 100 °C. Four specimens of each material condition were tested to failure
defined as surface degradation by macropitting. Failures typically occurred between 450,000 and
6,000,000 cycles. Additionally, one specimen of each material condition was subjected to
200,000 cycles to evaluate the accumulation of microstructural damage prior to failure.

The microstructures in all materials were observed to change after being subjected to
RSCF for 200,000 cycles. All specimens showed evidence of a dark-etching region (DER), and
three specimens showed evidence of white-etching areas (WEAS). Hardness tests showed
evidence of softeninimp the matrix. The exception to this was in regions which had high initial
levels of retained austenite which transformed to martensite, resulting in a harder matrix.

All specimen failures were the result of surface-initiated cracks which grew to a size
sufficient to cause macropitting. Specimens with low-cycle failures appeared to fail exclusively
due to the surface-initiated cracks, whereas specimens with high-cycle failures appeared to
develop subsurface cracks prior to the surface-initiated macropitting. The subsurface cracks did
not cause damage until they interlinked with surface-initiated cracks, allowing extensive material
removal.

The effects of several variables on RSCF performance were evaluated using
multi-variable regression analysis. In general, Ni content increased the fatigue life in the steels
tested. Composite surface roughness was identified as a test variable that influenced the test
results. Calculations indicate that the oil film was not thick enough to separate the contacting
surfaces during the initial test cycles. Larger surface cracks were observed in specimens which

failed after fewer cycles.
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CHAPTER 1
INTRODUCTION

Gears in transmissions and final drives for heavy machinery, shown in Figure 1.1, are
highly stressed components. In addition to high bending loads, these components are exposed to
high near-surface stresses due to rolling and sliding contacts. The forces exerted between the two
surfaces generate a Hertzian contact stress which reaches a maximum value slightly below the
surface. The addition of sliding between the surfaces increases the shear stresses near the surface.
The pitch line of a gear tooth is subjected to pure rolling, experiencing only the Hertzian contact
stress; however, the tip and the root contact the counterparts on the mating gear at different
speeds, resulting in an additional sliding component. The adalisbear stresses caused by
sliding increase the magnitude of the overall stress state and shift the peak stress closer to the
surface, resulting in accelerated failures compared to rolling contact fatigue (RCF) [1, 2].

Contact fatigue failures in gears are generally caused by macropitting, which refers to the
removal of large amounts of material from the surface. The stresses generated by contact fatigue
have been found to grow cracks below the surface. After sufficient growth, these cracks
undermine and disengage material on the surface, resulting in extensive material removal [3].
Contact fatigue failures, particularly macropits, have been found to act as stress concentrators
which initiate bending fatigue failures, resulting in failure of the gear [1, 4]. This failure mode
reduces component reliability and may require costly replacement of components in remote

areas, such as mines, for example.

(a) (b)

Figure 1.1 Images of (a) large gears used in (b) heavy machinery.



Among many physical factors (geometry, surface roughness, lubrication conditions, etc.),
the initiation and propagation of cracks under contact fatigue is heavily influenced by the
microstructure. Many large gears are surface-hardened by carburizing, a method which diffuses
carbon into the surface to develop a hard case, as shown in Figure 1.2. Carburizing and
guenching to martensite increases the surface hardness, which delays failure due to both bending
fatigue and rolling-sliding contact fatigue (RSCF) by prolonging crack initiation and decreasing
crack propagation rates [2, 5]. Furthermore, carburizing and quenching has been found to
introduce residual stresses which decrease the stress state imposed by external forces [6].
Although it is a relatively expensive addition, alloying steel with Ni has been shown to increase
fracture toughness, allowing cracks to grow longer before reaching a critical length at which
fracture occurs [7]. Additionally, the presence of C and Ni can stabilize retained austenite, which
significantly alters the behavior of cracks in the microstructure. The purpose of this project is to

characterize how Ni additions affect the performance of carburized steel subjected to RSCF-.

Carburizing Layer

Figure 1.2 Etched cross-section of a gear tooth, revealing the hard, carburized case.
from [8].



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

This section discusses the carburizing process, the fundamentals of contact fatigue, and
several factors which have been identified as influencing the performance of steels which are
subjected to cyclic contact fatigue.

2.1  Naming Conventions

Several naming conventions have been used in the literature for the different sections and

directions involving contact fatigue. For clarity, the conventions used in this thesis are explained
in this section.

The naming convention for machined and carburized test specimens is shown in
Figure 2.1. The key terms are defined below:
X Axial Section: section normal to the hot-rolling direction of the original bar
x Radial Section: section normal to a line which is tangent to the surface of the bar

X Chordal Section: section normal to a radial line from the center to the surface of
the bar

Hot-Rolling
Direction

Radial
Section

Choral
Section

Axial
Section

Figure 2.1 Naming conventions used in reference to machined and carburized test
specimens.



The naming convention for specimens after RSCF testing is shown in Figure 2.2. This
naming convention selects the loading conditions as the frame of reference rather than the

manufacturing conditions, which may vary between applications. The key terms are defined

below:
x Over-Rolling Direction (ORD): direction in which the load travels
x Parallel Section: section normal to the ORD (
X Transverse Section: section normal to the axial section of the as-rolled bar
Z
Parallel (radial)
Section
Transverse
Section ——) ()R D
Surface
o
Rotation (parallel)
. . X
Over-Rolling (transverse)
Direction
Contact Load
(a) (b)

Figure 2.2 (a) Naming conventions and (b) coordinate system used in reference to sy
after RSCF testing.

2.2  Carburizing

Carburizing is a heat treatment which surface-hardens a part by diffusing carbon into the
microstructure. Parts are heated to an austenitizing temperature and exposed to a carbon-rich
atmosphere. The carbon diffuses into the surface, typically increasing the carbon content at
depths up to several millimeters. After holding for a sufficient amount of time, the parts are
guenched to martensite and tempered to increase toughness. The result is a microstructure which
contains a carbon gradient that is highest at the surface and decreases with depth. The additional

carbon increases the hardness of the martensite; as a result, a hardness gradient develops,



creating a relatively softer core surrounded by a harder case [5]. In addition to the hardness
gradients, residual stresses form during the carburizing process, owing to the non-uniform
cooling rates as well as the non-uniform transformations due to the carbon gradients. As the parts
are quenched, the surface cools quicker than the core; due to thermal expansion and
transformation strains, residual stresses are created. These effects are modified by the carbon
gradient. Carbon decreases thet®nperature in steels, allowing the core to transform to

martensite at a higher temperature than the case. Additionally, carbon increases the martensite

lattice volume, increasing the compressive residual stresses in the case.

2.3  Hertzian Contact Stress

Contact between two elastic bodies results in a Hertzian contact stress. This stress reaches
a maximum at a depth below the surface, and it is nominally compressive, as shown in
Figure 2.3. However, this stress can be resolved into various shear stresses, both below and

surrounding the point of contact.

\ P
e

L R e L
Hertzian .
== Co:nucl N )
Depth Bl //'}’
Below | |[— o
Surface l
-
Figure 2.3 lllustration of the Hertzian contact stress. Adapted from [1].

2.4  Rolling Contact Fatigue
Rolling contact fatigue refers to the cyclic loading of two non-flat surfaces which roll
against each other under load with no sliding component. The load transfer between two

contacting surfaces develops a Hertzian contact stress; as mentioned previously, although these



stresses are nominally compressive, they can be resolved into shear stresses. The point of
maximum (octahedral) shear stress exists directly below the point of contact; in regions which

are not directly below the point of contact, an orthogonal shear stress develops. Although the
orthogonal shear stress is lower in magnitude than the octahedral shear stress, its sign is opposite
on opposing sides of the contact. Therefore, in rolling contacts, the sign alternates between the
leading edge and trailing edge of contact, resulting in fully reversed loading which may exceed

the stress fluctuations of the octahedral shear stress, which vary from zero to a maximum value.
This is illustrated in Figure 2.4. As a result, it is widely believed that the orthogonal shear

stresses are responsible for damage under contact fatigue.
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Figure 2.4 lllustration of the shear stresses which develop in the subsurface of a mat
subjected to Hertzar RQWDFW VWUHVVHV 1RWH W¥HD'
develops directly below the point of contact, whereas an orthogonal shear ¢

¢ 29 develops in front of and behind the contact, alternating signs betwe
leading and trailing edges. Adapted from [9].



The cracks eventually propagate up to the contacting surface, allowing material to break
free, forming macropits. An example of this propagation is shown in Figure 2.5. Although
lubrication can be used to create a gap between the surfaces and prevent the asperities from
contacting, oil is an incompressible fluid, so load transfer remains [1]. As with many other
fatigue failures, rolling contact fatigue involves various steps in the accumulation of damage.
P.Blau lays out the following steps from initiation to final failure [10]

1. Accumulation of dislocations caused by repetitive stressing of the subsurface

microstructure; a dislocation cell structure may be formed

2. Nucleation of voids or microcracks in regions of maximum Hertzian stress or nearby
discontinuities in the microstructure, such as grain boundaries, preexisting porosity, or
inclusion/matrix interfaces
Propagation of the microcracks in the subsurface
Linking of the cracks and movement of the crack tip toward the free surface
Creation of flakes, pits, and/or spalls

Spread of the damage to adjoining portions of the surface

N o g M~ w

Initiation of major fatigue cracks from surface or subsurface defects, sometimes causing

catastrophic fracture

Figure 2.5 lllustration of crack propagation under RCF. Adapted from [1].

2.5 Rolling-Sliding Contact Fatigue

The introduction of sliding to pure rolling contact fatigue modifies the stress distribution
throughout the depth, as shown in Figure 2.6. Sliding is defined relative to the over-rolling

direction: positive sliding refers to sliding in the same direction as the over-rolling, and negative

7



sliding refers to sliding opposite the direction of over-rolling, as shown in Figure 2.7. This
convention is illustrated on meshing gear teeth in Figure 2.8. Because the rolling and sliding
components are superimposed, negative sliding involves higher stresses than positive sliding.
The addition of stresses from the sliding component increases the total stress, but also shifts the
stress distribution closer to the surface, making surface crack initiation more likely [1]. Plastic

deformation at the surface is also present due to the asperities contacting each other.

Shear Stress

————

i "‘7\\‘\'
- Pure Rolling < )
g P

Depth =
Below

\

Pure Sliding

Surface Combined
Rolling and

Sliding

Figure 2.6 Stress profiles developed from rolling contact, sliding contact, and the con
loading under RSCF. Adapted from [1].
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Figure 2.7 lllustration depicting the conventions used for rolling and sliding directions
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from [1].

2.6  Factors Affecting RSCF

Several factors have been shown to affect the resistance of steel to RSCF. The most
notable of these include Ni content, retained austenite, non-metallic inclusions, residual stresses,
surface roughness, lubrication, and loading conditions. The influence of each of these factors is

reviewed in the following sections.

2.6.1 Nickel Content

Nickel has been found to increase fracture toughness in steels; however, this generally
only holds true for low-temperature applications. Additions of nickel decrease the tlctile-
brittle transition temperature and increase lower shelf energy, but they also decrease the upper
shelf energy [11, 12]. This has been explained by the ability of nickel additions to combat
tempered martensite embrittlement; although this aids in low-temperature toughness, the
additional nickel (above 1.15-1.26 wt pct) has been shown to be detrimental to toughness at the
higher temperatures in which gears typically operate [12]. This is supported by a study by Bepari
and Shorowordi which found that nickel decreased the impact energy in the core of carburized
components; however, the effects of nickel on the impact energy of the carburized case were not



measured [13]. In contrast, a separate study found that nickel additions upvt@étSncrease
the impact energy at all temperatures; the upper shelf energy is especially increased with further
additions of 2wt pct silicon [14].

Nickel affects the properties and performance of carburized steels in several manners.
Because it is not a carbide former, nickel remains in solution in both austenite and
martensite [13]; despite not forming carbides, nickel has been found to impede the carburizing
process [15]. As a result, surface hardness decreases, but core hardness increases in the presence
of nickel. Overall, nickel additions have been found to increase performance in carburized steels,
particularly under bending fatigue. Studies have found that high-nickel carburized steels are less
susceptible to intergranular cracking than those with low nickel additions [16]. Additionally,
nickel stabilizes the face-centered cubic structure in steels [13, 17], allowing high levels of

retained austenite in the carburized case.

2.6.2 Retained Austenite

Austenite is retained due to the presence of carbon (C) and other alloying elements, such
as Ni and Molybdenum (Mo) [6, 13, 18]; in addition to over-stabilizing austenite, too much C
can produce carbide networks which may embrittle the case [18]. Apart from the possibility of
carbide embrittlement, retained austenite has been identified as a major factor influencing
resistance to contact fatigue [£®]. In gear applications, it has generally been found that 15-25
pct austenite has beneficial effects on the resistance to both sliding wear and contact fatigue. This
moderate level of austenite may transform and work harden under contact loads; excessive
amounts may soften the matrix, making the case prone to wear [18]. Additionally, cryogenic
treatment has been observed to be detrimental to contact fatigue properties [2], supporting the
beneficial effects of moderate retained austenite levels.

The life-improving capabilities of retained austenite can be explained by strain-induced
transformation to martensite. High contact stresses tend to either grow cracks or induce plastic
flow and alter the microstructure [21]. If the energy required to transform austenite to martensite
is less than that which is required to initiate a crack, then strain-induced martensitic
transformation will occur, absorbing the energy and delaying crack propagation [22].
Additionally, if a crack is already present, a high stress field will exist at the crack tip, allowing
the same phenomenon to occur. Strain-induced martensitic transformation may take place in the

plastic zone surrounding the crack tip, absorbing energy and reducing crack propagation
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rates [21, 22]. Furthermore, the transformation to martensite would result in a local volume
expansion, introducing compressive residual stresses. The preferential transformation of
austenite to martensite at crack tips is supported by evidence showing little to no retained
austenite in regions containing white-etching areas and their associated butterfly cracks: it is
believed that austenite is preferentially transformed to martensite ahead of the butterfly crack
tip [23]. However, it has been found that under high-strain conditions, retained austenite may
transform to twinned martensite, allowing cracks to propagate at the boundary, effectively
increasing crack propagation rates [22].

2.6.3 Non-Metallic Inclusions

Inclusions are particles within the matrix which can act as stress concentrators, making
them a likely site for fatigue crack initiation [24]. The stress-raising effects arise from the
discontinuity of material properties between the inclusion and the matrix [9]. In general, the most
detrimental inclusions are the hard, non-deformable inclusions, including oxides, nitrides, and
carbides, which are loosely bonded to the matrix. Of these types, it has been found that oxides
pose the largest threat to the lifetime of steel under rolling contact fatigue due to their size,
frequency, and especially poor bond with the matrix [9, 24].

Although surface-initiated failures tend to spawn from surface asperities, subsurface-
based failures typically initiate on inclusions [25]. Kramer observed white-etching area

SEXWWHUIO\" IRUPDWLRQV XQGHUQHDWK WKH ZHDU WUDFNV

surrounded globular oxide inclusions, and a few of which originated from sulfide inclusions [26].
This is supported by several other accounts which have found butterflies to initiate on a variety
of subsurface defects, with oxide inclusions being the most notable [6, 14, 15].

A model developed by Murakami and Beretta has suggested that fatigue life can be
predicted by inclusion size and frequency along with the matrix microhardness [29].
Experimental evidence has shown that small cracks, defects, and non-metallic inclusions with the
same values of the square root of the projection area have identical effects on the fatigue limit of
a material. For this reason, inclusions can be treated as small cracks which may continue to
propagate, provided there is enough stress to do so. This concept was tested by introducing
controlled holes in a microstructure and inducing fatigue stresses on the material. It was
observed that all specimens initiated cracks around the drilled holes at stress levels 5 MPa above

the fatigue limit, whereas no cracks were observed at stress levels 5 MPa below the fatigue limit.
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This suggests that the scatter in fatigue data is caused by differences in defects within a hard
matrix rather than the hard microstructure alone. Additionally, the fatigue limit can be defined as
the cyclic stress level at which defects, treated as small cracks, do not propagate. This fatigue
limit stress can be calculated by

_+9
1, A:

MA—sb (2.1)
¥YDUHD

ZKHUH . LV D FRQVWDQW GHILQHG E\

= A 97 H (2.2)
and 1, is the fatigue limit stress expressed in MR¥,is the Vickers microhardness, the square
root of the projection area is expressed in um,Rugdthe cyclic stress ratio [29]. It is important
to note that these equations apply to tensile loading. As mentioned previously, it is believed that
contact fatigue cracks propagate due to orthogonal shear stresses rather than tensile stresses.
Tensile fracture tends to cause Mode | fracture whereas shear stresses tend to result in Mode I
fracture. These different fracture modes are illustrated in Figuré2®result, a Modé
analysis may not be an appropriate method of evaluating Mode Il fatigue. It has been found that
mixed-mode test procedures do not accurately model crack growth under contact fatigue [30]
however, test procedures have been developed which may accurately model Mode Il crack
growth in hard steels. These methods involve loading a notched specimen in direct shear using
two separate platens which compress the specimen in the region surrounding the notch to
discourage tensile crack growth [31].

= =

1

() (b)

Figure 2.9 lllustration of (a) Mode | and (b) Mode Il fracture.
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2.6.4 Residual Stresses

Residual stresses in carburized steels are typically caused by the differential cooling and
transformation rates between the surface and the core. These differences are caused both by the
proximity to the cooling source as well as the difference in chemical composition [6]. During the
carburizing process, steel is heated to a temperature high enough to render it austenitic in an
environment rich in carbon (C), allowing C diffusion into the surface and developing a C profile
that is highest at the surface and decreasing toward the core [5]. The steel is the quenched and
tempered. During the quenching process, the surface cools quicker than the core due to the
relatively low thermal conductivity of steel [32].

In addition to the differential cooling rates, residual stresses in steel are generated by
differential transformation rates and transformation microstructures. It has been shown that at
fast quench rates, there is only a thin surface layer that transforms to martensite while the core
may transform to other microstructural constituents at higher temperatures with lesser volume
expansions [32]. In a carburized bar, the case contains a significantly higher C content than the
core. This increased C content decreases the martensite-start temperature, resulting in a delayed
phase transformation [6, 33]. If the difference in C content is significant enough, the core will
transform first during cooling, putting the hot austenitic case in tension; however, upon further
cooling, the case transforms to martensite, reversing the residual stress to compression. This
effect is exaggerated by the expansion of the martensite lattice with increased carbon content. As
seen in Figure 210 WKH ODWWLFH SDUDPHWHU 3D GHFUHDVHYV VOLJEK
increases more significantly, resulting in an overall expansion of the martensite lattice with
increased C content [34Alternatively, if the C content difference is not significant enough, the
case will transform before the core, which has the reverse effect on the residual stresses [6]. In
plain-carbon steels (roughly 0.2 wt pct C), the balancing point between these two scenarios is
approximately 0.8 wt pct C at the surface, but this is dependent on the quench rate and the base
chemical composition of the steel [6, 32]. These different scenarios are illustrated in Figure 2.11
and Figure 2.12.
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3.19  Fe-C martensite
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Figure 2.10  Martensite lattice parameters plotted as a function of C content, demonstr
that the lattice expands with increasing C content. Adapted from [34].

The residual stresses left behind by the carburizing process can either increase or
decrease the fatigue life of the part, depending on how they interact with the stress state induced
by the contact pressure. Traditionally, compressive residual stresses increase the fatigue life by
decreasing the cyclic stresses, which are typically tensile [25, 35]. This has been verified for
rolling contact fatigue applications by studies which showed that tensile residual stresses in both
the hoop and radial directions promoted cracking on bearing raceway surfaces [25]. Despite this
correlation, it has been proposed that contact fatigue failures, unlike classical fatigue failures,
follow crack propagation mechanisms driven by shear stress. Failures driven by Mode Il or
Mode Il rather than Mode | involve a more extensive analysis of how the residual stresses affect

the stress state and how that corresponds to fatigue life [25].
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2.6.5 Surface Geometry

The geometry of the contacting bodies is one of the most important factors in contact
mechanics. Conforming contacts refer to bodies which have identical contacting surfaces,
whereas nonconforming contacts have different surface geometries. In nonconforming contacts,
the initial contact is either a point or a line. As load is applied, the bodies deform, creating a
contact patch which is of finite size, yet small compared to the bodies. Contacting bodies with
different geometries will develop differently-shaped contact patches, and therefore different
pressure distributions [36, 37].

After repeated loading, the contacting surfaces begin to wear, and if the load is high
enough, they may also plastically deform in certain regions. This causes the surface geometries
to change, and as a result, the stress state changes as well [25, 38]. An example of this evolving
contact patch is shown in Figure 2.13.
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Figure 2.13  Evolution of contact patches under repeated wear and plastic deformation
Repeated cycling under load deforms the surfaces, resulting in a modified «
patch which distributes the load over a larger area. The ratio p/k represents
nominal stress relative to the yield stress. Adapted from [39].
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2.6.6 Surface Roughness
The contact stress state predicted by most models assumes that the contacting surfaces
are perfectly smooth. In all real applications, these surfaces will have some level of roughness
attributed to very small asperities and cavities. Under high contact loads, these asperities and
cavities act as stress concentrators which significantly alter the stress state at the surface [37, 40].
Numerical models have found that under certain contacts, the stresses caused by surface
asperities can be several times greater in magnitude than the nominal Hertzian contact
pressure [41]. Additionally, rougher surfaces increase the frictional forces between the two
surfaces, especially in the case of sliding contacts, which increases the shear stress profile,
particularly in the region close to the surface.
The topography of a surface can be characterized using various measurements [42]
X Ra: roughness average; mean height as calculated over the entire measured array
X Rqg: root mean square (rms) roughness; rms average of measured height deviations
X R: maximum height of the profile
X Rz average maximum height of the profile
Of these parameters, the two which are most valuable to industrial applications are the
average values, andR,. The roughness averade, is an arithmetic average of the height

deviations measured within the evaluation area, calculated by
Q R
s ..
L— 11+ Lt (2.3)

B i@sh@5s
whereM andN are the number of data points in each directionzaisdhe height deviation from

the averageR. is commonly used as a measurement of machined surfaces, characterizing the
general variations in overall profile. The root mean square valyies similar toR,, but it gives
extra weight to higher values. This is calculated by
Q R
oL o] 5. (2.4)
i@sh@5
Ry is generally used to characterize optical surface finishes, and is more statistically significant

as it represents the standard deviation of profile heights [42]. AdditioRally,a key value used

in lubrication calculations [43].
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2.6.7 Lubrication
Lubricants are commonly used in contact applications to reduce the frictional forces
between two surfaces. Most lubricants are characterized by a high compressive strength but a
low shear strength. This allows the lubricant to remain stable under high normal loads, but
readily shear under sliding loads, effectively reducing the friction coefficient [43]. In addition,
the pressures generated by surface asperities are reduced, especially if the film thickness greatly
exceeds the composite roughness of the surfaces [40].
Lubrication can be categorized into three general types [43]
x Full-Film: surfaces are fully separated by a film of lubricant
X Mixed-Film: surfaces are separated by a partial film of oil; some asperity contact
exists
x Boundary: surfaces physically contact, allowing adhesive and/or abrasive wear
In the case of gear teeth, the contacting surfaces are nonconforming, which encourages
expulsion of lubricant rather than entrapment. However, under high loads, a small contact patch
is formed on each surface [36, 37], allowing a small hydrodynamic film to form, provided there
is enough sliding velocity to replenish the lubricant. Typically, gears experience boundary
lubrication during stop-start conditions, but transition to either mixed-llafiliu lubrication

after regular operation [43]. Oil film thickness at the center of the contact patch is calculated by

LV
S L Rl (2.5)

wherehmin is the minimum film thickness at the trailing edge of the contact [43]. This value is

given by

4 &< 447

S L ugu =048 ——p ks F#* ol—¢—5p

where 5 §s the effective contacting radiugfiis the effective elastic modulusjs the pressure-

O

(2.6)

viscosity exponent,o is the absolute oil viscosityl is the average velocityis the ellipticity
ratio, andP is the contact force [43]. It is important to note that this is an empirical equation
which is only valid with standard units. The type of lubrication is characterized by the specific

oil film thickness (), which is given by
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respectively [43]. The effect of the specific oil film thickness on fatigue life is depicted in
Figure 2.14.
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Figure 2.14  Effect of specific oil film thickness on fatigue life. Adapted from [44].

2.6.8 Loading Conditions

As in all cases, the stress state under contact is highly dependent on the loading involved.
The major loading conditions to consider are the normal load, the tangential load, and the
relative velocities of the surfaces. Normal load refers to the load that is pressing the two surfaces
together, directly orthogonal to the plane of contact. Tangential load refers to the load from one
surface to the other along the plane of contact, expressed as the sliding component in Figure 2.7.
Finally, the relative velocities of the surfaces refers to how the applied contact load travels across
the surface, if at all [36].

The normal load has the most direct influence on the stress state. As the normal load
increases, the peak stress increases, along with the size of the contact patch. Although the
growing contact patch helps to distribute the load over a larger area, the peak stress at the center

of the contact still increases as the applied load increases. Additionally, a larger contact patch
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enables higher frictional forces. As mentioned previously, the stresses from pure contact are
derived from the geometry of the contacting bodies [36].

Tangential loads are primarily generated by two sources: deformational friction and
tractive forces. Most models generate a stress state under the assumption that the two bodies are
perfectly smooth. However, when the surface roughness of the bodies is taken into consideration,
an additional shear stress forms around the center of contact. As the bodies deform, the surfaces
change shape and slide relative to one another. In a much more severe case, tractive forces may
be exerted between the surfaces. In certain situations, this may be a static tractive force, where
one surface is pulling/pushing against the other, but no slip occurs. If this force is great enough
to break traction, a sliding contact is created [36].

The relative velocities between the two bodies are crucial in differentiating between static
contact, rolling contact, and sliding contact. Static contact only occurs when the two surfaces
have no relative motion. If the surfaces are moving relative to each other at identical pace, a
rolling contact is formed. Although this difference is slight, it introduces minor sliding contacts
outside the contacting centers and allows the opportunity for cyclic loading if rolling occurs over
the same region many times [36]. If the two surfaces are moving at different speeds, a sliding
contact forms. Sliding contact significantly alters the stress field [1, 37] and has been found to
greatly reduce fatigue life. This effect is exaggerated by increasing surface roughness, especially

in the case of a rough counter-body rolling and sliding against a smooth specimen [40].

2.7  Microstructural Changes

The fatigue life of steel under RCF and RSCF is believed to be strongly correlated to the
microstructural changes that occur during the cyclic loading. Typical materials used in
applications which experience RCF and RSCF include through-hardened AISI 52100 and
carburized alloy steels. For both of these conditions, the starting microstructure near the surface
is usually a mix of martensite and relatively high levels of retained austenite. After sufficient
cycling, a number of new structures will begin to develop within the microstructure. These
include dark-etching regions (DERS), white-etching areas (WEASs), and white-etching bands
(WEBS). The dark-etching regions have been observed and studied, but no claims have been
made that they have a strong influence on the fatigue life. Modern research has focused more on
white structure development, which has been found to cause failure in many high-cost contact

fatigue applications, such as planetary bearings of wind turbine gearboxes [27].
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2.7.1 Dark-Etching Regions

One of the most common microstructural changes is the appearance of the dark-etching
region. The DER gets its name due to its dark appearance after polishing and etching. The region
is located subsurface, centered on the point of maximum Hertzian contact stress, spreading out
and running parallel to the surface under contact [45]. The DER appears as a sickle/sliver in the
transverse section, as seen in Figure 2.15, and as a band which is parallel to the running surface
in the parallel section [46].

The DER is believed to consist of freshly-formed ferrite patches in a tempered martensite
matrix [47]. The depth is controlled by the stress level, whilelthad€ is controlled by both
the stress level and the number of cycles. As the loading is increased, the Hertzian contact stress
increases and the maximum point of stress shifts deeper, resulting in a deeper and more
pronounced DER. As the number of cycles increases, more plastic deformation and

microstructural alteration occurs, giving the region a darker appearance [48].

LML
% SOl R

Figure 2.15 Transverse cross-section of a DER in a ball bearing race. Adapted from [£

There are several theories on what gives the DER its dark appearance. Early research
speculated that the dark appearance was simply due to the tempering of martensite at the high
operating temperatures of up to 100 °C [47]. However, more recent publications suggest that it is
caused by dislocation slip and preferential etching of certain phases. The common congruence is
that the darkness is evidence of higher levels of plastic deformation.e€ahgroved contact
stress to be a mechanism by pointing out that there is a threshold stress under which the DER
does not form. Additionally, orthogonal slip marks oriented at 45° to the rolling direction were
found in the DER, suggesting that the dark appearance forms after being subjected to higher
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numbers of cycles, causing more plastic deformation and theefitgber density of slip
marks. Alternatively, it has been speculated that the dark appearance is caused by the preferential
etching of phase boundaries or different etching rates between ferrite and the matrix of austenite

and martensite [47].

2.7.2 White-Etching Areas

The most notable of the structure changes are white-etching areas, which appear as white
wings after polishing and etching. They are commonly known as butterflies due to their
resemblance to butterfly wings surrounding a defect in the parallel section, as shown in
Figure 2.16.

Figure 2.16  Micrograph of a butterfly-shaped white-etching area within a martensite-au
matrix. Material and testing conditions not specified. Nital etch. Adapted
from [48].

Butterflies have been observed to form on non-metallic inclusions, voids, or other defects
within the matrix, alumina inclusions being the most common. They tend to form in or around
the region of maximum shear stress; however, they have not been observed within DERS,
suggesting that the formation of DERs may suppress the formation of butterflies [48]. The
WEASs grow at an angle of 45° with respect to the rolling direction in RCF, parallel to the
direction of maximum shear stress [47]. In RSCF, the butterflies have been found to develop at
much shallower angles, likely due to the additional shear stress imposed on the specimen parallel
to the sliding direction [26]. Although they appear similar to butterflies in the parallel section,
the transverse section shows that the area is more similar to a ring surrounding the defect, as
shown in Figure 2.17 [27].
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The phase of the WEASs has been determined to be a nanocrystalline ferrite,
supersaturated with carbon [26, 27, 47). The ferrite resists etching in nital, resulting in its
white appearance. The ferrite grains close to the inclusion are rough$®Dnm in diameter,
while the grainsn the ferrite-matrix interface are roughly #50 nm in diameter. Orientation
imaging microscopy has not showary preferential crystallographic orientation [27]. Hardness
values are 3Gt50 pct higher in the butterfly than in the matrix. The dislocation density within
the butterfly is relatively high, on the order of4@10'" m?; however, the dislocation density is
much lower within the bulk of the grains due to their small size, suggesting that most of the
dislocation density lies within the walls of dislocation cell structures [27]. This also helps to
explain how this region is supersaturated with carbon: the carbon which was previously
accommodated by martensite is dragged by dislocations and accommodated in the dislocation
cell walls [27, 47].

ey t 1 0 i
Carboncoatiné R ;

Carbide ==—p

Figure 2.17  Transverse section of a butterfly which formed under RCF in a through-ha
100Cr6 test specimen, revealing the ring geometry as well as the butterfly «
the WEA-matrix boundary. Adapted from [27].

WEAs are particularly detrimental due to the associated butterfly cracks. Along one edge
of each wing is a gradual alteration from the butterfly microstructure to the matrix. Along the
other edge is a sharp transition, separated by a crack. This crack is believed to form due to
debonding between the inclusions and the matrix as a result of differences in material
properties [27, 47]. Evidence of voids/cavities immediately adjacent to these cracks suggest that
they develop due to void/cavity coalescence [B0% important to note that the presence of a
small butterfly crack is required to initially generate the WEA, after which the two grow

independently and cooperatively due to the local stresses and differences in interfacial energy
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surrounding the inclusion [48]. This has been supported by other studies, which found evidence
that butterfly cracks develop prior to microstructural alteration [26, 53]. Images of a butterfly and

its associated butterfly crack are shown in Figure 2.18.
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Figure 2.18 (&) Optical micrograph of a WEA in a parallel section of a 100Cr6 martens
through-hardened matrix, etched in 2 pct nital; (b) scanning electron micros
(SEM) image of the butterfly, detailing the WEA and butterfly crack. Over-rc
direction left to right. Adapted from [27].

2.7.3 White-Etching Bands

White-etching bands, also known as white-etching cracks (WECSs), are very similar to
WEAs in most ways except growth pattern. As the name suggests, WEBs are long, narrow
bands/cracks that appear white after polishing and etching. Although they appear as narrow lines
in the parallel cross-section, they have been found to have a disc morphology [45, 47]. Similar to
WEAs, WEBSs hae been described as thin bands of ferrite, with a grain size ab0hm,
which run parallel to lenticular carbides [27, 47]. The carbon content within the structures is
somewhat debated. Swabnal.found the bands to be completely free of carbon using
microprobe analysis [45]. Kargj al. found that the carbon content in the WEBSs is lower than
that in the matrix, at 0.06 wt pct compared to 0.5-0.6 wt pct, noting that this is unusual
considering hardness is 350 pct higher in the WEB than the matrix [47]. Evans argued that
the WEBSs are similar to WEAS in that they are supersaturated with carbon, but accommodate the
non-soluble carbon in lattice defects and grain boundaries [27].
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The first type of WEBs to appear during RCF are known as 30° bands due to their
orientation of 20°-30° relative to the rolling direction. The orientation has been found to vary
slightly due to contact conditions, lubrication, and traction forces [48]. Due to this relatively
consistent orientation, their development is not likely influenced by the prior austenite
grains [45]. Although usually found to develop after the formation of a DER [45], the presence
of a DER is not necessarily a prerequisite; rather, it has been speculated that they form after
matrix softening [47]. The number of the bands increases with cycling time, developing an
interlinking network of cracks, but this has not been found to affect the fatigue life of the
component [27].

After further cycling, 80° bands begin to form in the same region as the 30° bands,
slightly closer to the surface. They are thicker and longer than the 30° bands, and their
orientation varies between 7080° [27, 45]. Their formation begins seemingly when the
number of 30° bands reaches a maximum, beginning to break down to nucleate the 80°
bands [45]. The 80° bands cut through the whole microstructure, and can interlink with the 30°
bands to further develop the WEB network, as illustrated in Figure 2.19 [45, 47]. The
development of the DER and WEBS is shown in Figure 2.20.

Rolling direction

80° bands

—— 30° bands

Figure 2.19 lllustration of interlinked 30° and 80° white-etching bands. Adapted from [
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(b)

Figure 2.20 Development of (a) DER, (b) 30° WEBSs, and (c) 80° WEBSs in the near-sul
microstructure of a 52100 bearing. Over-rolling direction left to right. Increa
cycles from (a) to (c). Adapted from [45].

2.7.4 Mechanisms of Microstructural Change

The formation mechanisms of WEAs are not fully understood. A study by Vietait
supported plastic deformation as the cause of the transformation of martensite to ferrite by
analyzing the forces at an inclusion-matrix interface [28]. Figure 2.21 shows an analysis which
calculated the travel path of dislocations at the interface, showing their trajectory until the
interface forces are no longer strong enough to move the dislocations. The shape of the two-
dimensional area containing dislocation slip is comparable to the shape of the butterfly wing
shown in Figure 2.18. This is supported by a study by Nétiat, which found that the butterfly
wings are larger for higher Hertzian contact stresses [24]. This argument is further supported by
evidence of the suppression of butterflies within the DER. Because the DER is formed by plastic
deformation, the stress-raising effect of inclusism®duced in that region, decreasing the
likelihood of a microcrack forming [48].
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Figure 2.21  Analysis showing the path of dislocation slip at the inclusion-matrix interfa
under a Hertzian contact stress, resembling the wings of a butterfly structui
semi-circle represents the inclusion-matrix interface, and the 45° lines reprt
the trajectories which dislocations glide along until they are no longer affec
the stress field generated around the inclusion. Adapted from [28].

Several mechanisms have been found to play a role in the formation of WEBS. It has
been suggested that they form as a mode of stress relaxation through local plastic deformation,
with the orientation related to the dynamic stress tensor in the subsurface region [44t &lang
supported contact pressure as a formation mechanism by noting that a threshold stress exists,
under which the bands do not form [47]. Additionally, it has been observed that reversing the
rolling direction flips the orientation of the bands, indicating a strong stress dependence [45, 48].
Apart from stress, recent research has been looking into hydrogen embrittlement as a formation
mechanism. It has been suggested that hydrogen enters the surface from the dissociation of water
and/or the degradation of lubricants, diffusing into the surface and binding to defects; however,
there are very few mechanistic theories behind this proposition [27]. Additionally, it has been
argued that hydrogen absorption occurs late in the damage process, which suggests that oil acts
to accelerate crack propagation rather than initiate it [54].

Recent studies have proposed that DERs, WEAs, and WEBs all develop due to
strain-induced carbon redistribution [Ex]. Under sufficient stress, plastic flow occurs in the

matrix, breaking dislocations free of their Cottrell atmospheres and enabling them to glide. After
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unloading, the solute atoms are attracted back to the dislocation core, immobilizing it. This
process continues under cyclic loading: the dislocations glide under each stress pulse, and the
solutes diffuse back in between the pulses. As a result, carbon is redistributed throughout the
matrix, typically concentrated in particular areas. It is believed that this redistribution is what
enables the different microstructural features to form: DERs develop when carbide precipitates
absorb extra carbon; WEAs form when carbon segregates to dislocation cell walls; and WEBs
form when carbon segregates to lenticular carbides along ferrite bands [55]. Depictions of each

of these mechanisms are shown in Figure 2.22.
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Figure 2.22 lllustrations depicting the migration of C in (a) DERs, (b) WEAS, and (c) W
Adapted from [55].

2.8 RSCF Failures

Failure under RSCF is dependent on the operating requirements of the component. In
life-critical applications, subsurface cracking may qualify as a failure which is severe enough to
retire the component; in contrast, other applications may not consider the damage to be a failure
until the component has endured enough damage to significantly change its geometry and alter
its function. In this section, failure is defined as a geometric change which results in material

removal or a high probability of material removal under further cyclic loading.
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2.8.1 Types of Failures

Contact fatigue has been found to result in several failure modes. The most notable of
these include micropitting (peeling), subcase fatigue (case crushing), and macropitting
(pitting/spalling) [3, 4, 23].

Micropitting refers to asperity-scale damage on the surface. During preliminary cycling,
plastic deformation and wear create a smooth contacting surface with a mirror-like finish. After
further cycling, the surface takes on a frosted appearance with small black spots. Run-in
micropits are caused by the removal of surface asperities, leaving asperity-scale craters behind.
In some instances, these micropits cease growth due to the elimination of local overloads from
asperity contact, leading some to consider micropitting a self-healing damage mechartism [58
60]. Under further cycling and plastic deformation, microcracks may form beneath the surface,
join together, and ultimately result in small-scale material removal [3]. Although micropitting
does not generally cause catastrophic failure, it may result in failure of components due to
overheating, increased loads, or the compromised geometry of a mating surface [25, 59].

Subcase fatigue refers to cracking caused by overload below the hardened case [3].
Case-hardened components are characterized by a hardness gradient which decreases with
distance from the surface. If this hardness gradient is steeper than the stress gradient imposed at
the surface, there is a chance that the maximum strestgength ratio exists below the region of
maximum Hertzian contact stress. If the stress exceeds the strength, cracking may occur at the
interface between the case and the core. Additionally, the core typically contains tensile residual
stresses (as opposed to compressive residual stresses in the case), making the case/core interface
particularly susceptible to cracking [3, 6, 60].

Macropitting is a surface failure which is preceded by subsurface crack growth,
sometimes considered a continuation of pitting and subsurface damage [3, 58, 60]. Cracks
originate either at or below the surface, then typically propagate through the matrix, parallel to
the surface and at a depth roughly equivalent to that of the maximum Hertzian contact stress [3].
Eventually, these cracks will either turn back toward the surface or link up with other cracks,
disengaging large particles from the bulk material. These macropits typically take on a shell or
chevron shape, initiating at the vertex and branching outward in a manner known as the cyclone
effect [60].
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2.8.2 Macropit Initiation

Although the nominal stress state under contact loading is compressive, fatigue is enabled
by the shear stresses associated with that stress state. The maximum shear stress exists directly
below the point of contact, and alternates between zero and the maximum value as the contact
load cycles (R = 0). However, the initiation of subsurface cracks is caused by the orthogonal
shear stresses ahead of and behind the contact point [23, 30, 58, 61]. Although these shear
stresses are not as high in magnitude as the maximum shear stress, they alternate signs as the
contact load cycles (R = -1) [58]. An illustration of this is shown in Figure 2.23. It is important to
note that although these stresses initiate the subsurface cracks, macropit failures have been found

to initiate both at and below the surface.
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Figure 2.23  Subsurface stress profiles as a function of time, demonstrating the fully re
nature of the orthogonal shear stresses. Adapted from [25].

Surface-origin macropits initiate on defects in the immediate subsurface which are
subjected to high localized stress fields from surface asperities and maximum sliding forces.
Examples of these defects include stress concentrations caused by machining as well as
micropits. Surface-origin macropits are characterized by shallow entry angles, typically inclined
less than 30° to the surface. This type of initiation can be categorized according to its cause:
geometric stress concentration (GSC) or point surface origin (PSO). GSC macropits form along

stress concentrations caused by the geometry of the contacting bodies. The most notable is that
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which is caused by edge effects, appearing near the ends of the contact zone due to the increased
stress at the edges; these are typically mitigated by adding crown radii to the contacting bodies.
PSO macropits are caused by individual defects, which can occur randomly along the contacting
surface and tend to grow in the characteristic chevron shape [3].

Subsurface-origin micropits initiate below the surface, typically on non-metallic
inclusions [3, 24]. In steels, oxide inclusions are the most common initiation sites for macropits
due to their high hardness and incoherent interface [3, 28]. The defect creates a local stress
concentration, which either induces plastic flow or initiates a fatigue crack. Under plastic flow,
microstructural changes occur which can absorb energy, either delaying or eliminating the
initiation of a crack under further cycling [21]. The presence of both microstructural changes and
subsurface cracking is common, appearing as white-etching areas known as butterflies, as shown
in Figure 2.24. Subsurface-origin macropits exhibit smooth bases which run parallel to the
surface and terminate with steep wall exits. Cracks tend to grow most rapidly perpendicular to
the ORD, resulting in an elliptical macropit. Debris released by this process may lead to surface-

initiated macropitting elsewhere on the surface [3].

() (b)

Figure 2.24  Images of a white-etching area, known as a butterfly, which formed under
Shown in the transverse sectiondapolished and (b) etched in 3 pct nital.
Material not specified. Adapted from [23].

2.8.3 Macropit Crack Propagation
Once initiated, cracks which form macropits grow in the subsurface, typically at a depth
similar to that of the maximum orthogonal shear stresses [3]. Surface-initiated cracks tend to
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propagate down toward this depth, often due to hydraulic fracturing caused by spikes in lubricant
pressures upon contact with the opposing surface [62]. Once in the subsurface, cracks have been
shown to grow fairly parallel to the surface, slightly at an inward angle away from the

surface [23]. This is shown in Figure 2.25, which depicts a developing surface-initiated macropit
caused by a dent at the surface. In the topographic view depicted in Figure 2.25(a), the crack
extends longitudinally and outward in the chevron shape. In the cross-section view depicted in
Figure 2.25(b), the crack propagates into the subsurface, then continues at a much shallower

angle.

(@) (b)

Figure 2.25 Photomicrographs of a developing macropit on a ball bearing race, showir
(a) the topographical view and (b) the sectioned view. The macropit initiate
behind a dent at the surface, then propagated through the subsurface at a
angle. Initiation point indicated by arrow. Material not specified. Adapted
from [63].

After continued cycling, this crack continues to propagate, undermining the surface
behind the initiation point. The undermined layer loosens and creates a transverse crack, which
eventually connects with the original crack, allowing the material to break free [4]. Figure 2.26
shows the geometry of a typical surface-initiated macropit, including the shallow entry angle,

branching-out chevron-shaped arms, and the steep trailing edge.

32



c E
/‘ Spall depth in B WY

0.001 in.
/

e 0 4 0 ] EL_/
0 20 40 60 80 100 120

Spall length in 0.001 in.

(@) (b)

Figure 2.26  Diagram of a typical surface-initiated macropit, shown in (a) the transverst
section and (b) the parallel section. Adapted from [64].
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CHAPTER 3
EXPERIMENTAL PROCEDURE

This section discusses the experimental procedure for preparing the material,

characterizing each specimen, and performing mechanical RSCF testing.

3.1 Material Selection

Steels utilized in this work were all commercially produced at TimkenSteel by electric
furnace melting and bottom pouring ingots. The ingots were heated in soaking pits, hot rolled to
bars, and air cooled.

Four different steel types were selected for testing: 4120, 4320, 4820, and EN-30B. The
chemical composition of each of these steels is shown in Table 3.1. The main difference between
these alloys is the Ni content, which varies between®Wti&t and 4.1%t pct. Specimens of all
four steels were machined and carburized in a single batch at Deere & Company. A second set of
4320 specimens was machined and carburized using different parameters at Caterpillar.
Specimens of each condition were labeled with a code to indicate the Ni content and carburizing
parameter: 412(B tbase), 4320 (Lxlow Ni, carburized at Deere), 4320 (20w Ni,
carburized at Caterpillar), 48ZM +medium Ni), and EN-30BH zhigh Ni).

Table 3.1+Chemical Composition (wt pct) of Ste&tudied[65]

Code Alloy Ni C Mn Si Cr Mo Ti
B 4120 0.13 0.20 1.09 0.26 0.50 0.15 0.002

L1, L2 4320 1.72 0.20 0.58 0.28 0.52 0.22 0.003
M 4820 3.38 0.19 0.60 0.27 0.16 0.23 0.002

H EN-30B  4.15 0.28 0.49 0.26 1.33 0.28 0.005

Code Alloy Vv Al N S P Cu B
B 4120 0.004 0.026  0.0082 0.023 0.007 0.18 0.0002
L1, L2 4320 0.005 0.028 0.0100 0.021 0.009 0.21 0.0002
M 4820 0.002 0.034 0.0076 0.010 0.008 0.18 0.0002
H EN-30B 0.011 0.041 - 0.010 0.012 0.16 0.0003
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3.2  Specimen Machining

Cylindrical test specimens 25.4 mm diameter by 152 mm long were machined outside the
mid-radius of 127/m diameter bars to avoid centerline segregation. A small groove was marked
on the end of each bar to indicate the point which was closest to the outside radius of the hot-

rolled bar. An illustration of this procedure is shown in Figure 3.1.

Hot-Rolled Radial

\—Mid-Radius

Figure 3.1 Location of specimens which were machined out of hot-rolled bar.

3.3  Specimen Carburizing
All four alloys were carburized in a single batch at Deere and Company. Specimens were
arranged vertically in a rack to minimize run-out distortion, and distributed randomly to
eliminate location in the furnace as a variable. The map detailing the location of specimens in the
rack is shown in Figure 3.2. Details of the heat treatment recipe are listed below:
1. Heated to 816 °C (1500 °F) at 0.60 pct C potential
2. Heated to 954 °C (1750 °F), potential raised to 0.80 pct C, thento 1.1 pct C
3. Carbon potential reduced to 0.90 pct C for the remainder of the boost-diffuse
cycle
4. Cooled to 843 °C (1550 °F), potential reduced to 0.80 pct C, to equalize
temperature

5. Quenched in agitated oll
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Figure 3.2 Carburizing map of the specimens heat-treated at Deere and Company. v
indicated on top (41 represents 4120, 43 represents 4320, 48 represents 4
E represents EN-30B) and the specimen number is indicated on the botton
the random distribution of materials within the rack.

A second set of 4320 specimens was machined and carburized in a box-type furnace at
Caterpillar, as shown in Figure 3.3. Details of the heat treatment recipe are listed below:
1. Boost: 927 °C (1701 °F), 1vit pct C, 320min
2. Diffuse: 927°C (1701 °F), 0.7%vt pct C, 120min
3. Equalize: 845C (1553 °F), 0.75vt pct C, 60min
4. Oil quench, max agitation

Figure 3.3 Image of 4320 test specimens arranged in a rack prior to being carburizec
Caterpillar.
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3.4  Material Characterization
Representative specimens of each material condition were characterized for carbon
profiles, residual stress profiles, hardness profiles, non-metallic inclusions, and retained austenite

profiles. Surface roughness was measured on all test specimens and load rollers.

3.4.1 Carbon Profiles

The carbon profiles of the as-carburized bars were measured using the turnbar method on
a representative sample of each material condition. Each bar was tempered at 538 °C (1000 °F)
for three hours, then turned on a lathe. The chips at discrete depth levels were collected and

analyzed in a LECO carbon analyzer.

3.4.2 Intergranular Oxidation

Intergranular oxidation (IGO) was measured on representative specimens of each
material. Specimens were prepared by mounting and polishing material to reveal a parallel
section. Three light-optical microscope (LOM) images along the surface of each specimen were
captured. On each image, a line parallel to the surface was drawn to mark the average depth of
IGO penetration. The distance between the line and the surface was measured in each image, and

the average of the three images was recorded.

3.4.3 Residual Stress

Residual stresses were measured at several discrete depths of a representative specimen
of each material condition using X-ray diffracti@@omputer-controlled equipment automatically
moved the detectors to four different tilt positions to capture the diffracted beam coming off the
specimen. Target depths were 0 um, 50 um, 250 um, 450 um, and 650 um. Residual stresses in

the hoop and longitudinal directions were measured at each depth.

3.4.4 Inclusion Analysis

Representative samples for each of the four alloys were sent to TimkenSteel for inclusion
analysis. Untested sections of material were cut from several bars and then cut again to reveal the
radial section of the original bar from which it was machined, as illustrated in Figure 3.4. These
sections were then analyzed using several different vintages of Aspex Explorer SEMs, all

internally calibrated to each other. The detected inclusions were divided into various groups,
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based primarily on composition. The results which were categorized as oxide inclusions are

reported in the analysis; other inclusions such as sulfides and nitrides are excluded.

Observation
Plane

—

|V
|
(a) (b)
Figure 3.4 Methods used for inclusion analysis samples: (a) cutting the section of bai

the diameter of the hot-rolled bar, indicated by the machined groove; and
(b) observing the radial section.

3.4.5 Prior Austenite Grain Size
The prior austenite grain size (PAGS) was measured in both the case and the core of each
material condition. Core measurements were prepared by sectioning, mounting, polishing, and
etching full axial cross-sections of each test specimen. Images were collected using an Olympus
PMG3 light-optical microscope (LOM). Case measurements were prepared by cleaning, lightly
polishing, and etching the surface of the machined bar. Images were collected using a Keyence
VHX-5000® digital LOM, utilizing image stitching to maximize the depth of field and keep the
entire curved profile in focus.
The samples were etched using an aqueous picric acid solution of the following recipe:
X 200 mL de-ionized (DI) water
x 1 mL teepol
x 3 drops HCI
x 5 g picric acid
The solution was heated to 65 °C and magnetically stirred. Samples were pre-heated for
roughly 30 s prior to being immersed in the solution for 30-300 s, depending on the etching

response. After immersion, samples were immediately immersed in DI water and lightly
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back-polished with a cotton swab. The martensite in several materials preferentially etched
stronger than the prior austenite grain boundaries (PAGBS); these materials were over-etched to
reveal the PAGBs and back-polished even further to remove the martensitic features.

Images of the etched surfaces were captured and analyzed in ImageJ to calculate the
PAGS using the Abrams Three-Circle Procedure as laid out in ASTM E112 [66]. For each
material, five images were analyzed, each containing approximately 100 intercepts. The average

of these five images was calculated.

3.4.6 Retained Austenite

Retained austenite was measured using two different methods: X-ray diffraction and light
optical microscopy. For both methods, a representative sample of each material was selected for
measurement. Caterpillar performed the XRD measurements of retained austenite along with the
XRD measurements of residual stresses (see Section 3.4.3).

For the LOM method, a chordal section was removed from a cylindrical test specimen,
mounted, ground down to pre-determined depths, and polished. The depths were determined by
measuring the width of the exposed chord. Target widths are listed in Table 3.2; the near-surface
measurements were taken at the edges of the 50 um depth level. This method is depicted in
Figure 3.5. The samples were etched immediately after polishing using 2 pct nital to expose the
microstructural features, then etched in 10 pct agueous sodium metabisulfite to increase the

contrast between martensite and austenite [67, 68]

Table 3.2+Target Grinding Widths for Depth Measurements
Depth (um) Target Width (mm)

50 2.25
250 5.02
450 6.70
650 8.02

Three LOM images magnified 4,000X were captured at different locations along the
centerline of the section which represents the target depth; for the near-surface measurements,
images were captured along the edge of the section which was ground to the 50 um target depth.
Images were analyzed using ImageJ software. Each image was converted to grayscale, and a

threshold was applied to highlight the white areas representing retained austenite. The threshold
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level depended on the etching response of the material and the camera exposure settings. Once
the threshold level was set, highlighting all of the regions containing retained austenite, the phase
fraction was calculated. The average of the three images was calculated for each material at each
depth.

(@) (b) (c)

Figure 3.5 Chordal sectioning method used for retained austenite measurements, sh
(a) the sectioning, (b) mounting, and (c) grinding to expose the subsurface.

3.4.7 Hardness

Microhardness was measured on representative test specimens of each material condition
using a LECO AMH55 automated Vickers hardness indenter. Two different types of profiles
were measured: transverse and parallel. Transverse hardness specimens were prepared by cutting
material from the bar and mounting to expose the transverse section of the test specimen (the
axial section of the hot-rolled bar). For specimens which were subjected to loading, the exposed
plane was located at the center of the wear track. Hardness of a single staggered profile was
tested on the polished surface; as shown in Figure 3.6(a). Parallel hardness specimens were
prepared by cutting a disc of material roughly 1 cm wide from the bar, cutting off a pie-shaped
section, and mounting to reveal the parallel section. For specimens which were subjected to
loading, the entire wear track was cut from the bar. A grid of hardness indents was tested on the
polished surface; this method is illustrated in Figure 3.6(b). Because lateral staggering was not
possible with the grid, a lower load was utilized to ensure that there was enough space between
each indent. The average and standard deviation were calculated at each depth on parallel
hardness tests, accounting for errors to which the transverse hardness tests are vulnerable. The

parameters for each of these tests are listed in Table 3.3.
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Figure 3.6 lllustrations depicting the methods of measuring microhardness on (a) the
transverse section and (b) the parallel section.

Table 3.3+Transverse Hardness Test Parameters

Parameter Transverse Test Parallel Test
Initial Depth 100 pm 100 um
Final Depth 3000 pm 3000 pm

Depth Spacing 100 pm 100 um
Lateral Spacing N/A 1 mm
Lateral Staggering 50 um O pum
Load 500 gf 200 gf
Repetition 1 9
Max. Indent Size 54 um 32 um

3.4.8 Surface Roughness

The surface roughness of every bar and load roller was measured before and after RSCF
testing. A WYKO NT2000 optical profilometer was used to scan the surface in the vicinity of the
wear track. The parameters for each scan are listed in Table 3.4. The system software
automatically calculated thesRRg, R,, and Rvalues. The average value of three measurements
was recorded for each wear track. Composite surface roughness was calculated for each test to

include both the specimen and load roller roughness. The calculation is given by

6 6
oYecfei_j[L § Oif[Y_c[d E Ohebb[h (3'1)
whereRy,specimer@NdRy roller are the averagegRurface roughness values of the specimen and load

roller wear tracks, respectively.
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Table 3.4+Optical Profilometer Scan Settings

Setting / Parameter Value / Type
Scan Area 1 mn¥
Back-Scan Length 30 um
Scan Length 45 pm
Modulation Threshold 0.1 £1 pct
Filtering Cylinder and Tilt

3.5 Rolling-Sliding Contact Fatigue Testing
The RSCF testing unit was used to measure the fatigue life as number of cycles to failure
for each material. The test unit operating parameters and testing procedure are outlined in the

following sections.

3.5.1 Modular RCF/RSCF Testing Machine Overview

Specimens were tested on a modular RCF/RSCF testing machine which was designed
and built by students at the Colorado School of Mines [65, 69]. The machine uses separate motor
drives to individually control the specimen and load roller speeds, allowing flexibility in the test
setup. The specimen is held in bearings in a pillow block which is fixed to a platform. The load
roller is held on a shaft surrounded by bearings in a separate pillow block which is on a sliding
platform. The two are connected by a series of links which attach to a hydraulic cylinder. As the
hydraulic cylinder extends, the specimen and load roller are compressed together; an inline load
cell attached to the back of the specimen pillow block measures the load. An accelerometer is
magnetically fixed to the top of the specimen pillow block to detect vibrations caused by the
presence of a macropit. An illustration of this setup is shown in Figure 3.7 as well as an image
which identifies the major components in Figure 3.8.

Although tractive forces were not directly measured, a Futek® TRS705 torque sensor
was installed along the specimen driveshaft. A correlation was built between the torque sensor
and the specimen motor current to resolve torque from the specimen motor current data recorded
for each test. The calibration curve provided by Futek as well as the calibration for the specimen
motor are shown in Figure 3.9. Tractive forces were calculated by dividing the torque by the
nominal radius of the specimen. Two separate tractive force values were calculated for test

specimens: initial and steady-state. Initial traction was defined as the average traction measured
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during the first 5,000 cycles of the test. Steady-state traction was defined as the average traction

from 100,000 cycles until the end of the test.

Movablc Specimen
(Fixed)
Load Cell
Load

© Roller

oy G A
O o)
Hydraulic Cylinder ———]
Figure 3.7 lllustration of the modular RCF/RSCF testing machine.

Figure 3.8 Image of the modular RCF/RSCF testing machine indicating major compo

The machine contains a self-regulating oil lubrication system. Oil is pumped from a base
reservoir at the bottom of the machine through a 5 um filter and up to an elevated heater
reservoir. The oil is heated by two 405 W electric heating elements, then gravity-fed through an

insulated hose to a nozzle resting above the contacting surfaces. After dripping onto the surfaces,
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the oil is collected in a small pan attached to the specimen pillow block and fed back into the
base reservoir. Temperature is measured by thermocouples in the heater reservoir and in the
nozzle directly above the specimen. Flowrate is controlled by a manual ball valve and a
float-switch-controlled relay which actuates the oil pump when the oil level in the heater

reservoir decreases. A schematic of this system is shown in Figure 3.10.
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Figure 3.9 Calibration curves for (a) the torque sensor and (b) the specimen motor to
torque and tractive forces from motor current.
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Figure 3.10 lllustration of the oil lubrication system, showing (a) the oil pump; (b) the o
filter; (c) the heater reservoir; (d) the thermocouples; (e) the electric heating
elements; (f) the float switch; (g) the manual ball valve; (h) the oil pan; and
base reservoir. Adapted from [26].
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panel which is used to operate the machine is shown in Figure 3.11. This program allows the
user to control the speeds of the specimen and load roller, the target load, the lubricant
temperature, and the vibration threshold for detecting a macropit. The end of the test was
automatically determined by detection of the macropit or a predetermined maximum number of
cycles. Several other operating parameters are capable of being modified by editing the code

directly.
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3.5.2 RSCF Testing Parameters

The RSCF tests conducted on these materials were run at a nominal Hertzian contact
stress of 3.2 GPa and a slide ratio of -20 pct. This load was generated by a carburized 4130 load
roller disc with a 152.4 mm crown radius to eliminate stress-raising edge effects. The contacting
surfaces were lubricated by Exxon 254 Jet Oil heated to 100 °C. A full list of operating

parameters is available in Table 3.5.
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Table 3.5+tRSCF Testing Parameters

Test Parameter Value / Type
Specimen Diameter 25.4 mm
Max. Specimen Eccentricity + 0.0254 mm
Nominal Specimen Roughness 0.3 0.4 um Ra
Load Roller Material Carburized SAE 4130
Load Roller Surface Hardness >700 HV
Load Roller Diameter 127 mm
Load Roller Crown Radius 152.4 mm
Nominal Load Roller Roughnes: 0.4 um Ra
Hertzian Contact Stress 3.2 GPa
Specimen Speed 1000 RPM
Load Roller Speed 250 RPM
Slide Ratio -20 pct
Lubricant Exxon 254 Jet Oill
Lubricant Temperature 100 °C
Runout Limit 10 million Cycles

3.5.3 RSCF Testing Procedure

The specimen was loaded into the machine along with a newly ground load roller. The oll
pump and oil heaters were turned on, allowing the oil to circulate and warm up. The motors were
turned on and set to turn the specimen and load roller at 250 RPM and 50 RPM, respectively, to
avoid any surface speed mismatch; this also allowed the contacting surfaces to heat up with the
oil evenly across the circumferences. Once the oil was up to operating temperature, the motor
speeds and load were increased to the operating values to initiate the test.

In the early stages of testing, it was determined that the specimen motor was not capable
of generating enough torque to maintain the proper speed on most specimens at the beginning of
the test; however, the amount of current required to generate the proper torque decreased over
time until reaching a steady-state value. This was attributed to surface roughness: the tractive
forces generated by sliding against the as-carburized surfaces were too high for the motor, but
after the wear tracks were worn down by further cycling, the tractive forces decreased, and the
motor was capable of generating the proper amount of torque. The decision was made to
implement a break-in procedure which would reduce the surface roughness prior to subjecting
the specimen to the full operating load. The procedure is as follows:

1. Set specimen motor to full speed and match load roller speed for pure rolling contact

2. Increase load to 350 N to establish contact between surfaces
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Increase load roller motor speed to establish sliding contact
Increase load to 2.5 GPa contact pressure (10.283 kN contact load)
Hold at 2.5 GPa for 5,000 cycles

Increase load to 3.2 GPa contact pressure (13.162 kN contact load) and initiate cycle

counter

o g &~ w

This procedure is shown graphically in Figur&2Ba). The current required to operate the
specimen motor increased sharply as the load is increased. Before reaching the 20 A capacity of
the motor, the load was held at 2.5 GPa, allowing the surfaces to smooth out and decrease the
required current. After 5,000 cycles, the tractive forces were low enough to increase the load to
3.2 GPa without stalling the specimen motor, at which point the cycle counter was initiated.
Figure 3.12(b) shows that the current required by the specimen motor, and therefore the tractive
forces generated by the sliding contact, decreased with cycling to a steady-state value after
approximately 100,000 cycles. Specimen surface roughness was found to decrease following

RSCF testing; however, the reduction in surface roughness following the break-in period was not

evaluated.
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Figure 3.12  Specimen motor current plotted as a function of (a) time, demonstrating th
break-in period; and (b) cycles, showing that the motor current, and therefc
tractive forces, decrease to a steady-state value after about 100,000 cycles
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Once the machine was in the testing mode, feedback loops kept all of the testing
parameters stabilized. Critical values such as motor speeds, contact load, oil temperature,

vibration level, and cycle counts were recorded throughout the test.

3.5.4 Interrupted Testing

One specimen of each material condition was selected for an interrupted test to evaluate
the accumulation of damage prior to failure. These tests were stopped after subjecting the
specimen to 200,000 cycles. Studies by Kramer observed failures at 1,000 cycles, 10,000 cycles,
100,000 cycles, and 200,00 cycles; it was found that butterflies began to develop between 10,000
and 100,000 cycles [26]. For this study, a stopping point of 200,000 cycles was selected to
ensure that all materials had reached steady-state operating values and were damaged to a
sufficient level for observation. The procedure for running the interrupted tests was identical to
the standard tests; the only difference was the setting the maximum cycles to 200,000 rather than
10 million as with the standard tests. Once the cycle counter exceeded 200,000 cycles, the load

was released and the motors shut off.

3.6  Failure Analysis
Test specimens were observed following RSCF testing. This included collecting images
of whole macropits, detailed images of macropit features, and images of the microstructure in the

transverse section.

3.6.1 Macropits

Images of macropits were captured using two different techniques: LOM and SEM. The
LOM method was used to collect images of the entire macropits, and the SEM method was used
to capture several images of whole macropits as well as detailed images of features within the
macropits.

A Keyence VHX-5000® digital microscope was used to collect LOM images. Test
specimens were mounted on V-blocks with the macropit facing the lens. Three-dimensional
image stitching was utilized to capture the entire macropit in detail. This was accomplished by
defining the boundaries of the macropit and specifying the upper and lower limits of the focal
plane. The microscope captured high-magnification images within these boundaries and stitched
them together to create a high-definition macroscopic image. For each individual image, the

microscope collected images at discrete levels between the upper and lower limits of the focal
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plane; the computer automatically selected the most well-focused image for each group of pixels,
effectively providing a large depth of field.

An FEI Quanta 600l environmental scanning electron microscope (ESEM) was used to
collect the SEM images. Specimens were prepared by removing the wear track from the test
specimens, cleaning the macropits with alcohol, and mounting them on the stage with the
macropit facing up. The material was secured to the stage using a tacky carbon tape to increase

conductivity and prevent movement during imaging.

3.6.2 Microstructural Analysis

The microstructures of several test specimens were observed under LOM. Specimens
were prepared by removing material from the wear track and mounting to expose the transverse
section. These specimens were polished down to 0.5 um, immediately etched in 2 pct nital to
reveal the microstructure, and then etched in 10 pct aqueous sodium metabisulfite to increase the
contrast [67, 68]. Images were collected on an Olympus® PMG 3 with a digital camera

attachment.
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CHAPTER 4
RESULTS AND DISCUSSION

This section covers the results of the material characterization, the RSCF test results, and

the analysis of the failures.

4.1  Stress Analysis

The stress state caused by the pure rolling contact was modeled using HertzWin 2.8.0
software. The geometry of the specimen and load roller were input along with the contact load of
13.162 kN (2.959 kip), generating stress profiles shown in Figure 4.1(a). These stresses were
transformed to resolve the principal stresses, Von-Mises equivalent stress, and maximum shear

stress, shown in Figure 4.1(b).
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Figure 4.1 Herzian contact stress profiles within the specimen (a) as calculated by
HertzWin 2.8.0 and (b) transformed to resolve principal stresses, Von-Mise
equivalent stress, and maximum shear stress profiles. The stresses were d
by a contact load of 13.162 kN against a steel load roller with a crown radit
152.4 mm.

In addition to these stress states, the contact patch between the specimen and load roller

was calculated by HertzWin to be an ellipse which is 6.664 mm wide and 1.179 mm tangentially.
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This width is less than the 12.7 mm width of the load roller, verifying that the edges of the load
roller do not act as stress concentrators. From this geometry, the pressure distribution within the

patch was calculated by

. S 6 > 6
"84l ', s F F @A (4.1)
wherepo is the maximum contact pressuasandb are the longitudinal and tangential half-axis
dimensions of the contact patch, respectively;»aaddy are the longitudinal and tangential
coordinates along the contact patch, respectively [36]. This pressure distribution is plotted in

Figure 4.2. The total area of the contact patch was calculated by

#Le=> 4.2)
whereA is the areaa is the transverse radius, ands the longitudinal radius. This area was

found to be approximately 6.17An?.
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Figure 4.2 Pressure distribution of the contact patch between the specimen and load
under the nominal contact log€olor image +see PDF copy)

4.2  Material Characterization
Representative specimens were prepared to measure C profiles, intergranular oxidation

depths, residual stress profiles, non-metallic inclusion content, prior austenite grain size, retained
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austenite phase fraction, and hardness. The results of these analyses are presented in the

following sections.

4.2.1 Carbon Profiles

The C profiles measured in each material are shown in Figure 4.3; the gradients follow
the typical trend of carburized components. The C reaches a maximum near the surface and
approaches the core value at a depth of roughly 2 mm in most materials. One item to note is on
the 4120 (B) specimen; this gradient shows much higher surface C levels than the rest of the
materials. The higher C levels in 4120 (B) are likely due to the absence of Ni relative to the other
alloys. Austenite-stabilizing additions have been shown to repel C atoms and increase C activity
in steels; however, Ni and silicon (Si) have been found to impede the carburizing process [15],
making 4120 (B) the most C-receptive alloy. The relatively high C profile in EN-30B (H) may
be explained by the higher initial C level in the material.
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Figure 4.3 Carbon profiles of the as-carburized bars.

4.2.2 Intergranular Oxidation
IGO was observed at the carburized surface in all materials, as shown in Figure 4.4.

Numerical depth measurements are listed in Table 4.1. Average penetration depths ranged from
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8 £18 um in the materials. This is consistent with previous studies in which Kramer found an
average IGO depth of 16.3 um and 15.6 um in gas-carburized 4120 and 4320 steels,
respectively [26].

4320 (L2) 4320 (L1) 4120 (B)

4820 (M)

EN-30B (H)

10 pm

s

Figure 4.4 LOM images a@spolished parallel sections of each material, showing evide
of intergranular oxidation.
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Table 4.1+Intergranular Oxidation Penetration Depth

Material Average 1GO Standard
Depth (um) Deviation (um)
4120 (B) 17.8 3.2
4320 (L1) 13.8 1.1
4320 (L2) 11.2 0.4
4820 (M) 14.6 0.6
EN-30B (H) 8.3 0.8

4.2.3 Residual Stress

The residual stress profiles measured by X-ray analysis in each material are shown in
Figure 4.5. The residual stresses are compressive in both directions, typical for the case of
carburized components. The magnitudes are roughly similar for all materials, ranging from -100
to -500 MPa throughout the depth. Although compressive residual stresses generally improve

contact fatigue life [25], these values are small when compared to the nominal 3.2 GPa Hertzian

contact stress.
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Figure 4.5 Residual stress profiles of the as-carburized bars in (a) the longitudinal dir
and (b) the hoop direction.
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These data were imported into a code written in MATLAB® along with the stress
profiles calculated by HertzWin to calculate the effects of residual stress on the contact stress
state. To keep the results generic for all five materials, the average residual stress of all materials
at each depth was used for the analysis. The average residual stresses were summed with the
corresponding stresses calculated by HertzWin. These stress states were transformed to resolve
the principal stresses, Von-Mises equivalent stress, and maximum shear stress. The difference in
the stress state caused by the residual stresses is plotted in Figure 4.6, which shows that all
stresses became more compressive. Particularly at depths of 450 pm and 650 pum, the first and
second principal stresses are significantly impacted due to the small nominal stress magnitudes at
those depthghe change in the first principal stress by greater than 100 pct can be explained by
the stress state being changed from tensile to compressive by the residual stresses. However, the
third principal stress, the Von-Mises equivalent stress, and the maximum shear stress are all
altered by less than 10 pct at all depths. Considering Von-Mises and maximum shear stress are
the most important factors for plastic flow and fatigue cracks under RSCF [23, 58, 61], the
residual stresses in these materials may not have as significant an effect on RSCF peréamance
in traditional Mode | fatigue.
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Figure 4.6 Reduction of Hertzian contact stress due to the residual stresses in the lor
and hoop directions, expressed in (a) absolute units and (b) percentage of
original stress state.
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4.2.4 Inclusion Analysis

The results from the inclusion analysis are listed in Table 4.2. Because oxides have been
identified as the primary sources of failure under contact fatigue [9, 24], the results reflect only
the oxide inclusion content of each material. The 4320 (L) and 4820 (M) alloys are the cleanest,
containing the smallest oxides and the least amount of oxide area, respectively. 4120 (B)
contains the most oxides based on total area as well as the largest oxide inclusion, followed by
EN-30B (H). It should be noted that the inclusion rating was determined for one specimen of

each material to compare with RSCF life for each of the test specimens for a given steel grade.

Table 4.2+Inclusion Analysis Results

_ anc. Co_nc. Oxide Oxide Maxim_um
Material Inspection Oxides Oxides Area Total Area Inclusion
Area (mnf) >10um  >20pum w2my?) > 100 Ui (Aread?ma
@en?)  (#omp) W Wnemmd) (um)
4120 1608 8.08 3.73 25.91 3.66 34.45
4320 1655 0.0 0.0 6.47 0.0 9.89
4820 1694 2.36 0.59 5.79 0.54 20.67
EN-30B 1665 8.41 1.20 9.70 1.70 23.51

4.2.5 Prior Austenite Grain Size

The PAGS measured for each material is listed in Table 4.3. The grains in the case were
generally smaller than the grains in the core. The core grain sizes were consistent for all
materials with the exception of 4320 (L2), which had smaller grains than the rest; this difference
can be explained by the different recipe used for the carburizing process. Heat treating the
material at different temperatures and times may have edsultifferent grain sizes.
EN-30B (H) was observed to have a significantly smaller grain size on the surface than the rest

of the specimens. Micrographs for each material are shown in Figure 4.7 through Figure 4.11.
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Table 4.3+Prior Austenite Grain Size Measurements (um)

Material Case Core
4120 (B) 20.26 23.71
4320 (L1) 18.79 23.67
4320 (L2) 16.20 18.86
4820 (M) 18.29 25.08
EN-30B (H) 9.25 23.81

() (b)

Figure 4.7 LOM images of the prior austenite grain structure of 4120 (B) in (a) the ca:
(b) the core.
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(a) (b)

Figure 4.8 LOM images of the prior austenite grain structure of 4320 (L1) in (a) the c:
(b) the core.
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() (b)

Figure 4.9 LOM images of the prior austenite grain structure of 4320 (L2) in (a) the c:
(b) the core.

() (b)

Figure 4.10 LOM images of the prior austenite grain structure of 4820 (M) in (a) the ce
(b) the core.
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(@) (b)

Figure 4.11 LOM images of the prior austenite grain structure of EN-30B (H) in (a) the
and (b) the core.

4.2.6 Retained Austenite

TheRA profiles measured by X-ray and LOM for each material are shown in
Figure 4.12. The results between the two measurement methods show similar trends, with RA
phase fractions peaking slightly below the surface, then decreasing toward the core; however, the
measured values as well as the relative levels are different between the methods. A comparison
of the two methods at a depth of 50 um is shown in Figure 4.13, along with the phase fractions
calculated by a Steven and Haynes model [70]. A comparison of the micrographs of 4320 (L2)
and EN-30B (H) at a depth of 50 um is shown in Figure 4.14, showing a significant difference in
RA phase fraction; however, it is possible that the LOM method was not capable of accurately
measuring small grains of retained austenite, as shown in Figure 4.14(b). The Steven and Haynes
model used the chemical compositions listed in Table 3.1 as well as linear interpolations of the C
levels showed in Figure 4.3 to calculate the martensite start temperag)ifgdfMes of each
material, and then calculated the RA levels at discrete depths based on ¢hesgbtatures.

The Ms temperatures were calculated by

w(:LwxFEVvyw ?2Fube ?Fsy>"?Fsy><«?Fts>" ? (4.3)
where [C], [Mn], [Cr], [Ni], and [Mo] represent the levels of carbon, manganese, chromium,

nickel, and molybdenum, respectively, in wt pct. The RA levels were then calculated by
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fUEf i LsrrUx@xUsr?®9% U :vww T ;926 (4.4)
wheredT is the difference between theskémperature and room temperature in °C. A room

temperature of 20 °C was used, based on the approximate temperature of the mechanical testing

labs where the carburized bars are stored.
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Figure 4.12 Retained austenite profiles measured by (a) X-ray diffraction and (b) light-
microscopy image analysis.
50 T T T T I T
- X _
40 — —
2 X I
B
<
E 30 X X —
X »
= 20 —
: =
T & 1
10 — E = \ _
@®LOM
- S XRD Steven-Haynes -
O 1 | 1 I 1 I 1 I ]
0 1 2 3 4 5
Ni Content (wt pct)
Figure 4.13 Comparison of retained austenite phase fractions at a depth of 50 um me:

XRD and LOM along with those calculated by the Steven and Haynes mod

6C



(@) (b)

Figure 4.14  Light optical micrographs of (a) 4320 (L2) and=K)30B (H) at a depth of
50 um, showing different levels and sizes of retained austenite.

Based on the comparison, the LOM results correlate much better with the Steven and
Haynes model than the XRD results. Additionally, LOM was the only practical method available
for measuring RA phase fractions in the wear tracks of specimens which had been tested,;

therefore, the decision was made to use LOM results for all RA measurements.

4.2.7 Hardness

The hardness profiles measured in each material are shown in Figure 4.15. As expected,
the hardness profiles have a similar gradient compared to the carbon profiles, with the maximum
hardness near the surface and a lower shelf representing the core. There are some notable
differences in the hardness profiles for the five materials. The 4120 (B) had a high surface
hardness and the lowest core hardness. The high surface hardness is thought to be due to the high
surface C content. The low core hardness for the 4120 (B) is believed to be due to the lowest
hardenability leading to non-martensitic transformation products that formed during quenching.
The 4320 (L2), which was carburized in a separate process batch than the other materials, had a
deeper case than the 4320 (L1). The surface hardness is lower for the higher Ni contents in the
4820 (M) and especially for the EN-30B (H) Ni test specimens as a result of the increased RA
contents. The relatively high core hardness in the EN-30B (H) specimens is due to the higher

bulk core C content of 0.28t pct compared to about 0.2@ pct for the other materials. The
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higher core hardness and lower surface hardness resulted in a less pronounced slope for the

EN-30B (H) profiles as compared to the other specimens.
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Figure 4.15 Hardness profiles of the as-carburized bars, measured in (a) the transvers
direction in (b) the parallel direction.

4.2.8 Surface Roughness

The surface roughness of every as-carburized specimen and freshly ground load roller
was measured prior to testing. The individual results varied from 20810600 nm R, and
composite surface roughness values varied from 50&2y200 nm R. Additionally, based on
the contact and lubrication parameters listed in Table 3.5, the oil film thickness was calculated to
be 46.22 nm. By dividing this value by the average composite surface roughness of all tests, the
average specific oil film thickness was calculated to be 0.049. Because this value is significantly
less than 1, the surfaces were in boundary film lubrication, indicating that there was significant
asperity contact during the tests.

In addition to increased wear, significant asperity contact may increase the tractive forces
at the surface, resulting in an increased stress state. The tractive forces at the beginning of the
test and during the steady-state testing based on the specimen motor current recorded during the
tests. Tractive force is plotted as a function of several surface roughness parameters in
Figure 4.16 through Figure 4.18.
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Figure 4.18 Tractive force plotted as a function of composite surface roughness.

Based on the figures, it is evident that the tractive forces decreased as the surfaces were
subjected to RSCF. The results shown in Figure 4.16 suggest that increased specimen surface
roughness resudt in decreased tractive forces. This trend contrasts with the results shown in
Figure 4.17, which suggest that increased load roller surface roughnesdiesaltreased
tractive forces. The effect of composite surface roughness on the tractive forces, shown in
Figure 4.21, is fairly insignificant, indicating slightly decreased tractive forces with increased
roughness.

The initial tractive forces calculated for each test varied from80Q00 N. Steady-state
tractive forces varied from 458750 N, indicating an average decrease of roughly 350 N during
the course of the test. The drop in tractive force was not found to be significantly influenced by
the initial surface roughness. The average shear stress can be estimated by dividing the tractive
force by the area of the contact patch, 6.4R%. Initial shear stresses ranged from
130 +178 MPa, and steady-state values ranged fromtIZ2 MPa. Although these values are
small relative to the contact pressure, it is important to note that this is the average across the
wear track, and that the maximum tractive shear stresses at the center of the contact patch were
much higher. Additionally, unlike the residual stresses which were nominally compressive, the

tractive shear stresses directly increased the shear stresses throughout the depth. Based on the
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stress state shown in Figure 4.1(b), the average tractive forces at the beginning of the test

increase the maximum shear stress by approximately205ct.

4.3 RSCF Test Results
The results of the RSCF tests in cycles to failure are listed in Table 4.4. Tests are labelled

by the order in which they were conducted.

Table 4.4+RSCF Test Results (million cycles)

Material Test 1 Test 2 Test 3 Test 4 Average  Std. Dev.
4120 (B) 2.233 1.814 0.913 1.464 1.606 0.559
4320 (L1) 0.453 0.924 2.520 1.471 1.342 0.889
4320 (L2) 1.558 0.198 0.977 0.865 0.900 0.558
4820 (M) Runout 4.285 0.654 1.79 > 4.182 > 4.164
EN-30B (H) 0.662 0.587 5.927 1.033 2.052 2.591

Fatigue life is plotted as a function of Ni content in Figure 4.19. The fatigue life of the
base alloy is fairly consistent, varying between 1-2 million cycles, but the scatter in the Ni-
containing alloys is significant. Taking the higher C content of 4120 (B) into consideration, the
trend appears to imply that increased alloy content increases fatigue life up to a certain point,
after which the beneficial effects drop off. This may be attributed to improved austenite stability
in these alloys; as mentioned previously, retained austenite has been found to improve contact
fatigue at levels of 15-25 pct [18].
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Figure 4.19 RSCEF life plotted as a function of Ni content.
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Fatigue life is plotted as a function of retained austenite in Figure 4.20. Although it is
difficult to conclusively define a correlation, materials containing 12-18 pct retained austenite at
50 um appear to have better fatigue performance. With the exception of one test, the
EN-30B (H) specimens all failed at or below 1 million cycles. This may be due to the high phase

fraction of retained austenite in the matrix, which significantly reducedsharburized

hardness.
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Figure 4.20 RSCEF life plotted as a function of retained austenite measured at depths ¢
(@) 50 um and (b) 250 um.

The correlations with oxide inclusions are plotted in Figure 4.21. The effects of total
oxide inclusion area are inconclusive due to the lack of distinct difference among the materials.
Additionally, the effects of the maximum oxide inclusion size are not clear enough to make any
conclusions. In both cases, it is difficult to draw correlations using data from representative
specimens, especially given the statistical distribution of non-metallic inclusions which may be
subjected to fatigue. Schlicktal. found that non-metallic inclusions have a more pronounced
effect on contact fatigue under lower loads [71]; at higher loads, plastic flow occurs whether or

not non-metallic inclusions are present to act as stress concentrators.

66



() (b)

Figure 4.21 RSCEF life plotted as a function of (a) total oxide inclusion area and (b) ma
inclusion size measured in representative specimens of each material.

Figure 4.22 through Figure 4.24 show fatigue life plotted as a function of various initial
surface roughness parameters. The relationship betwesTdHR was found to be consistent for
both the specimen @R= 0.897) and the load roller {R 0.994), indicating that the surfaces are
generally free of major asperities and cavities, particularly the ground surfaces of the load rollers.

(@) (b)

Figure 4.22 RSCEF life plotted as a function of (apRd (b) R specimen roughness.
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() (b)
Figure 4.23 RSCEF life plotted as a function of (apRd (b) R load roller roughness.

The plots shown in Figure 4.22 suggest that fatigue life decreases with increasing
specimen surface roughness. This trend is not as clear for the load roller surface roughness,
shown in Figure 4.23. Although this may indicate that specimen surface roughness has a stronger
influence on fatigue life than the opposing surface roughness, it may also be due to that fact that
the specimen roughness is generally higher than the load roller, making it more dominant under
contact conditions. High surface roughness on the specimen could result in stress concentrations
which encourage surface-initiated failure; however, high load roller roughness was found to
increase the tractive forces, and may contribute to wear along the specimen surface.

Fatigue life is plotted as a function of composite surface roughness in Figure 4.24.

Similar to the specimen roughness, there is a trend of decreasing fatigue life with increasing
composite surface roughness. As mentioned previously, the oil film thickness and average
composite surface roughness were used to calculate the average specific oil film thickness to be
less than 1, indicating that the surfaces are in boundary film lubrication. Without sufficient film
thickness, the surface asperities are prone to contact, resulting in localized stress concentrations,

increased wear, and higher tractive forces.
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Figure 4.24  RSCEF life plotted as a function of composite surface roughness.

Fatigue life is plotted as a function of initial and steady-state tractive force in Figure 4.25,
and as a function of the difference between the initial and steady-state tractive forces in
Figure 4.26. There is a significant amount of scatter in all of the plots. However, similar to the

effects of surface roughness, the RSCF life seems to correlate with increased tractive forces.

() (b)

Figure 4.25 RSCEF life plotted as a function of (a) initial tractive force (b) steady-state t
force.
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Figure 4.26  RSCEF life plotted as a function of the change in tractive force during the
beginning of the test.

Multi-variable regression analysis was used to determine the relative importance of
different variables on the RSCF life of steels. Several analyses were run, considering different
arrays of variables. Accuracy was rated by thedue, with a high Rvalue indicating higher

accuracyThe most accurate analysis predicted the fatigue life by

L tsxsrvs Etrssw«?F sxvurvwz'?E {uux®» ?Fzyvux ? (4.5
wherelL is the RSCF life expressed in cycles, [Ni] is the Ni content in w{Ral, is the
composite surface roughness in J@) is the maximum oxide inclusion size in um, §RA is
the phase fraction of retained austenite at a depth of 50 um in area pct. Based on this analysis, Ni
content was the most important variable in determining RSCF life, followed by maximum oxide
inclusion area, composite surface roughnessRaghase fraction, respectively. Although this
analysis had the highest accuracy, there is reason to believe that it is inaccurate due to the effects
of maximum oxide inclusion size. The model suggests that a larger maximum oxide size
increases the RSCF life, which is a direct contradiction to the literature. Because the effect of
oxide inclusions on RSCEF life is statistical in nature, a second analysis was considered which
neglected the effects of the maximum oxide inclusion area. This model predicted the RSCF life
by Equation (4.6)
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Although this analysis was slightly less accurate, it complied with the literature. Further,
it predicted that the variable which had the strongest correlation with RSCF life was composite
surface roughness, followed by Ni content and RA phase fraction, respectively.

The influence of each variable was quantified by calculating the p-value. This parameter
represents the probability that the variable does not have a statistically significant influence on
the output; therefore, a smaller p-value represents a stronger probability of a correlation with
RSCEF life. The p-values of each variable as well as theaRes for each of the analyses are
listed in Table 4.5. The p-values are displayed graphically in Figure 4.27 and Figure 4.28.
Although these analyses were effective for identifying the general trends and correlations
between variables and RSCEF life, literature suggests that the relationships are likely non-linear,
requiring a more complex analysis to more accurately predict the RSCF life under a given set of

parameters.

Table 4.5tMulti-Variable Regression Analysis Results (p-value)

Material Analysis 1  Analysis 2
Ni (wt pct) 0.268 0.561
Composite Roughness{R 0.395 0.099
RA, 50 um Depth (area pct  0.330 0.826
Max. Oxide Inclusion (pum) 0.506 -
R2 0.2864 0.2383

4.4  Interrupted Testing

One specimen of each material was subjected to 200,000 cycles of loading. Tests were
terminated prior to failure by macropitting. Surface features, microstructures, retained austenite,
and microhardness were analyzed in each material to evaluate the effects of RSCF. The results

are discussed in the following sections.
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Figure 4.27  Effects of variables influencing RSCF life, determined by analyzing the eff
Ni content, composite surface roughness, retained austenite at a 50 um de
the maximum oxide inclusions size.

Figure 4.28 Effects of variables influencing RSCF life, determined by analyzing the eff
Ni content, composite surface roughness, and retained austenite at a 50 1t

4.4.1 Surface Features
The surface of each specimen was imaged both along and outside the wear track, as
shown in Figure 4.29. The as-carburized surfaces were all fairly similar, showing moderate

levels of surface asperities. After being subjected to 200,000 cycles, the wear tracks all show
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evidence of a reduction in asperities. Several specimens show evidence of cavities on the wear
tracks; these may have existed prior to testing, or may be evidence of micropitting. The Ra
surface roughness parameters before and after testing are listed in Table 4.6. All specimens

showed a reduction in surface roughness, likely resulting in decreased tractive forces, as

discussed in Section 4.2.8.

As-Carburized Wear Track

4120 (B)

4320 (L1)

Figure 4.29  Secondary electron images of the test specimen surfaces in the as-carbur
and after being subjected to 200,000 cycles. The images show an overall
reduction in asperities and varying levels of cavities as a result of RSCF.
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4320 (L2)

4820 (M)

EN-30B (H)

Figure 4.29 (continued) Secondary electron images of the test specimen surfaces in tt
carburized state and after being subjected to 200,000 cycles. The images ¢
overall reduction in asperities and varying levels of cavities as a result of R
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Table 4.6tChange in RSurface Roughness after 200,000 Cycles (um)

Material As-Carburized 200,000 Cycles
4120 (B) 0.5845 0.3130
4320 (L1) 0.6277 0.5922
4320 (L2) 0.6229 0.2131
4820 (M) 0.4164 0.0963
EN-30B (H) 0.7395 0.1253

4.4.2 Microstructural Alterations

All material conditions showed evidence of microstructural alterations after being
subjected to 200,000 cycles. All materials exhibited the formation of a DER in several different
regions. WEAs were observed in three of the materials. WEBs were not observed in any of the
materials. Transverse low-magnification LOM images of each of the materials in Figure 4.30
show the presence of a DER which formed in the near-surface region after being subjected to
RSCF. Detailed images of the near-surface region and DER of each material are shown in
Figure 4.31. These images show black bands oriented at many angles to the surface; these are
similar to the 45° slip bands observed by Schletdl. [71].

Higher magnification images of WEAs which were observed are shown in Figure 4.32.
WEASs were observed in 4120 (B), 4320 (L2), and EN-30B (H). Wingspans ranged from
9 +26.5 um, measured between opposing wingtips. Dimensions of each of the WEAs are listed
in Table 4.8. Similar to Kramer [26], the wings in all WEAs were observed to grow roughly
parallel to the surface rather than at a 45° angle as with RCF. All WEAs were observed within
the DER.
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4820 (M) 4320 (L2) 4320 (L1) 4120 (B)

EN-30B (H)

Figure 4.30 LOM images of the transverse sections of material subjected to 200,000 c
showing microstructural alterations. DERs indicated by white bars. Surface
the left; ORD bottom to top. Etched in 2 pct nital and 10 pct sodium metabi:
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Near-Surface DER

4120 (B)

4320 (L1)

4320 (L2)

Figure 4.31 Detailed images of the near-surface region and DER of each of the materi
etching in 2 pct nital and 10 pct aqueous sodium metabisulfite. Surface at t
images; ORD left to right.
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4820 (M)

EN-30B (H)

Figure 4.31  (continued) Detailed images of the near-surface region and DER of each «
materials after etching in 2 pct nital and 10 pct aqueous sodium metabisulfi
Surface at top of images; ORD left to right.

Figure 4.32 LOM images of WEAs observed in materials which were subjected to 200
cycles.
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Figure 4.32  (continued) LOM images of WEAs observed in materials which were subje
200,000 cycles.

Table 4.7 tLocation of Microstructural Changes within Materials Subjected to 200,000 C

Material DER Depth (um)  WEA Depth (um)

4120 (B) 200 650 343

4320 (L1) 200 £575 No WEA Observed

4320 (L2) 130 +500 155 +278

4820 (M) 100 £550 No WEA Observed
EN-30B (H) 250 £625 277 £356
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Table 4.8+tMeasurements of WEAs Observed after 200,000 Cycles

Material Label Depth (um) Inclusion Size (um)  Wingspan (pm)

4120 (B) 1 343 3.5 19.5

4320 (L2) 1 184 2.0 12.5

4320 (L2) 2 278 3.5 15.5

4320 (L2) 3 155 2.5 24
EN-30B (H) 1 277 9.0 24
EN-30B (H) 2 356 7.0 26.5

4.4.3 Changes in Retained Austenite

In addition to representativascarburized specimens, RA phase fractions were measured
in specimens which were subjected to 200,000 cycles. The results of these measurements are
shown in Figure 4.33. Micrographs of each material before and after being subjected to RSCF at
a 50 um depth are shown in Figure 4.34. In general, retained austenite levels decreased,
particularly at the 50 um depth. This is likely due to the high initial levels of retained austenite as
well as the high stress levels at this depth. In most alloys, the reduction in retained austenite
occurred at depths down to 450 um, at which point there was a much less significant difference.
Sources of error include the accuracy of imaging the correct depth as well as the etching
response of each sample. Figure 4.33(a) suggests that the retained austenite levels in 4120 (B)
appear to increase with cyclic loading at the 250 um depth: this is believed to be due to either a
significantly different etching response or due to a variation in retained austenite levels between

the bars which were tested.

4.4.4 Changes in Hardness
In addition to testing the hardness of as-carburized specimens, the hardness of specimens
subjected to 200,000 cycles was tested on the parallel section. The results of these tests are

plotted in Figure 4.35 along with the as-carburized results for each material.
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(@) (b)

(©) (d)

(e)

Figure 4.33 RA phase fractions measured in the as-carburized condition and after beit
subjected to 200,000 cycles in each material.
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As-Carburized 200,000 Cycles

4820 (M) 4320 (L2) 4320 (L1) 4120 (B)

EN-30B (H)

Figure 4.34  Micrographs showing a reduction in retained austenite after being subject
200,000 cycles of RSCF.
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() (b)

(c) (d)

(e)

Figure 4.35 Microhardness (parallel section) measured in the as-carburized condition
being subjected to 200,000 cycles in each material.
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The change in hardness due to being subjected to 200,000 cycles varied by material.
4120 (B) remained mostly unaffected, with the exception of very slight hardening at the 100 um
depth. Both of the 4320 alloys and 4820 (M) experienced moderate softening down to a depth of
about 1500 pm; however, 4320 (L2) experienced hardening close to the surface, dowh to abou
200um, followed by softening in the rest of the profile. EN-30B (H) experienced fairly
significant hardening down to a depth of about 500 um. In general softening was found both
within and outside the DER; however, the most significant level of softening occurred within the
DER.

The hardening experienced by 4120 (B) and EN-30B (H) correlates very well with the
transformation of retained austenite to martensite presented in Figure 4.13. There was significant
transformation of retained austenite to martensite down to a depth of 50 um in 4120 (B), after
which the transformation was fairly negligible; this matches the faint hardening down to 100 um,
below which there was an insignificant hardness difference. Similarly, the transformation in EN-
30B (H) was prevalent down to a depth of 450 um, showing a strong correlation with the
increase in hardness down to a depth of 500 um. One commonality between all of the cases of
cyclic hardening is the location: all hardening occurred in regions which were associated with
hardness gradients opposing the regular gradient (decreasing hardness toward the surface).

The cyclic hardening response is expected due to the high levels of retained austenite
transforming to martensite under stress at shallow depths. Although the materials which softened
contained less initial retained austenite, cyclic softening is still not the expected response.
Despite containing a lower phase fraction of retained austenite initially, all alloys experienced
strain-induced transformation to martensite, which should result in a harder matrix. Additionally,
it has been found that iron-nickel steels achieve cyclic stability (softening is prevented) with C
levels above 0.05-0:\it pct [72]; although the C levels in all materials here are well above
0.1wt pct, especially in the region of interest, these alloys still experienced softening.

One possible explanation for this is that material was worn away and plastically
deformed during testing, effectively shifting the hardness profile to the left, resulting in an
appearance which seems to suggest softening. The intergranular oxidation depths were measured
before and after being subjected to the 200,000 cycles, as shown in Figure 4.36. The wear tracks
were only worn down 0-5 um; additionally, the wear track diameters decreased by less than

25 pm, proving that wear and plastic deformation had little effect on the measured depths.
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Figure 4.36  Intergranular oxidation depths before and after being subjected to 200,00(

Another possible explanation for the softening is due to carbide growth. The images in
Figure 4.30 and Figure 4.31 show evidence of the development of DERSs in all materials. As
mentioned in the literature, the formation of microstructural alterations is evidence of the
diffusion of C to carbides and grain boundaries, which would result in a softer matrix. Several
studies observed softening in the subsurface region, and that the degree of softening correlated
with the formation of the DER [46, 73, 74]; this has been attributed to carbon depletion in the
matrix [75]. It has been observed that the maximum hardness decrease in a fully-formed DER is
approximately 158V [75]; the hardness decreases in this study were found to be less than
100 HV after 200,000 cycles, suggesting that the DERs have not fully developed. Further

analysis of the microstructure in the DER should be completed before any conclusions are made.

4.5  Failure Analysis
Failures were observed under LOM and SEM to determine how the cracks initiated and

propagated through the material. The observations are discussed in the following sections.

4.5.1 Macropits

All macropits were imaged using a Keyence VHX-5000® LOM, as shown in
Figure 4.37. All of the macropits exhibit the standard delta shape, initiating at a vertex and
expanding in the over-rolling direction. In addition to LOM, several macropits were imaged

under ESEM to further detail the topography, as shown in Figure 4.38.
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Test 1 Test 2 Test 3 Test 4

4120 (B)

4320 (L1)

4320 (L2)

Runout

4820 (M)

EN-30B (H)

Figure 4.37 LOM images of macropits. ORD bottom to top.
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() (b)

(c) (d)
Figure 4.38  Secondary electron images of macropits which formed along the wear trac
(@) 4320 (L1) Test 1, (b) 4320 (L1) Test 3, (c) 4320 (L2) Test 3, (d) 4320 (L
Test 4, (e) 4820 (M) Test 3, (f) 4820 (M) Test 4,Kd)-30B (H) Test 2, and
(h) EN-30B (H) Test 3.
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(e) ®

(9) (h)

Figure 4.38 (continued) Secondary electron images of macropits which formed along t
tracks of (a) 4320 (L1) Test 1, (b) 4320 (L1) Test 3, (c) 4320 (L2) Test 3,
(d) 4320 (L2) Test 4, (e) 4820 (M) Test 3, (f) 4820 (M) Test 4E(¢)30B (H)
Test 2, and (hEN-30B (H) Test 3.

The macropits varied in both size and shape. Data collected during the tests indicate that
the macropits grew quickly after first forming. The tests were terminated when the vibrations
detected by the accelerometer exceeded twice the background noise level; therefore, the size of
the macropits are influenced by the machine setup and are not a reliable method of comparison.

The shape of the macropits varied, but most reflected the typical delta shape: the damage
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propagated in the ORD and laterally, forming a triangular shape thafrgm the initiation

point at the vertex. Macropits were found to initiate both along and outside the centerline of the
wear track. Because the maximum nominal stress exists along the centerline, it is likely that
initiation occurred on a defect, such as a surface defect or non-metallic inclusion. Macropits
which were observed to initiate off the centerline were typically observed to propagate primarily
toward the centerline, indicating that the direction of propagation of the crack is dominated by
higher stress. No macropits were observed to initiate along the edges of the wear track, in regions
where geometric stress concentrations may exist; therefore, all macropits are believed to be
either point-surface-origin or subsurface-origin. Based on the delta shape and shallow entry
angle exhibited by most macropits, it is likely that surface-origin failure is dominant; however,
the inconsistent geometries indicate the possibility of multiple sources of initiation. This is
supported by the image shown in Figure 4.39, which details a small macropit forming ahead of a

much larger macropit along the wear track of 4320 (L2) Test 4.

Figure 4.39  Small macropit forming ahead of a much larger macropit along the wear tr
4320 (L2) Test 4, indicating multiple initiation points.

4.5.2 Fractography

The bases of several macropits were observed under ESEM. Two primary features were
identified: transverse ridges and smearing. The transverse ridges, shown in Figure 4.40, were
observed in several regions within the macropits. These ridges appear to be initiation points of

cracks which propagate beneath the base of the macropit. This is supported by the observation of
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cracks which propagated below the base of a macropit, shown in Figlird e smearing

features, shown in Figure 4.42, are prevalent throughout the majority of the bases of the
macropits observed. Smearing is evidence that the fracture surfaces were extensively damaged
during the propagation of the crack over many cycles, eliminating the possibility of determining
whether fracture was transgranular or intergranular. As an alternative to this method, the
transverse section of a macropit which formed on an EN-30B (H) specimen was polished and
etched to reveal the prior austenite grain boundaries. The micrographs in Figure 4.43 show
evidence of transgranular fracture near the initiation point and the trailing edge, suggesting that
the cracks both initiate and propagate in a transgranular manner. There is also evidence of plastic
deformation along the trailing edge of the macropit above the main crack, as shown in

Figure 4.43(b).

(@) (b)

Figure 4.40 Secondary electron images detailing transverse ridges observed within th
a macropit which formed on 4320 (L2) Test 4. (a) Image of the macropit,
highlighting the location of (b) the region of interest.

The transverse crack behind the trailing edge of the macropit which formed on a
4820 (M) test specimen was observed under ESEM, as shown in Figure 4.44. This crack opened
up more than usual, revealing the fracture surface. Although the surface appears to be
intergranular fracture, the features are on the orderff@um as opposed to the PAGS, which

was measured to be approximately 18 um, indicating that this was likely not intergranular

9C



fracture. However, the fracture surfaces separated parallel to the ORD, as shown in Figure 4.45,
suggesting that tensile stresses resulted in Mode | fracture. The tensile stresses may have arisen

as a result of bending induced by the contact load acting on a section of material which was
loosened by the main macropit crack.

Figure 4.41 LOM image of the transverse section of a macropit which fornmteN-80B (H)
Test 3, detailing cracks which propagated below the base of the macropit.

(a) (b)

Figure 4.42  Secondary electron images detailing the smeared fracture surface at the t
macropit which formed on 4320 (L2) Test 4. (a) Image of the macropit,
highlighting the location of (b) the region of interest.
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() (b)

Figure 4.43  Optical micrographs of the transverse section of a macropit which formed
EN-30B (H) Test 2, detailing transgranular fracture at (a) the initiation and (
trailing edge. Agueous picric acid etch.

() (b)

Figure 4.44  Secondary electron images detailing fracture surface observed within the
transverse crack behind the trailing edge of a macropit which formed on 48
Test 3. (a) Image of the macropit, highlighting the location of (b) the region
interest.
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Figure4.45 Secondary electron image detailing the crack observed in Figure 4.44, shc
that the surfaces separated parallel to the ORD.

These features are consistent with those found in literature [4]. It has been found that
subsurface cracks propagate in the ORD, fairly parallel to the surface. As this crack grows, the
material above the crack is less constrained, resulting in the initiation and propagation of a crack
perpendicular to the ORD which propagates in the radial direction. This loosens the material
between the crack and the trailing edge of the pit, allowing the fracture surfaces to damage each
other, resulting in a smeared appearance at the base of the pit. After sufficient cycling, the cracks
connect, allowing the compromised material to disengage from the bulk material.

4.5.3 Comparison of Low-Cycle and High-Cycle Failure

Secondary electron (SE) images of two macropits which developed on EN-30B (H)

Test 2 and Test 3 are shown in Figure 4.46. Although the two materials were identical and tested
under the same parameters, the failures occurred at cycle-counts which differ by an order of
magnitude. The shape of the macropits may provide some insight as to why this is the case.

The two macropits appear very different, both in shape and size. The low-cycle macropit
is large and seems to consist of multiple macropits which interconnected. The high-cycle
macropit is much smaller, roughly the size of one of the sub-macropits of the low-cycle failure,
and is self-contained: the only other damage in the vicinity of the macropit is micropitting along

the side of the wear track.
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() (b)

Figure 4.46  Secondary electron images of macropits which formed on EN-30B (H) afte
subjected to (a) 5.87E5 cycles and (b) 5.93E6 cycles. The initiation points,
in Figure 4.47, are highlighted.

Figure 4.47 shows backscattered electron (BSE) images of the initiation sites of the
macropits shown in Figure 4.46. The low-cycle macropit appears to have initiated at the surface
along the center of the wear track, expanding laterally in a delta shape and slowly growing
deeper. The first 250 um of the fracture surface consists of transverse ridges, after which the
surface appears to be smeared by debris; however, the ridged fracture surface still shows no
remnant evidence of intergranular or transgranular cracking. The high-cycle macropit has a
similar appearance with several distinct differences. The initiation point is not centered along the
wear track; rather, it is near the edge of contact, along a line of micropitting. From there, the
macropit grew toward the center of the wear track. Although the initiation of the macropit is
similar in appearance to that of the low-cycle failure, it leads into a base which is much flatter
and with steeper walls. It is believed that in the high-cycle specimen, cracks grew in the
subsurface throughout the center of the wear track. After sufficient cycling, micropits began to
form along the edges of the wear track. Once the micropits grew large enough, they appear to
have connected with the subsurface cracks, allowing large amounts of material to break free,

forming the macropit.
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Although it is not understood why micropitting did not occur in the center of the wear
track of the high-cycle failure, the edges of the wear track are subjected to lower stresses, so it is
reasonable for surface-initiated failure to take longer to develop. While it is possible for
subsurface failure to occur prior to surface failure, it may take longer for the subsurface failures
to reach the surface and form macropits. In a similar study, it was found that the butterfly
features in RSCF grow much more parallel to the surface than those in RCF; additionally, these
butterflies were found to form between 10,000 and 100,000 cycles [26]. This would suggest that
subsurface cracks develop quickly, but grow parallel to the surface rather than toward it, relying

on surface-initiated cracks to connect with the subsurface d@pkspagate macropits.

(@) (b)

Figure 4.47  Backscattered electron images of the initiation points of the macropits whi
formed after (a) 5.87E5 cycles and (b) 5.93E6 cycles.

This difference in macropit development is supported by the images shown in
Figure 4.48. The low-cycle macropit entrance shows a shallow entry angle and a crack which
extends beyond the floor of the macropit, traveling deeper into the subsurface. This crack
branches several times, one branch continuing deeper into the subsurface and the other
propagating parallel to the surface. This suggests that a crack initiated at the surface, propagated
down until it branched, then continued propagating in both directions until the surface material
was broken off, forming the macropit. In contrast, the high-cycle macropit shows a subsurface

crack which propagates parallel to the surface, undermining the initiation point. This may
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indicate that a subsurface crack existed parallel to the surface, which then was connected with a
surface-initiated crack to form the macropit; however, no evidence of non-metallic inclusions or
other defects was found to suggest that this crack existed prior to macropit formation.

The claim that the two macropits developed due to different initiation methods is further
supported by the images shown in Figure 4.49. The surfaces of the as-polished specimens were
observed in areas away from the macropits. Surface cracks growing at an angle4530°
were observed on both specimens; however, the cracks on the surface of the low-cycle specimen
were found to be much larger than those on the high-cycle specimen. Additionally, these cracks
were found to be transgranular, as shown in Figure 4.50. Considering the cracks form at similar
initiation angles and in a similar manner to the cracks which were found at the initiation of a
macropit, it is suggested that macropitting may initiate from these surface cracks. The difference
in fatigue life may be explained by the low-cycle specimen being more prone to surface damage
than the high-cycle specimen, allowing the macropit to form after being subjected to fewer

cycles.

() (b)

Figure 4.48 Light optical images of the initiation points of the macropits which formed
(a) 5.87E5 cycles and (b) 5.93E6 cycles, viewed in the transverse section.
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(@) (b)

Figure 4.49 LOM images of surface cracks found on EN-30B (H) specimens (a) Test Z
(b) Test 3. Although Test 2 failed after fewer cycles than Test 3, larger crac
were observed at the surface, suggesting surface-initiated failure.

Figure 4.50 LOM image of a surface crack found on EN-30B (H) Test 2, showing that"
cracks are transgranular, similar to those found at the initiation and trailing
of the macropit which formed on the same specimen (see Figure 4.43). Aq!
picric acid etch.
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CHAPTER 5
CONCLUSIONS

The objective of this projectasto evaluate the effects of Ni on the resistance of gas
carburized steels to RSCF failure. Based on the mechanical testing results as well as the
observation of specimens which were subjected to RSCF, several conclusions can be made about

the materials studied

1. Niwas found to have a generally beneficial effect on the performance of
ascarburized steels under RSCF; however, the probability of the correlation with Ni

content was limited by other parameters that influenced RSCEF life.

2. Of the several test parameters which were analyzed, it was found that composite
surface roughness of the specimen and load roller had strong influence on RSCF
performance. This result is supported by evidence which suggests that macropitting
failure was initiated at the surface. Additionally, the initial surfaces were found to be
in boundary film lubrication, indicating that the olil film thickness was inadquate to

separate the surfaces during the initial load cycles and prevent surface damage.

3. The carburized case was observed to soften below the wear track after being
subjected to 200,000 cycles of RSCF due to the formation of a DER. The exception
was when there were sufficient initial levels of retained austenite to provide a lower
hardness microstructure in the near-surface region. With high amounts of retained
austenite, RSCF loads transformed the austenite to martensite and increased the

hardness in those regions.

4. Macropitting was observed to initiate on the surface of all specimens. Although
subsurface damage was observed in tested specimens, particularly in those which
survived a higher number of cycles, cracks were observed to propagate approximately
parallel to the surface. Additionally, surface cracks were observed to be larger on

specimens which failed after relatively fercycles than those which failed after
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relatively high cycle counts. This suggests that RSCF faiasedominated by

resistance to surface damage.

5. A macropit vasobserved to both initiate at the surface and propagate below the

surface in a transgranular manner.
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CHAPTER 6
RECOMMENDATIONS FOR FUTURE WORK

The goal of this project was to investigate the correlation between Ni content and the
performance of carburized steel subjected to RSCF. Throughout the testing, it became evident
that other variables which may influence RSCF life were not controlled as tightly as desired. The
primary variables include surface roughness and retained austenite. The following additional
research areas are proposed:

1. Continue interrupted tests to study the transformation of austenite to martensite, the
development of the DER and WEAS, and the change in hardness. More extensive
testing may reveal correlations between microstructure, WEA development, and
RSCF life.

2. Investigate the effects of surface roughness on tractive forces and RSCF life. Machine
and heat treat specimens of a single material. Separate the material into different
groups, then grind them to several different finishes. Considering grinding shops
occasionally exceed the requirements of a given finish, it is important to specify

upper and lower tolerandienits.

3. Investigate the effects of lubrication on RSCF life. Composite surface roughness and
lubricants types/temperatures may be controlled to develop different specific oil film
thicknesses. It is postulated that thicker specific oil film thicknesses increase RSCF

life; however, the correlation is not as clear in the boundary film lubrication regime.

4. Investigate the effects of carburizing procedure and retained austenite on RSCF life.
Heat treat machined specimens of a single material using several different recipes to
develop different C gradients and retained austenite levels; cryogenic heat treatment
may also be used to reduce the amount of retained austenite in one set of specimens.
It is recommended to take measures to control the surface roughness on both the

specimens and load rollers.
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5. Investigate the effects of Ni on Mode Il fracture. Under RSCF, the matrix is
plastically deformed by von-Mises stresses; however, fatigue cracks are believed to
propagate due to orthogonal shear stresses. Isolating the von-Mises and shear stresses
may clarify the effects of Ni on microstructural changes and macropit crack
propagation individually. Additionally, cryogenic treatment may be used to eliminate

retained austenite as a variable in these tests.

6. Investigate the effects of contact conditions on RSCF. This project maintained a
contact pressure of 3.2 GPa and a slide rati@@pet. Further work may study the
effects of different contact pressures (based on load or surface geometry) and slide
ratios on RSCF. It is recommended that more work is carried out on calculating how

tractive forces influence the stress state.
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APPENDIX A
SUPPLEMENTAL IMAGES

Several macropits were extensively imaged using ESEM. Secondary electron imaging

(SEI) and backscattered electron imaging (BSEI) were both utilized to capture various features.

SEI BSEI

Initiation

Center

Figure A1  ESEM images of 43201 Test 1.
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Trailing Edge Trailing Edge

Trailing Edge

Figure A.1  (continued) ESEM images of 432Q) Test 1.



SEI BSEI

Initiation

Initiation

Top Right

Figure A.2 ESEM images of 4320 (L1) Test 3.
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Trailing Edge

Trailing Edge

Figure A.2  (continued) ESEM images of 4320 (L1) Test 3.

(@) (b)

Figure A.3 ESEM images of 4320 (L2) Test 3, detailing (a) the initiation point and (b)
leading edge.
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Figure A.4

(@) (b)

(€) (d)

ESEM images of 4320 (L2) Test 4, detailing (a) the initiation point, (b) a sn
macropits growing ahead of the initiation point, (c) the leading edge, (d) rut
at the base of the macropit, (e) transverse ridges throughout the base, (f) tt
trailing edge, (g) cracking in the ORD at the trailing edge, and (h) transvers
cracking behind the trailing edge.
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Figure A.4

(€) (f)

(9) (h)

(continued) ESEM images of 4320 (L2) Test 4, detailing (a) the initiation pt
(b) a smaller macropits growing ahead of the initiation point, (c) the leading
(d) rubbing at the base of the macropit, (e) transverse ridges throughout the
(f) the trailing edge, (g) cracking in the ORD at the trailing edge, and

(h) transverse cracking behind the trailing edge.
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SEI BSEI

Top Right Corner Initiation

Trailing Edge

Figure A5 ESEM images of 4820 (M) Test 3.

114



Transverse Crack

Figure A.5  (continued) ESEM images of 4820 (M) Test 3.

SEI BSEI

Initiation

Figure A.6 ESEM images of 4820 (M) Test 4.
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Top Left

Trailing Edge

Figure A.6  (continued) ESEM images of 4820 (M) Test 4.
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SEI BSEI

Initiation 1

Initiation 2

Boundary 1

Figure A.7 ESEM images of EN-30B (H) Test 2.



Trailing Edge 1 Boundary 2

Trailing Edge 2

Figure A.7  (continued) ESEM images of EN-30B (H) Test 2.
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Initiation Detall

Figure A.8 ESEM images of EN-30B (H) Test 3.
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Left Edge

N/A

Trailing Edge

Figure A.8  (continued) ESEM images of EN-30B (H) Test 3.
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APPENDIX B
TESTING MACHINE MODIFICATIONS

The construction and validation of the modular RCF/RSCF machine used for mechanical
testing is reviewed in the M.S. report by Trace Rimroth. This section discusses the modifications

which have been made to the machine following the publishing of that report.

B.1 Hardware

Several hardware upgrades have occurred, most notable the implementation of a new

load roller motor as well as several redundant safety systems.

B.1.1 Load Roller Motor

Per the recommendation of Trace Rimroth, the load roller motor was upgraded from a
Baldor 7.5 hp motor to a Baldor 10 hp motor. A special faceplate allows this unit to mate to the
gearbox. To reduce the load on the mount, a square tube was mounted to the platform on which
the motor is capable of resting.

The current draw of the new 10 hp motor was too high for the ABB ACS800 motor drive
to handle; therefore, a new ABB ACS880 unit was installed to run the new motor. This drive was
wired to a 30 A three-phase wall outlet. The fuses in the common DC bus were upgraded to
handle this increased capacity. The implementation of the new drive required several

configuration and software modifications.

B.1.2 Oil Heater Control System

The oil heater system was upgraded to add an external safety control system. Although
VDIHW\ VAVWHPY DUH EXLOW LQWR WKH /DE9,(:®& SURJUDPV Z
discovered that the heaters could stay on without control in the event of a loss of communication
ZLWK /DE9,(:E& 7KLV ZDV REVHUY H GfeWwrRcikcin®&@ahtes: X GHU VHYH
IDE9,(:E SURJUDP LV FORVHG E\ WKH XVHU ZLWKRXW WXUQLC
program crashes; or the computer running the program crashes.

To prevent the oil heaters from causing a thermal incident, an external safety control
system was implemented. KH /DE9,(:E SURJUDP FR-QpahyND3blidst@& UP D O O\
relay which powers the oil heaters when it receives power from the program. The program is

controlled by a T-type thermocouple in the oil heater reservoir. A second NO solid state relay
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was installed upstream of the existing unit. This is powered by a 12 VDC power supply, routed
through an external temperature control module. A K-type thermocouple was installed in the oll

heater reservoir along with the existing T-type thermocouple. The K-type thermocouple sends a
signal to a standalone control box which displays the temperature in °C and acts as a normally-
closed (NC) relay. If the temperature exceeds the user-input limit, the control box closes the

circuit, removing power from the relay and powering off the oil heaters. A wiring diagram is

show in Figure B.1,Q WKH HYHQW WKDW WKH /DE9,(:E FRQWURO V\VV
power to the oil heaters, the external control system will detect that the reservoir is overheating

and remove power from the oil heaters.

Figure B.1  Wiring diagram of external oil heater control system.

B.1.3 E-Stops

In addition to the oil heater control system, E-stops were implemented to control the main
components of the machine, including the oil heaters and the motors. The purpose of this was to
add manual kill switches to the machine which can be utilized in the event that any of the
automated control systems fail. The oil heater E-stop is an enclosed unit directhalogdhe
ground of the oil heaters; engaging the E-stop opens the circuit and powers off the heaters. A
multi-circuit E-stop was implemented to remove power from both motors simultaneously; in the
event of an emergency, this saves time and confusion. The button is mounted on a steel bracket
in between the motor drives. Two NC contact blocks are attached to the back of this button, one
for each motor drive. When the button is engaged, the contact blocks close the circuits which are
wired through them. The ABB ACS880 unit contains a dedicated E-stop circuit to safely remove
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power from the motor; one of these wires was routed through the E-Stop. A diagram of this
circuit is shown in Figure B.2, and the parts required for these modifications are listed in
Table B.1. It should be noted that in the case of an emergency, the contact load may be removed

by pressing the E-stop on the MTS control module, shutting off power to the hydraulic pump.

Figure B.2  ABB ACS880 dedicated E-stop circuit, provided by AAP Automation. E-stc
may be wired between OUT and IN1 (1-3) or OUT and IN2 (1-4).

Table B.1+E-Stop Part Numbers

Part Supplier Part Number Quantity

Enclosed E-Stop McMaster-Carr 6785K23 1
E-Stop Panel Mount
Push-Button Switch  McMaster-Carr 6741K46 1
SPST NC Contact
Block

McMaster-Carr 7557K2 2

B.2 Software
6HYHUDO XSJUDGHVY KDYH EHHQ PDGH WR WKH /DE9,(:E S

the machine. These upgrades are discussed in the following sections.

B.2.1 Load Roller Motor Drive

As mentioned previously, the load roller motor upgrade required the replacement of the
previous ABB ACS800 motor drive with a new ABB ACS880 motor drive. This required a
PRGLILFDWLRQ RI WKH /DE9,(:€E SURJUDP WR SURMBSHUO\ FRPP
motor drive was configured using Drive Composer Entry 2.1 software to match the configuration
of the previous drive, including designating the IP address as 10.0.0.7. Once the drive
FRPPXQLFDWHG SURSHUO\ ZLWK WKH /DE9,(: €& SURJUDP LW Z
designations were different than the previous drive. Data was collected from several ports to
determine their outputs; once the proper ports were discovered, the code was modified to collect

data from the proper locations.
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B.2.2 Cycle Counter

The cycle counter was upgraded from the previous version to more accurately count
cycles and to properly end tests which have exceeded the user-input limit. Previous versions of
the code calculated the number of cycles based on the elapsed time and the nominal specimen
motor speed. This was found to be inaccurate because the specimen speed fluctuates slightly
during the test. A new cycle counter code was written within the overall Modbus Write section
of the program. Data from the specimen motor is collected at a rate of 10 Hz. This value is
divided by the time between discrete samples to calculate the number of cycles the specimen has
completed in that period. This value is summed with the previous value, and the process repeats.
A True/False command ensures that the cycle counter only operates while the program is in
Testing mode. For displaying and reporting the cycle counts, the value is filtered to the closest
integer; it is critical that this is completed outside the loop which sums the values to ensure that
the error associated with each collection does not stack. A clipping of this section of code is
shown in Figure B.3.

In addition to the cycle counter, the cycle-based stopping condition was modified to be
more reliable. Previous versions shut off the machine when the cycle count was equivalent to the
user-input maximum. Because the specimen completes more than one cycle in between data
collections, and because the unfiltered cycle count is rarely an integer, it is unlikely that the
measured cycles will ever be equivalent to the user-input value. This section of code was
modified to end the test if the cycle counts were greater than or equal to the user-input value.
This ensures that the test ends as soon as the code detects that the cycle count has exceeded the

user-input limit.

Figure B.3 Clipping of cycle counter codeW KH /DE9,(:E SURJUDP
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APPENDIX C
TESTING MACHINE OPERATION MANUAL

This section discusses the procedure for setting up, operating, and turning off the modular
RCF/RSCF testing machine at the Colorado School of Mines.

C.1 Setup
Setting up the tests involves mounting the specimen and load roller into the machine.

C.1.1 Specimen Setup

1.
2.

o g bk~ w

Clean the specimen using ethanol and a paper towel

Slide the oil seals onto the specimen, opposing each other

Slide the bearing adapter sleeves onto the specimen, on the outside of the oil seals
Use Molykote 41 to lightly grease the bearings

Slide the bearings onto the bearing adapter sleeves, such that the tapers mate properly
Place the specimen onto the fixture block to space the oil seals and bearings properly;

leave a small gap between the bearings and the fixture block, as shown in Figure C.1

Figure C.1  Oil seals and bearing adapter sleeves assembled on the specimen, restin

fixture block.

7. Slide the tabbed rings up against the bearings (concave side facing out) and thread on

the nuts, as shown in Figure C.2
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() (b)

Figure C.2  Bearings and oil seals assembled on the specimen (a) as seen from abov:
fixture block and (b) in dimetric view.

8. Hold the specimen in a pipe vise and use a spanner wrench to tighten the nuts against
the bearings; the tapered fit should create a friction lock between the bearings and the
specimen

9. Once the nuts are secured, bend one of the tabs such that it fits into one of the slots on
the nut for the spanner wrengtthis will provide a lock which prevents the nuts from
backing off

10. Slide a shatft collar onto the specimen, space 2nm away from the end of the
bearing adapter sleeve, and tighten it onto the specimen

11.Place a small amount of Molykote 41 grease on a thrust bearing and slide it onto the
specimen, pushed against the shaft collar

12.Slide the aluminum end cap and the rubber gasket onto the specimen, with the gasket
end facing the wear track

13.Slide a greased thrust bearing and a shaft collar onto the specimen; compress the
components together and tighten the shaft collar onto the specimen, as shown in
Figure C.3
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() (b)

Figure C.3  Aluminum end cap, thrust bearings, and shaft collars assembled on the sg
as seen from (a) above and (b) in cross-section.

14.Place a bearing mount over the motor-side bearing and lightly thread screws through

the end cap and into the mount, as shown in Figure C.4

(@) (b)

Figure C.4  Motor-side bearing mount attached to the aluminum end cap, as seen fror
front and (b) in dimetric view.

15.Mount the assembly into the specimen pillow block; position the second bearing
mount and secure the mounts to the pillow block
16. Secure the second end cap to the non-motor side of the pillow block; tighten all

fasteners



17.The specimen assembly should rotate freely in the pillow block (with some resistance

from the oil seals), as shown in Figure C.5

(@) (b) (c)

Figure C.5  Specimen assembly mounted in the pillow block, as seen from (a) the fron
cross-section, and (c) in dimetric view.

18. Secure the Meyr® coupling to the end of the specimen

C.1.2 Load Roller Setup

1. Clean the load roller, the keyless locking device (KLD), and the load roller shaft

2. Fit the female part of the KLD into the center bore of the load roller and use a rubber
mallet to seat it fully with the wide end flush with one side of the load roller (the wide
end is the end which the male tapered part fits into)

3. Slide the tapered male end of the KLD into the female end and lightly thread a screw
into each hole

4. Lock an adjustable shaft collar onto the load roller shaft, non-adjustable end first (for
consistency, it is best to mark the proper location and/or leave this collar in place)

5. Slide a thrust bearing and a radial bearing onto the shaft, in that order

6. Slide the load roller and KLD onto the shaft, ensuring that the heads of the screws are

facing away from the shaft collar and bearings, as shown in Figure C.6

12¢



Figure C.6  Load roller and KLD mounted on the shaft, with the KLD screw heads faci
away from the shaft collar and bearings to allow the operator to tighten thel

7. Rest the load roller on the proper location of the shaft and tighten the screws on the
KLD until it has lightly locked into place (for consistency, it is best to mark the
approximate location of the load roller)

8. Following the proper sequence (see Figure C.7), tighten the screws on the KLD,
starting with 2 Nm and increasing in increments af2LNm until all screws have

been fastened to a tightening torque o9

Figure C.7  Tightening torque sequence used to secure the KLD and load roller to the

9. Slide a radial bearing and a thrust bearing onto the shaft, in that order
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10. Slide an adjustable shaft collar onto the shaft, adjustable end first; locate it such that
the locking end is flush with the end of the shaft, and lock it into place, as shown in
Figure C.8

() (b)

Figure C.8 Load roller assembly, as seen (a) from the top and (b) in dimetric view.

11.Mount the load roller assembly into the load roller pillow block on the machine, with
the radial bearings sitting in the cutouts and the thrust bearings on either side of the
block; fasten the bearing mounts to the pillow block to hold the assembly in place (it

should be able to rotate freely), as shown in Figure C.9

() (b)

Figure C.9 Load roller assembly mounted in the pillow block, as seen (a) from the frol
(b) in cross-section.
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12.Push the platform to make the load roller contact the specimen
13.Use the adjustable shaft collars to locate the load roller such that it contacts the

specimen in a position centered between the bearings, as shown in Figure C.10

Figure C.10 Alignment of load roller with the center of the specimen wear track.

14.Tighten the adjustable shaft collar on the gearbox side of the load roller assembly
15.0n the other adjustable shaft collar, back the adjuster off about %2 turn and tighten it
into place
a. With both shaft collars fully secured, the load roller assembly should rotate
freely within the pillow block without any axial translation
b. If there is axial translation, tighten the adjustable shaft collars to compress
against the pillow block
c. Ifthere is resistance, loosen the adjustable shaft collar, back the adjuster off
another Y2 turn, and then re-tighten; too much resistance will create a
waved/striped effect on the surfaces of the load roller and the specimen after
testing
16. Secure the end of the load roller shaft to the Meyr® couplings

131



C.1.3 Machine Setup

1. Verify that both the specimen and load roller are properly mounted in the machine

2. Push the load roller platform toward the specimen until the load roller and specimen
are contacting

3. Close the shields over both the specimen and load roller driveshafts

4. Rotate the load arms and line up the holes with those on the back of the load roller
pillow block

5. Place the pin through the holes to attach the arms to the pillow block and secure the
pin in with snap rings on either side (the holes may be difficult to line up, which may
require the use of a lever)

6. Line up the secondary holes on the load arms, place the pin through the holes, and
secure with snap rings on either end (lining up the holes will likely require lifting
from the base of the load arms, near the hydraulic cylinder mount)

7. Verify that both motor drives are plugged in, the hydraulic valves are open, and the
E-stops are disengaged

8. Place the accelerometer on top of the specimen pillow block; secure the wire to the
load roller driveshaft shield using tape to ensure that it does not get caught by the

shaft during the test

C.2  Operation

Once all components are installed on the machine, the test can be initiated. Turn on the
oil pump to begin circulating oil; ensure that the ball valve is open and aimed at the specimen.
Verify that all E-stops are disengaged and that the hydraulic valves are open. Open the
IDE9,(:&E SURJUDP DQG YHULI\ WKDW WKH SURJUDP LV YDOLG
dialogue box and set the maximum vibration level to 0.1. Click run and input the information for

the specimen and load roller.

C.2.1 Warm-Up

The machine must warm up prior to starting the tethis entails heating the oil to the
target temperature and ensuring that the heat is evenly distributed across the specimen and load
roller wear tracks.

1. Set the specimen speed to 250 RPM and the load roller speed to 50 RPM
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2. Set the oil pump switch to the ON position to indicate that the oil pump is running

3. Set the oil heater switch to the ON position to send power to the oil heaters

4. Set the hydraulic input to the approximate value which the load cell is sending, or
to -0.3 V (the minimum value allowed by LabVIEW)

5. On the MTS control module, click the button to send low pressure to the system; wait
a minimum of 10 s for the pressure to regulate and for the PID controller to gain
control of the servo-valve and regulate the load

6. On the MTS control module, click the button to send high pressure to the system

7. Wait for the oil to reach the operating temperattitieis will take 1-2 hours,

depending on the amount of oil in the reservoir

C.2.2 Start-Up and Break-In Period
Once the oil is at operating temperature, the speeds and load may be increased. With the
current testing parameters, it was determined that a break-in period was required to reduce the
load on the specimen motor. If testing parameters do not overload any of the machine
components, this step may be skipped.
1. Increase the specimen speed to 1,000 RPM
2. Increase the load roller speed to 200 RBMis allows the specimen to operate at full
speed, but maintains a pure rolling condition between the wear tracks
3. Increase the load to approximately 75 Ibf (OM)5
4. Increase the load roller speed to 250 RPM to initiate the sliding component; the
specimen motor should audibly fluctuate initially and then stabilize due to the
reversal of torque input (if this does not happen, it should happen as the load is
increased)
5. Increase the load at a rate of roughly 0.1 V every 2.5 s
6. Break-In Procedure
a. Increase the load to the break-in load; in this experiment, the break-in load
was defined as 2.5 GPa (1.541L
b. Once the load is set to the target load, initiate a timer which corresponds with
the procedure; in this experiment, the procedure called for 5,000 cycles,
equivalent to 300 s at 1,000 RPM
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7. Continue to increase the load until it approaches to full operatingtakolw the
mean load to equilibrate before increasing beyond the Testing Mode threshold
a. The Testing Mode threshold is the load which must be surpassed for the
program to switch from Start Mode to Testing Mode
b. This value is less than the full operating load and can be modified by editing
the code
8. Increase the load beyond the Testing Mode threshold and continue until the target is
set to the full operating load; in this experiment, the full operating load was 3.2 GPa
(1.973V)
a. When the Testing Mode threshold is crossed, the program will switch between
two operating conditiongthis will cause a momentary drop in the load
b. Under proper conditions, the program will be able to recover the load
successfully; verify that the machine is in Testing Mode by checking that the
cycle counter is operating
c. Under certain conditions, the program may not be able to recover the load,
and the program will abort and shut dowit this happens, shut down the

program, begin again, and skip the break-in period

C.2.3 Steady-State Operation

Once operating, the machine is mostly self-sustainable. It is good practice to check on the
machine occasionally (roughly twice per day) to verify that all systems are operating normally.
This can be accomplished in-person or by monitoring the values remotely over a screen-sharing
service. Additionally, it is good practice to keep the specimen bearings lubricated. Whenever
possible (preferably once per day), squirt a small amount of oil into the access ports on top of the
specimen end caps, enough to lubricate and cool the bearings.

C.2.4 Take-Down

When the machine has detected a failure on the specimen or determined that one of the
operating parameters is not capable of maintaining the proper value, the program will
automatically switch to SHUT DOWN mode. In this mode, the program automatically shuts off
the oil heaters, ramps down the motor speeds to 0 RPM, and reduces the load to a set point

of -0.05 V to remove the load from the specimen and load roller. An email notification is
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automatically sent to the operator (the email address may be changed in the program). The
machine can be turned off by following the proper steps:
1. On the MTS control module, turn the hydraulics from high pressure to low pressure;
allow 10 s for the pressure to stabilize
2. On the MTS control module, turn off the hydraulic pressure; if no other modules are
controlling the pump, the pump will turn off; if other modules are controlling the
pump, the pump will remain on, but the manifold will be closed
3. Close the hydraulic valves to ensure that hydraulic pressure is not reaching the
machine (the manifold does not entirely block the pressure)
For safety, engage the E-stop for the oil heaters
Turn off the oil pump
(QG WKH /DE9,(:€E SURJUDP WKH UHVXOWY ILOH LV DXV

Once the components have sufficiently cooled, disassemble the machine, the

N o 0 k&

specimen assembly, and the load roller assembly

8. Thread screws into the male end of the KLD and tighten until the ends push against
the female end to separate the two components and release the load roller from the
shaft

9. Use the special tool to remove the specimen bearings from the bearing adapter
sleeves

10.Clean all components with ethanol and paper towels or rags

11.Protect the specimen by wiping it with LPS-1 or a similar greaseless lubricant and

storing it in a safe environment

C.3 Safety Procedures
In the case of a machine failure, these procedures should be followed to prevent injury
and damage to property. Circumstances may vary, so best judgement should be used when

following these suggestions.

C.3.1 Regular Operation
During regular operation, the machine poses several safety concerns. The following

guidelines should be followed:
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1. Utilize the guards over the driveshafts whenever possible to prevent entangtement
implementation of the torque sensor may not allow the guard to close

2. Several sources (motors, gearbox, oil heaters) generate a significant amount of heat
during teststprecautions should be taken to avoid physical contact with any of these
components, as well as the oil, the oil lines, the pillow blocks, and any other

components which are in close contact to heat sources

C.3.2 Motor Fault
Examples of motor faults may include unstable motor speeds or entanglement in the
driveshafts. The following actions may be taken in the case of failure:
1. Non-(PHUJHQF\ LQ WKH /DEY9,(: Eotérdpedds ®®; VHW WKH P
alternatively, swivel the control know from RUN to E-STOP
2. Emergency 1: hit the red E-Stop located between the motor drives on the machine
this should safely remove power from the motors while maintaining power to the
motor drives
3. Emergency 2: unplug the motor drives from the wall outlets to entirely remove power

from the system

C.3.3 Hydraulic Load Fault
Examples of hydraulic load faults may include an overload, a leak in the hydraulic
system, or a mechanical failure of the loading arms. The following actions may be taken in the
case of failure:
1. Non-(PHUJHQF\ 2YHUORDG LQ WKH /DE9,(:E SURJUDP V&I
-0.3 V #this is the minimum allowable input and should entirely release the load
between the specimen and the load roller
2. Emergency: hit the red E-Stop button on the MTS control moditiies should
immediately turn off power to the hydraulic pump
3. Precautionary: if work is being done on the hydraulic system, it is good practice to
shut off the power to the hydraulic pump using the breaker in the pump ttiom
will ensure that no other users of the lab will be able to power the pump while the
system is being maintained; additionally, it is good practice to close the hydraulic

valves in front of the work being done
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C.3.4 Lubrication System Fault
Examples of lubrication system faults may include severe leaks and overheated oil. The
following actions may be taken in the case of failure:
1. Leak: turn off the oil heaters, turn off the oil pump, and close valves (if negessar
a. Turning off the oil heaters is crucialeaving the heaters on may result in the
oil heater reservoir overheating
b. Oil pump power switch is located on the side of the machine, above the
common DC bus fuse box (below the load roller motor)
c. Valves are located on the Loc-Lines above the specimen, directly below the
oil heater reservoir, and on the hose exiting the oil pump
2. Overheat NonfPHUJHQF\ LQ WKH /DE9,(:E SURJUDP WXUQ W
Heaters from ON to OFF
3. Overheat Emergency: hit the red E-Stop labeled Oil Heaters on the side of the

machine



