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ABSTRACT

Surface Initiated Rolling/sliding Contact Fatigue of Pearlitic
and Low/medium Carbon bainitic Steels

Xiaoyan Su, M.S.
Supervising Professor: Paul Clayton

A study of surface initiated rolling/sliding contact fatigue (RCF) behavior of two
pearlitic and four low/medium carbon bainitic steels has focused on three aspects; RCF
performance as a function of contact pressure, failure mechanisms, and ratchetting strain
behavior including the effect of slide/roll ratio.

A contact pressure range of 850 to 2300 MPa, water lubrication and a slide/roll
ratio of 10% were used to establish RCF life. The relationship between rolling contact
fatigue life and contact pressure is non-linear. The relative performance of the steels is
consistent with their mechanical properties, with longer RCF life being associated with
higher strength irrespective of microstructure. The six steels tested exhibited very similar
RCF resistance as a function of normalized contact pressure, Py/k.

Two distinct crack growth modes have been identified. The shear band cracking
mode, which is associated with the severely deformed surface layer, predominates above
the theoretical shakedown limit of Po/k = 4. The branched cracking mode predominates at
lower Py/k values where subsurface material is relatively undeformed. Failure mechanisms
have been suggested respective to the two crack growth modes. The effect of both oil and
water lubrication on crack growth has been investigated.

Ratchetting strain data of a pearlitic steel are a non-linear function of both contact
pressure and the number of contact cycles. The most important feature of the non-

XVvii



linearity is its asymptotic strain rate behavior. A critical strain concept for crack initiation
has been proposed. The variation in ratchetting strain consistently reflected the variation
in tangential to normal traction ratios (T/N) at different slide/roll ratios, with a higher
strain for higher T/N and convergence in strain rate corresponding to convergence in T/N
ratios as contact cycles increased. The variation in T/N values is partially attributed to the
influence of sliding distance on the coefficient of friction through building up a stable
contact interface, and a stick—slip phenomenon involved at slide/roll ratios < 1%.
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INTRODUCTION

In the railroad industry, increasing axle loads for freight trains and increasing speed
for passenger trains has been an ever-present endeavor to meet the demands of the
growing market.!-2.3 In North America, freight transportation is the major task. About
30% of the total freight transportation in the US is accomplished by railroads, and the
percentage has been gradually increasing.* In the last two decades, the railroad industry
of North America has experienced significant increase in average wheel loads. The
standard axle load since the late 1970's has steadily increased from 22 tons, to 25, 30, and
to 33 ton in the1990s, with 39 tons being introduced recently.3:%.7 The heavy loads plus
increased track utility impose severe working conditions for rails. Increased rail failure, as
a consequence, causes the railroad industry millions of dollars of economic loss due to rail
replacement and extensive maintenance, off-setting the benefit from increased

transportation capacity.

As service conditions have changed, rolling contact fatigue (RCF) has become the
predominant failure mode on railroads with relatively high axle loads of 25 tons.#.8.9,10,11
The changes have involved an axle load increase, an application of wide scale lubrication,
and the use of hard and more wear resistant rail materials. Both wear and RCF have been
the primary causes for rail failure. The improvements in materials and lubrication have
significantly suppressed wear, but provide a favorable environment for RCF to take
place. The combination of high axle loads and good lubrication of wheels and rails during
curving is of particular relevance. At the Facility for Accelerated Service Testing (FAST),
when rail wear rate decreased substantially because of generous lubrication, appreciable
lengths of rail section had to be replaced due to surface fatigue failure.3-8 Premium head
hardened rails, which had replaced standard plain carbon rails to cope with wear problems
in Canadian railroads, only survived 40 to 50 million tons of traffic due to spalling,? while



an average rail service life was about 150 million tons in curved track and 600 million tons
in tangential track for standard rail steels.!0

RCF is divided into two categories — surface RCF and sub-surface RCF. Sub-
surface initiated fatigue commonly refers to shells which lead to transverse defects. The
initiation sites of shells are often in the vicinity of the boundary between plastically
deformed and non-deformed material.3:12 There is strong evidence that inclusions play a
significant role in the initiation of shells.5

Surface RCF, on the other hand, is related to high contact stresses on the surface
layer of rails, which often results in a progressive shear strain accumulation, giving rise to
a highly sheared surface plastic deformation layer. During RCF processes, multiple
cracks are usually initiated within the surface layer, then propagate and coalesce forming
crack networks, eventually causing failure by spalling or deep head checking, as shown in
Figure 1 and Figure 2.8.13 These are the most common surface RCF failures that destroy
the load carrying capacity in heavy haul rails.3 "Squat" type failures, as shown in Figure 3,
are likely caused by dynamic impact and have occurred in Europe and Japan in rails

carrying high speed passenger trains at 200 km/h or greater.’

Rail/wheel contact is a complex phenomenon in which multiple factors, such as
contact pressure and contact interfaces, slide/roll ratios and the coefficient of friction,
lubrication and environmental conditions, as well as metallurgical and mechanical
properties of the materials, all come into play and interact to determine the outcome of
rail performance. To improve rail surface RCF resistance, it is crucial to understand failure
mechanisms, particularly those factors relevant to a prevailing service trend — high

contact pressure with liquid lubrication.

The current research is sponsored by the Federal Railroad Association (FRA), and

focuses on three aspects:

1 Evaluating RCF performance of two pearlitic and four low/medium carbon

bainitic potential rail steels, emphasizing high contact pressure performance.




2 Developing a better understanding of surface imuated RCF failure mechanism

under a wide contact pressure range, and the effect of water and oil lubrication.

3 [nvestigating ratcheming strain behavior.

Fig. 1. Spalling in head hardened rails in Burlington Northern Railroad track.
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Fig. 2. Head checking.5



{ type surface RCF defect.

Fig. 3. Longitudinal section through a squa



CHAPTER 1
LITERATURE REVIEW

1.1  MECHANICS OF RCF

Surface RCF failure occurs mostly at high contact pressure areas. In an early
ARFA (American Railway Engineering Association) survey, 60% of a total of 8,703 rail
failures were associated with high contact stresses.!4 To analyze the RCF problem, the
stress distribution in contacting bodies needs to be understood.

1.1.1 Contact Area and Pressure Distribution

For contact stress analysis, the starting point is to determine the size and shape of
the contact patch, and the pressure distribution on it. In reality, rail/wheel contact is a
complex 3-dimensional system, varying with surface profiles, driving actions, non-
flanging or flanging dynamics, and creepage conditions. For material strength and RCF
research, however, the Hertz solution is simple, yet provides essential characteristics of
the contact pressure and stress distribution satisfactory for the purpose. To date, most
important contact stress analyses!3.16 are based on the ingenious Hertzian solution, in
which rail/wheel contact is simplified as two-dimensional line contact (plane strain).

The Hertzian contact patch size and pressure distribution for two elastic cylinders
in line contact with axes parallel and pressed by a normal force P is illustrated in Figure
1.1, and expressed in equations (1.1) through (1.4):




a = L.13V(PARRy)/(L(R{+Ry)) (1.1)
P(x )=Pgy V( 1-x%/a? (1.2)
Po= 0.564VP(R;+R2)/(LARR,) (1.3)
A= (1-vi2)/Ei+(1-v22)/E,y (1.4)

where E; and E, are elastic moduli, v{ and v, are Poisson's ratios, and R and R, are the
radii of the two cylinders, respectively. The contact takes place over a narrow rectangular
strip, where a is the half width of the contact strip, and L is the contact length. The
contact area is very small relative to the radii of curvature of the undeformed surfaces, and
the pressure transmitted through the area is highly concentrated. The contact pressure
distribution, P(x), is semi-elliptical, with maximum contact pressure, Py, at the center of
the contact patch.

Strictly speaking, Hertzian solutions are limited to linear elastic bodies, and the
interface must be frictionless and ideally smooth. It has been shown that the apparent
width of the contact for rough surfaces is nearly 20% larger than that of smooth
surfaces.!!® The maximum averaged pressure generated at the contact of rough surfaces is
smaller than that predicted for smooth surfaces by the Hertzian equations.!!%: 127 The
trend is consistent with results of Greenwood!® which show that surface roughness
reduces the maximum effective contact pressure and distributes the load over a greater
radius. In a case where plastic area is present, the elastic region lying beneath the plastic
zone appears to have a major influence on the peak contact pressure and the tangential
compliance of the contacting bodies.!36 Although small relative tangential displacements
only have a slight influence on the pressure distribution, the influence on the extent of the
plastic area is significant. 136 A study on sliding contact between dissimilar elastic
cylinders indicated that the stresses well within the body do not change greatly from
classic Hertzian analysis with presence of shear traction, but there is a first order
modification of surface tensile stress by +11% of the value calculated by Hertz solution
for a coefficient of friction of 0.8.137

Despite these differences, various contact theories have shown that Hertzian
solutions can be extended beyond the theoretical limitations into the plastic
regime,!4.17.136 frictional surfaces,!6 and real surfaces under relatively higher contact

pressure!8 without large errors.




1.1.2 Tangential Force and Slide/roll Ratio

Tangential traction is transmitted through the contact interface due to surface
friction. According to Coulomb's friction law, the magnitude of the tangential force, T, ata
given point of contact cannot exceed the product of coefficient of friction and normal
pressure at the same point when two elastic bodies are under contact.

It has been revealed that the coefficient of friction is not an intrinsic material
property. It is dependent on multiple factors including physical, chemical and mechanical
properties of the materials, contact surface and environmental conditions.100,121 The
friction action is considered to ba a thermodynamically irreversible dissipation process,
the behavior of which is defined by the synergism of strain, mass transfer and heat
processes.!38 The theoretical coefficient of friction was found to be a function of the
sharpness of the hard asperities, the interface conditions and the shape of the plastic
zone.130 1t is a function of sliding distance.!93 Tangential force is also a function of other
variables, such as slide/roll ratio, contact shape, surface contamination and wheel

dynamics, with slide/roll ratio being a major variable.!”

The slide/roll ratio, also called creepage, is defined as the difference between the
two contact surface velocities divided by the mean of the two velocities.17.19.20 Creepage
is inevitable in practice due to accelerating or braking actions, variations in travel distance

during curving, and the difference in material properties of the two contact bodies.

For two cylinders under rolling/sliding contact the mean surface velocity V,, and
slide/roll ratio, &, are expressed as

V= (DbNb+DiNp)/2 (1.5)
§ = 2(DbNb- DtNt)/(DbNp+DiN1) (1.6)

where Dy and Dy are the diameters of the bottom and top cylinders, Ny and N¢ are the

respective cylinder revolutions per minute.




The typical relation between tangential force and slide/roll ratio, as shown in
Figure 1.2, is non-linear with two distinguishable regimes: partial slip and full slip. During
partial slip, the contact patch is divided into two regions, stick and slip, and the T/P ratio
is less than the coefficient of friction, . As the slide/roll ratio increases to saturation,

incipient slip occurs and followed by prevailing full slip, thus we have 17.21,22,23
T(x) = HUP(x) = HuPV(1-x2/a2) 1.7

where T(x) is the tangential force distribution. The negative sign of T/P<0 denotes driven
condition (for rails) with tangential traction in rails opposite to traffic direction, and
T/P>0 corresponds to the driving condition. Both experimental and analytical results
show that a component under T/P<0 (driven) experiences greater plastic deformation
compared to a component under T/P > 0 (driving), leading to the earlier fatigue failure of
the driven component.25.26,27, 126,147

1.1.3 Stress Distribution Under Normal and Tangential Forces

Surface initiated RCF is a complex phenomenon due largely to the distinctive
characteristics of stress distribution. The focal point of this section is to address the
importance of the contact stresses in causing RCF failure, emphasizing stress cycles and

maximum shear stresses.

When two cylinders are loaded under static normal pressure only, the stress
distribution and contours of maximum shear stress are illustrated in Figure 1.3.16 The
important features of the stress distribution are that the stress field is completely in
compression, and the maximum shear stress is located beneath the surface, at x =0, z =

0.78a. The maximum shear stress, Tnax , is calculated as
Tma=1/2(01-02) (1.8)

in which ¢ and 6, are the maximum and minimum values of the principal stresses. Under
pure rolling Tpax = 0.30 Py, thus the onset of plasticity occurs first underneath the
surface when Tp,.¢ = k (K is the yield stress in shear), and this condition corresponds to
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Py = 3k. The location of the maximum shear stress in theory agrees with observations in
pure rolling, in which the undeformed top layer of material is sheared relative to the bulk
core material due to the subsurface plastic flow.28

Tangential force has a significant effect on the contact stress distribution. The
most important effects are:

* to aggravate contact conditions by increasing the magnitude of both principal
and shear stresses. With coefficient of friction L = 1/3, Tpax increases to 0.42P instead of
0.30 Py as in pure rolling. 15

» to move the severest stress state to the surface, Figure 1.4.16 For example,
when L = 1/3, the maximum shear occurs at the surface instead of beneath the surface,
and the onset of plasticity occurs when Py is only 2.4 k.13

» to introduce tensile stresses, Oy, at the trailing edge of a contact interface,
although stresses are predominantly compressive with shear just below the surface. This
may have a significant effect on RCF, since tensile stresses promote fatigue cracks. The
surface tensile stresses (at z=0) for plane strain condition are illustrated in Figure 1.5,15
and are expressed through Equations. (2.9) to (2.13).16

Oux = -Po(1-x2/a2)1/2 - 2uPx/a (1.9)

Oz = -Po(1-x2/a2)1/2 (1.10)
Gyy =V(Cyx+022) (1.11)
Ty = -UPo(1-x2/a2) 12 (1.12)
Tey =Tyz=0 (1.13)

1.1.4 Stress Cycles Under RCF

The RCF stress cycle is multiaxial and non-proportional, as the contact load
moves toward and passes over the surface element, it repeats from tension to shear to
compression under wheel driving condition (traction force is acting in the rail rolling
direction). The load sequence is reversed from compression to shear then to tension for
braking conditions, Figure 1.6. With each load passage, the axes of the two principle
stresses in the X-Z plane rotate 90 degrees.!5: 16,24
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In the fatigue process, the stress or strain amplitude, rather than the maximum
stress, is the controlling parameter. Figure 1.7 demonstrates the normal stress range
experienced at the point O as the surface element approaches and passes under the load.
During each contact, the normal stress Gy acting parallel to the surface, changes from a
maximum tension of 0.67P at the entry of the contact to a maximum compression of
-1.20 Py at the exit of the contact, resulting in a stress range of 1.87 Pg (1 = 1/3). The
range of maximum shear stress is 0.53P( and the maximum octahedral shear stress range is
0.63 Po. Without the tangential load, these values reduce to 1.0 Py for normal stress Gy,
0.3 Py for the maximum shear stress range, and 0.27 Py for the octahedral maximum

shearing stress range.15

1.2 MECHANISMS OF SURFACE RCF PROCESS

1.2.1 Mechanisms of Surface RCF Crack Initiation

Surface rolling contact fatigue, like other fatigue processes, involves crack
initiation and propagation. The initiation mechanisms can be roughly divided into two
categories:

* initiation induced by repeated local plastic deformation due to concentrated
contact fatigue stresses at defects; and

* initiation due to ductile fracture induced by incremental shear plastic strain
within the whole plastically deformed surface layer.

1.2.1.1  Imitiation Due to Local Plasticity at Surface Defects

This mechanism emphases the very local nature of the RCF crack initiation
process which is generally associated with small regions of damage, a few thousandths of
an inch across, caused by asperities or possibly by foreign particles.32. 33 Surface defects
such as indentations of a harder structure into softer pearlite, were reported as main
initiation sites in a field survey.!!,34 Surface intrusions,3575 near surface inclusions,3¢ and

discrete hard white etching layers also served as initiation sites.%.34.74.134 The white
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layers were observed to form at low MGT in a Burlington Northern rail study, causing
surface cracks to initiate early on in rail service life, as early as 5% of total life.74.134

An experiment has shown that the surface RCF life is not sensitive to the size of
the defects, but is dependent strongly on the contact pressure. Changing the width of the
EDM manufactured transverse furrows by an order of magnitude, and depth from 5 to 25
micron, Py, only varied by 6%, thus the resulting P,x can be estimated from the
Hertzian contact pressure Py.122

The function of defects is to concentrate contact fatigue stress, either causing high
localized normal stresses or shear stresses. The concentrated contact stresses may be high
enough for the localized generation of dislocations and dislocation pile-ups, leading to
local plasticity. Void formation was found primarily to be caused by plastic flow of the
matrix around hard particles. The voids further coalesced to form microcracks by growth
or by shearing of the metal.36 The localized plastic flow is a primary cause for crack

initiation.

1.2.1.2  Initiation Due To Surface Layer Plastic Deformation

The second mechanism differs from the local plasticity theory, in that plastic flow
within the bulk surface layer caused by high contact stresses leads to crack initiation.
Cracks, in this case, may initiate without defects,!1:24 and may have a quasi-static
cracking fashion due to the exhaustion of ductility of a surface work-hardened layer.3540

Severe plastic deformation in the surface layer of rails which are sheared relative
to the bulk materials have been observed in both field and laboratory investigations,
Figure 1.8. In a field observation, shear plastic deformation was present in all the rail
surfaces investigated (30 sites, 50 defective rails) irrespective of composition, age, or
traffic patterns with maximum shear at the surface.!! Spalling was initiated in the bright
polished surface paths directly related to the surface plastic deformed layer.? The
magnitude of the plastic flow increased with increasing tonnage or axle load, and in curved
track was 5 to 10 times that in tangent track, and coincides with increased RCF damage in
curved track.38
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The plastic flow is progressive resulting from accumulation of minute increments
of permanent deformation over thousands of RCF cycles.2® The cumulative nature of the
plastic flow is attributed to strain ratchetting behavior — a strain response of materials

under rolling and rolling/sliding contact conditions. 24 26, 28,38

The plastically deformed microstructure of pearlitic rail steels has been
characterized by a realignment of the ferrite and cementite lamellac towards the rolling
direction,3® as shown in Figure 1.9. Microhardness measurements have shown the
increase of hardness in the plastic deformed layer. The hardness increase is attributed to a
structure change, namely narrower interlamellar spacing and higher area fraction of hard

cementite phase near the surface as a result of realignment.

The mechanism suggests that cracks may initiate by ductile fracture of the surface
work-hardened layer. As the cumulative shear strain reaches a critical value over passages
of contacts, ductility reserve ( energy absorption ability) is gradually exhausted, leading to
crack initiation.10 Crack initiation has been observed on the surface of a test roller when
the plastic flow reached saturation.40 Stress concentration (substantial tensile stresses)
due to discontinuity at the plane of the interface between the work-hardened layer and
non-hardened layer also promotes fatigue crack initiation.10 In supporting this
mechanism, the fracture surface of a rail material under biaxial loading of compression and
shear showed plastic de-cohesion lips indicating that failure was dominated by the ductile
fracture mode, and the cracking, which occurred in quasi-static fashion, appeared quite
suddenly.35 The critical strain concept for crack initiation has been also suggested for
52100 through hardened steel and carburized 4118 steel under lubricated rolling/sliding
contact,!45 for a pearlitic rail steel under dry rolling/sliding,”¢ and for various ductile

materials involving cumulative strains. 98

1.2.2 Mechanisms for Surface RCF Crack Growth

The mechanisms for RCF crack growth, parallel to conventional fatigue theory,
fall into stress fatigue and strain fatigue regimes. In the stress fatigue regime, a crack is
driven by cyclic contact stresses. Fracture mechanics concepts can be applied in this case,
in which mixed mode stress intensity factors of mode I ( opening) and mode II (shear) act




14

at a crack tip. In the strain fatigue regime, surface RCF crack growth is suggested to be
controlled by plastic strains rather than stresses analogous to a low cycle fatigue concept.
The strain type, however, is more complicated for RCF, and includes either a closed loop

cyclic strain or a non-fully-reversed incremental plastic strain , 1. e. ratchetting.

1.2.2.1 Stress Fatigune—Fracture Mechanics Concept

The linear elastic fracture mechanics (LEFM) concept for RCF crack growth is
composed of three essential elements: applied contact stresses and crack face friction,
crack length, shape and orientation, and the function of lubricants. 30.41.78,79

In most analyses, Hertzian contact stress distribution is assumed, and it has been
reported that only minor deviation exists even in the presence of a crack. The contact
stress cycle is predominantly in compression and shear, except at a very near surface
layer where some tensile stresses are present. Once a surface crack breaks downward into
the sub-surface, it is assumed that only the mode II stress intensity factor predominates.
In addition, cracks are partially closed due to compression, and are thus capable of
transmitting frictional force. An analysis has shown that mode I branching crack growth is
possible even though the stress field is largely compressive.!29 Nevertheless, mode II
crack growth is likely to be dominant.!2% For mode II growth, it is found that the crack
face friction is more significant than frictional force on the contact interface in influencing
stress intensity factor Kj;.43 Increasing crack face friction reduces the shear stress

intensity factor range considerably.4!

Some analyses have suggested that RCF crack growth is mainly attributed to shear
stresses, since tangential force increases the mode II intensity factor, causing a crack to
open as it leaves the contact area.30.79 However, so far, no fatigue crack propagation in a
plane of the maximum shear has been generated successfully in laboratory experiments
under biaxial loading of compression and shear, suggesting that purely shear mode crack
growth is unlikely .42 However, crack growth in a plane of maximum shear was achieved

when a non-proportional loading of tension and shear was applied.”®
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In order for a RCF crack to grow downwards into the subsurface, mode I stress
intensity has to act at the crack tip. In this hypothesis, the function of fluid is
indispensable, because not only may it reduce the crack face friction, but most

importantly provides a source for creating mode I crack growth.

The fact that the presence of a fluid is necessary for RCF cracks to grow was first
observed by Way in 1935.33 Cracks in dry RCF tended to develop parallel to the
surface,32:36 and the depth of crack networks was confined within the plastic deformed
layer.44 During the subsequent contacts, cracks were likely be worn away. With
lubrication, cracks extended well beyond the plastic deformed layer, and instead of
growing parallel to the surface, grew inward with an increased angle to the surface,*4
varying from 10 to 50 degrees in the direction of the motion of the load.43-72 For various
lubricants tested, including water, water with an inhibitor, and silicone oil, RCF crack
behavior, in terms of the same crack network depth, was similar, showing no
distinguishable corrosion effect.44

Two hypotheses have been proposed to explain the function of fluid, one is the
hydraulic pressure mechanism,33 the other is fluid entrapment theory.42 Both explain that
RCF crack growth is promoted by mode [ stress intensity resulting from pressurizing of
crack faces by fluids. However, the second theory attempts to explain the phenomenon of
crack orientation. It states that a fluid can only get into a crack when tangential traction is
to open the crack, which is always true in a driven component, and thus predicts a bigger
fluid effect in a driven component than in a driving component consistent with

experiments.42

The effect of lubrication may be more complicated than we think. It varies with
viscosity.”-13 In the case of a glycerol lubricated roller, a crack network originated from a
single site to produce a pit, in contrast to the multiple crack initiations observed for water
lubricated rollers.20 Lubricants also affected the morphology of the RCF cracks, with
clean oil producing pits with sharply defined edges, and sloping steeply inward, while
under water lubrication, shallow flakes were produced.*6

Although LEFM describes a driving mechanism for surface RCF crack growth,
the concept is not widely applied in practice due to many obstacles. The RCF loading
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condition is complex, contact stresses plus crack face friction and the function of fluid
need to be accounted for. A great number of surface RCF cracks are developed beyond
the elastic regime, violating the LEFM criterion. Surface RCF cracks often occur as
extensive multiple cracks, the interaction between cracks also makes the LEFM concept
difficult to apply. It has been shown for multiple cracks that the load transfer between
cracks can cause either significant increases or drops in stress intensity factors of both
mode I and mode II. The interaction depends on the distance between cracks, their relative
position with respect to the loading zone, and the interfacial coefficient of friction. 123,124
In addition, the baseline material crack growth data simulating the RCF condition is
minimal.

1.2.2.2  Strain Fatigue—Crack Growth Driven By Plastic Strain

For ductile metals under high rolling/sliding contact loads, surface RCF cracks
often grow on the planes which carry the maximum compressive stresses or along the line
of shear flow. It is believed these cracks are shear cracks with a ductile nature, driven by
plastic strain rather than elastic stress intensity.!4® The plastic strain may be either cyclic
or incremental, i. e. ratchetting. In this sense, the RCF strain behavior, in terms of strain
amplitude and strain rate, controls the crack growth.

Surface plastic deformation plays an important role in RCF crack growth. Crack
growth along shear plastic flow bands has been observed in both laboratory and field
observations. The realignment of the ferrite and cementite lamellae towards the rolling
direction may provide a favorable orientation for cracks to propagate.3? Plastic
deformation from the dry rolling/sliding stage prepared the material for extensive cracking
during subsequent operation with lubricants.42 There may be a correlation between the
depth of surface layer deformation and the depth of crack networks. It was evident that
under dry rolling/sliding cracks stopped within the work-hardened layer.42 The thicker
the work-hardened layer, the deeper the spalling.!0.72

In general, RCF processes are governed by the integral system of contact
loads, environment, and material properties. For ductile materials under high contact
loads, plastic flow may be responsible for both RCF crack initiation and growth. Under
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low and moderate contact loads, local plasticity at defects, and cyclic contact stress may
play a more important role. It is quite likely in practice that the various mechanisms may

interact.

Lubrication proves to be one of the most important factors in the surface initiated
RCF process. Dry RCF promotes faster crack initiation over lubricated conditions. Dry
initiation followed by liquid lubricated conditions has been found to be the worst
combination to cause RCF failure. Wear of rails may have an advantageous role in
eliminating cracks already initiated and delaying crack growth.47

1.3 MODEL DEVELOPMENT

This section introduces two groups of models: models which predict RCF strain
responses of rails; and models which predict RCF life, in terms of the number of load
passages (cycles) to surface crack initiation and final failure as a function of operating
variables, such as maximum contact pressure, friction force, slide/roll ratio, and lubrication
conditions.

1.3.1 Modeling of RCF Strain Responses

Understanding strain response is essential for evaluating RCF resistance and
predicting rail performance. A strain fatigue concept is only significant when plasticity is

involved. Analytical and empirical modeling on strain responses focuses on:

« evaluating the shakedown limit, i. e. a contact load level, under which materials
primarily strain elastically, and

» modeling ratchetting strain behavior ( the prevailing strain response under
rolling/sliding contact), predicting the ratchetting strain rate and the magnitude at a given
contact conditions.
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To model these problems, some assumptions have been made to simplify the
rail/wheel contact. In most models, two-dimensional line contact with complete slip and
Hertzian pressure and contact stress distribution is assumed,23.26.29.30 neglecting the
effect of plasticity. This is believed to be a close approximation to the true stress field
since the plastic layer is very thin compared to the bulk materials, and the assumption has
been confirmed by a FEM analysis.3!

1.3.1.1 Shakedown Limit

In the theory of plasticity, the shakedown theorem was developed to define
elastic and elastic-plastic regimes for repeated loading. Either ratchetting or closed loop
plastic strain cycles occur only when a material continuously deforms plastically, i. e.
above the shakedown limit.

Plastic flow may not continue to occur after initial yielding, because:

» the residual stresses generated after the first few contacts oppose the applied
contact stresses to prevent further yielding. As a result, a higher contact pressure has to
be applied to force the material to yield subsequently.

» most rail materials will work-harden leading to an increased yield strength.

» the contact area may change through the deformation, thus attenuating the

contact stresses. In most analyses, however, this consideration is ignored.

To determine the shakedown limit, residual stresses have to be evaluated first.
Residual stress analysis is one of the major endeavors in RCF research. Comparisons of
residual stress calculations in 2-D line contact?7.126 have shown that two aspects are in
common in residual stress analyses. The first is that only a very small number of cycles,
about 2 to 10 load passages, is required for residual stress to reach steady-state, and this
agrees with experimental results. The second is that the sizes of the residual stress zones
are similar in most analyses.30.126 However, the magnitude and location of the maximum
residual stresses differ considerably due to different assumptions on material hardening
laws used in these residual stress predictions.25.27.31.48,51.53 The higher the plastic
modulus, the smaller the residual stresses.!26 The peak residual stress in the rolling
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direction calculated by Merwin and Johnson?3 is only 0.25 to 0.4 of the FEM
predictions.31-53 The location of the peak residual stress was found around 0.32 to 0.6a in
a study,?’ and 0.9 to 1.2a in other studies,27.33.126 where a is the half width of the
contact area. It has been found that the normal load basically determines the subsurface
residual stresses and the plastic zone size.126 The influence of tangential force penetrates
to a depth of 0.3a, and has diminishing influence on the residual stress beyond this thin
layer. 126

For shakedown limit calculation, all the models 29-31.5! predicted similar values,
which varied from Py/k of 3.5 to 4.0 for pure rolling regardless of the material work-
hardening behavior because initial cyclic yield strength in all cases were about the same.
Figure 1.10 shows a shakedown map for 2-D line contact and complete slip. The map
divides the sub-surface and surface flow regimes and defines a shakedown limit, which is a
function of normalized contact pressure, Py/k, tangential traction, as well as material
work-hardening behavior. The shakedown limit decreases considerably as the contact
condition deviates from pure rolling. The materials with kinematic hardening have the
highest shakedown limit. The contact pressure in rails usually ranges from 1200 to 2500
MPa.5 The higher end of this range well surpasses the shakedown limit of about 4.0, even
for work-hardened materials with a coefficient of friction of less than 0.25. According to
the map, surface flow will occur when the coefficient of friction is equal to or greater than
0.25. This implies that surface flow is a common situation in practice, since typical values
of the coefficient of friction vary from 0.17 for rails lubricated by grease/sand to 0.5 for
dry rail in curves.16.19,49.148

Case hardening and heat treatment are often used in surface engineering to improve
the strength of the surfaces. A study extended the shakedown analysis to a half -space
whose surface has been heat-treated or case hardened so that hardness and yield strength
vary with depth.143 The results show that the shakedown limit is a function of the
surface or case hardness, the core or bulk hardness, and the depth of the hardened layer.
Shakedown limit increases as the case hardness increases. A change in the coefficient of
friction from a low value characteristic of lubricated condition (u < 0.1) to high friction (n
~ 0.5) can decrease the shakedown limit by as much as 50%.143 The change in surface
topography during interaction of hard on soft contact surfaces also influences the
shakedown limit.144 It is shown that the shakedown limit is dependent on the roughness
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characteristics of the hard surface, the hardness of the soft surface, the contact modulus
and the coefficient of friction!44 Increasing the magnitude of the shear yield strength of
the material or decreasing the local value of the coefficient of friction raises this limit.
Decreasing the contact modulus, which is the term expressed in Equation 1.4, has the
same effect.144

1.3.1.2  Strain Responses Above Shakedown Limit

When loaded above the shakedown limit, the questions are: what types of strain
responses will occur, ratchetting or fully reversed between two strain limits? If ratchetting
occurs, then how much and how fast does the shear strain accumulate over contact
cycles? What is the correlation between ratchetting strain and RCF performance?

During conventional strain fatigue cycles, materials are strained cyclically between
two limits, forming a closed hysterisis loop. Different from the closed strain loop, the
prevailing strain behavior observed in rail materials is — ratchetting, an open stress-strain
curve. The plastic strain rate is higher in the primary loading direction than the unloading
due to a mean stress effect, giving rise to a non-fully reversed strain cycle, as shown in
Figure 1.11. In rails, ratchetting strain accumulates cycle by cycle in the direction of

tangential force, causing the prevailing shear plastic flow observed in rail surfaces.
24,25,26,28

The principle features of ratchetting strain include the following:

 The magnitude of the ratchetting deformation is cumulative in nature, increasing
with RCF cycles,24:25.28 Figure 1.11. The behavior is asymptotic with the cumulative
process being sustained over a large number of cycles, rather than transient, with which

strain accumulation occurs only in the initial cycles.9

« The ratchetting strain rate is a function of contact pressure, tangential traction,
and slide/roll ratio. It increases with increasing contact pressure and tangential load,28. 54
and increases with slide/roll ratios.40 Increasing either mean stress while keeping stress



21

amplitude constant, or visa versa, leads to a faster rate of strain accumulation, but the
dependence is non-linear.93:94

» Under rolling/sliding contact, the magnitude and the rate of ratchetting is
strongly dependent on material hardening behavior. For copper, the rate is fairly constant,
as shown in Figure 1.12(a), 28 while the rate is non-linear for rail steels, Figure 1.12(b).2
At a given load, the ratchetting rate is higher during the initial cycles and the main amount
of plastic flow is developed at an early stage. The rate decreases as the number of cycles
increases, finally approaching zero, causing the forward flow to saturate, as shown in
Figure 1.11.38

» Ratchetting strain is also dependent of the type of loading. A change from
uniaxial to multiaxial loading alters the hysterisis loops and ratchetting strain behavior for
1020 and 1026 carbon steels,198 and 316 L stainless steel. 94

* An important difference in ratchetting behavior between rail steels and
reported pressure vessel steels?3.94.108 jg that the former ratchet over considerably longer
cycles, for example 50,000 or more2* compared to the latter, which ratchet typically less
than a few thousand cycles.

1.3.1.3  Constitutive Modeling for Ratchetting Strain

The objective of any constitutive model for ratchetting strain is to establish the
relation between stress and strain increment. The single most important factor for the
strain analysis is material hardening. Three basic material hardening laws have been
incorporated in the models: elastic-perfectly plastic, linear kinematic hardening (LK), and
non-linear kinematic (NLK) hardening.

The early analyses assume elastic-perfectly plastic behavior which is only suitable
for certain materials, such as copper. It can only predict the rate under pure rolling, since
this kind of model will predict infinite deformation when a top layer of material
approaching zero thickness under rolling/sliding contact. The predicted ratchetting strain
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per cycle for copper was 5 times?® and even 23 timesS! larger than the experimental
data.28 Obviously, this model is not applicable for rail materials. 25.29,50

An alternative model is based on linear kinematic hardening. The constitutive
model was developed from the experimental results of cyclic stress-strain data of a rail
steel under torsion and tension with mean stresses. The experiment showed that the rail
material approached a fully reversed hysterisis loop after a small number of cycles for a
range of mean stress to cyclic yield stress ratio of 0.3 to 1.1.51:52 For example, only two
cycles were required for the material to approach a closed loop under rolling/sliding with
T/P=0.2 and Py/k,= 4.5 (ki was the kinematic yield strength in shear).52 This behavior
fits the category of so-called transient ratchetting. The cyclic stress-strain response was
represented by a closed bi-linear hysterisis loop, Figure 1.13a. A FEM analysis was
incorporated in the model and the results showed that a material with linear kinematic
hardening did not develop cumulative shear deformation under pure rolling or
rolling/sliding.48.51.52,53 The prediction agreed with the experimental measurement for a
0.80% carbon rail steel under pure rolling, showing virtually no forward flow (less than
0.04 mm on the surface) after 104 cycles under Py/k.=8 (k. was the cyclic yield strength
in shear).51

The result seems controversial, given the experimental results showing forward
plastic flow under these conditions. However, whether incremental shear flow occurs or
just fully reversed cycles may well be determined by the nature of a specific material, its
strain hardening properties under contact loading, and the loading conditions. In general,
models based on kinematic hardening may describe specific cases, but they do not have
the ability to predict ratchetting behavior of rails in practice.

The third group of models is based on a non-linear kinematic hardening (NLK)
law,24.26,27,50,54,111,126 an( the stress-strain curves can be schematically represented by
Figure 1.13b. For kinematic hardening, it is assumed that the yield surface retains its
shape and size, but moves freely in stress space. Assuming a von Mises material, the
yield surface can be described by

f=J(6-X)-k = [3/2(c"-X"):(¢"-X)}/2-k<0 (1.14)
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where ¢ and X are the stress and back stress tensors, ¢' and X' the deviators of ¢ and X.
The back stress X defines the center of the yield surface, and the hardening rule describes
how the yield center translates in the stress space. The kinematic hardening modulus, K,
relates to the hardening rule by defining the magnitude of the increment of the yield
surface center, dX, for a given stress increment, do.

In linear kinematic hardening, the hardening rate is constant and not a function of
the loading direction, thus, only closed hysterisis loop will result, and no ratchetting can
be predicted. In non-linear hardening, the hardening characteristics of the material depend
on plastic strain and the loading direction. However, early non-linear kinematic models
were not capable of describing ratchetting, since the hardening rate was the same for
loading and unloading even though the rate varied with current plastic strain. This
difficulty was overcome by Hassan et al,93:108 and Chaboche et al 94.109 for treating
pressure vessel materials, and by Bower and Johnson,245¢ McDowell and Moyar26.55,111
and Sehitoglu and Jiang27.126 particularly in dealing with rail steels. Most of these NLK
hardening models are based on the original idea introduced by Armstrong—Frederick which
allows the Ky to vary along the loading surface, thus the hardening rate is also established
as a function of loading direction.

The basic form proposed by Armstrong— Frederick is: 116
dX = 2/3cdey- c,Xdp (1.15)

where ¢ and c; are constant and functions of dp in general, and de;, and dp are the plastic
strain and the equivalent total plastic strain increment, respectively. The important point
about the equation is that it introduces a recall term (c;Xdp) associated with an
evanescent strain memory effect. Substituting the equation into the general kinematic
hardening equation?? yields

Ky = 2/3c}- (2/3)12¢,Xn (1.16)
indicating that Ky depends on the inner product Xn, i. e. the direction of the current

applied stress point on the loading surface. The essence of Equation 1.15 is that it
removes the back stress X upon reverse loading faster ( higher rate) than it builds up due
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to the variations in K, resulting in a different hardening rate between loading and
unloading. This point is schematically illustrated in Figure 1.14 92 for uniaxial ¢ — &P
response. If isotropic hardening is absent, the plastic modulus, K;, will be equal to the
hardening modulus, 1. e. Ky = Ky, according to the consistency condition.? Plastic strain
is directly linked to plastic modulus by applying the flow law as

de, = do/Kp (1.17)

where d¢j, and do are the plastic strain and stress increment, respectively. Because of the
difference in plastic modulus associated with the loading direction, an open hysterisis
loop will result.

Equation 1.15 is the basic theme on which most NLK models have developed. The
recovery term has been taken for various forms usually in accordance with experimental
data. In one model the coefficient of the dynamic recall term is a function of both
instantaneous and accumulated inelastic strain, and the coefficients are adjusted
phenomenologically according to experimental data for austenitic stainless steel 17-12
SPH tubular specimens subjected 1o cyclic torsion loading under constant tensile stress at
600° C.'!7 Another model emphasizes the plastic modulus, and allows the yield surface
to translate at the rate of the experimental ratchetting strain, and as a result, the simulation
of uniaxial ratchetting strain for 1020 and 1026 carbon steels is improved.®3 For carbon
steel 1026 tube specimens under constant internal pressure and bi-axial loading, a model
has been developed by selecting suitable parameters for Armstrong — Frederick type
equation, and reasonably good predictions were achieved!08 A modified non-linear
kinematic rule employed a threshold in the dynamic recovery term, and the model led to a

fairly good agreement with a known experimental trend for ratchetting in stainless steel
316 L.113

A problem with using these models for rail steels 1s that they have been developed
for predicting ratchetting strain in pressure vessel applications, and the total cycles to
failure 1s small ( ranging from less than 100 to a few thousand cycles) compared to RCE
lite. Furthermore, the original Armstrong-Frederick type hardening law only predicts a
constant ratchetting strain rate. So far, a constant strain rate behavior under rolling/shding

has been only observed for copper.
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Two kinds of models have been specifically developed for rail steels subject to
rolling/sliding contact. One assumes strain rate is a decreasing function of contact cycles,
19.24,54 the other assumes a steady state strain rate after a small number of contact
passages.26,27.111,126

By introducing an additional kinematic variable Y in the recall term, Bower and
Johnson 19:24.54 developed a NLK model, which can predict gradually reduced ratchetting
rate with increasing contact cycles as observed with rail materials. The hardening rule was

expressed as:

dX;=2/3cdgi-n (Xij-Yij)dl (1.18)
dYii=v2(Xij-YidA (1.19)

where dg;j; is an increment in plastic strain and dA is the modulus of the plastic strain

increment.

If v) = v2 = 0, the model reduces to linear kinematic hardening; if y; > 0 and v, =0,
the material accumulates strain at a steady rate, if y, > 0, the strain rate will decrease over

continued cycles.

To construct the constitutive model, four material constants are used: the initial
yield strength k; the initial hardening rate c; the first feedback rate vy; which governs the
ratchetting rate; and the second feedback rate y, which governs the reduction in ratchetting
rate with repeated cycles. The four parameters are obtained from a uniaxial cyclic stress-
strain test with a mean stress in tension.

This model is encouraging because it predicts the initial hardening rate of rail
material under rolling/sliding contact which agrees with experimental measurements, the
decreased strain rate as load cycle increases, and final saturation, representative of rail
material ratchetting behavior. Compared to experimental results this model showed a good
estimation for ratchetting rate in copper and good agreement for rail steels under multiaxial
non-proportional loading of tension-shear-compression.243¢ A problem arouse when the
model was used to predict the forward flow in rail head materials. The significant
discrepancy was in the difference between the number of total cycles in the two cases.
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The model can only predict the first 600 cycles of forward flow, while rail material
accumulated deformation over 50,000 cycles. The cause for the discrepancy is that the
prediction was based on material hardening parameters derived from a cyclic tension-
compression test of only about 600 cycles to failure, and they do not fully agree with the
true behavior experienced by rail steels under RCF. The large strains and long RCF cycles
to failure sustainable in rails compared to small cycles to failure in uniaxial push-pull tests
are presumably due to the enhancement of ductility attributed to the hydrostatic pressure
in wheel/rail contact.24

An alternative non-linear kinematic hardening model for rolling/sliding line contact
accounts for ratchetting behavior by predicting a very small but constant strain rate
without consideration of the cessation of ratchetting.26.27.55,111 The material properties
in one model were obtained from uniaxial cyclic data over a few hundred cycles.55 The
material constants in an improved model were obtained from both uniaxial and bi-axial
loading conditions.!!! These are versatile models which provide solutions for a wide range
of loading conditions for both high and low strength alloys. A feature of the models is
that a constant strain rate is predicted after a relatively small number of cycles, only
sixteen 111 or twenty 126 load passages, compared to the total contact fatigue life. It is
believed that a reasonable extrapolation of the early life ratchetting rate data seems
appropriate, therefore predictions for ratchetting strain can be extended for thousands or
hundreds of thousands of cycles. However, the predicted constant strain rate behavior

deviates from the non-linear strain rate in rail steels observed experimentally.

Indeed, surface RCF strain analysis is very sensitive to the material hardening
properties used. A material which displays elastic-perfectly plastic behavior would
always ratchet with a constant strain rate; and a material which displays continuous linear
kinematic hardening would not ratchet, but gives rise to a closed-loop cyclic plastic
strains; only non-linear kinematic hardening materials would ratchet and very often with

a non-linear strain rate.

A task for improving model predictions is two fold: (1) to obtain material
properties which give accurate representation of the strain hardening behavior of the thin
surface layer of rail steels under rolling/sliding contact. This is a real challenge for the
experimentalist, because the surface material behavior is determined by both the
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constraint of surrounding materials and inherent material properties. (2) to measure RCF
strain directly in contacting bodies to aid model validation and development.

In previous research, a correlation between ratchetting behavior and surface RCF
failure processes has been seldom addressed, the attention has focused mainly on the
strain behavior itself. An understanding of how the ratchetting strain quantitatively relates
to RCF crack development, including both initiation and propagation, is lacking. To
identify controlling factors in surface RCF and to develop a valuable RCF life prediction,
the correlation between plastic strain and RCF behavior need to be investigated. This
research is significant, since it may eventually lead to a realistic RCF life prediction model
to link small scale laboratory tests to large scale in-service rail life prediction based on,
say, an equivalent RCF strain concept.

1.3.2 Experimental Measurement of Ratchetting Strain

Strain responses measured directly from rolling components provide valuable
information both for mechanism study and for model development. Experimental
measurement of RCF strain is difficult since the contact components are constantly
rotating, and the strains of interest are often the interior strains on the symmetry plane of
a rolling part.

In general, two methods have been developed. One uses markers, such as wires,
metal inserts,2428 or the microstructure itself. 95.96 The main problem with this method is
that measurements can only be made by final destructive sectioning of the specimens,
periodic measurements at cycle intervals cannot be readily obtained, thus making a
quantitative correlation between RCF crack development and strain cycles difficult.
Furthermore, inserts are relatively large, from 0.2 mm,24 to 0.4 mm,28 and thus affect the
accuracy. Besides markers, scratches directly engraved on the rolling surface have been
applied to allow the continued measurement as contact cycles repeat.#0:55 But only
surface information can be obtained by this method, and another serious disadvantage is
that the scratches often became blurred as the plastic deformation progressed.
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A grid method56.57.58,142 {5 an extension of the scratch method, and has been used
extensively for a variety of measurements, such as in cold-drawing, explosion, and other
studies interested in measuring deformation. As advances in micro machining and photo
resistance technology have been made, fine grids as small as 50-100 lines/mm can be cut
on the surface of a specimen to measure the strain field. It is particularly applicable for
surface strain measurement, especially at high strain gradient such as notches, crack
tips,58 and subsurface deformation under sliding contact. 99142

The idea of using split specimens to avoid final sectioning and at the same time to
satisfy a plain strain condition has been employed in several investigations.56.99,142,147
Grids or markers were put on the inner faces of the split specimens to record shear strain
in samples subjected to cutting,56 a hard wedge sliding over,%:142 and rolling contact with
a tangential traction to normal load ratio of 0.015.147

1.3.3 Modeling of Surface RCF Life

With progress in understanding of RCF mechanisms, models to predict surface
RCEF life as a function of operating variables and material properties have been developed.
The first group of variables is mainly the operating parameters, which include contact
pressure, tangential traction, coefficient of friction, effect of defects, lubrication, and
environment conditions. The second group is the material properties. Obviously, to
include all the variables in a single model is a difficult task, if not impossible. Most

models focus on selected major parameters.

Many models have been developed to predict surface crack initiation life of rolling
bearings. Although these models do not directly address rail/wheel contact problems, they
may provide some insights. A paper reviewed eleven published models, and identified
consensus parameters and relationships.!3! The author then incorporated major life-
modifying variables, which include Hertz contact pressure, EHD film ratio, asperity
traction coefficient, asperity height, slope and spectrum width, fatigue stress, and stress
concentration factor to predict spalling life for rough Hertz line contact. The model
predicts strong effects of interface friction on the spalling life.132.133
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A model has quantitatively estimated the effect of defects on the crack initiation
life under rolling contact.!!8 The model indicates that near surface voids are more
detrimental than stiff defects (inclusions), and predicts that a near surface spherical void
of given size and depth reduces the maximum allowable fatigue limit design pressure by
75% while a stiff inclusion of the same size, shape and location reduces it only by 25%. It
is shown that a void has a greater near field effect on the stress distribution, while the
effect of a stiff inclusion applies over a larger distance, and the critical points are always
located at the interface of the defects and matrix.!!18

Using dislocation pile-up theory, crack initiation originating at the surface and
subsurface are treated as extreme cases. Surface initiation life is predicted to be shorter
than the subsurface cracks under the same stress conditions since a lower dislocation
density is needed for surface crack initiation. Factors such as residual stress, hardness,
temperature, are taken into consideration. The higher the hardness, the longer the crack
initiation life.125 A critical strain concept is proposed in a model, which assumes that
cracking is to occur when the accumulated strain energy of the dislocation reaches a
critical value.135

Some models are directly applicable to rail/wheel contact problems. It is a general
trend that RCF life increases as normal contact pressure decreases. At a given Py, RCF
life shortens as the T/P ratio increases. Creepage, i. e. slide/roll ratio, also has a significant
effect.20.37 In tests including creepages of 0, 0.3, 0.5, 0.7, 1, 2, 3, 5, and 10% at a
constant normal pressure, surface RCF life was drastically decreased as creepage
increased from 0 to 0.3%, while RCF life was extended when the ratio increased further,20

showing the complexity of the effect, Figure 1.15.

Empirical models have been developed based on small scale laboratory tests on rail

materials. A model incorporating maximum contact pressure and creepage has a form as:
N = P, $(5) (1.20)

where N is surface RCF life, Py is the maximum contact pressure, and &, a slide/roll ratio.
Based on experiments on pearlitic rail steels with different hardness and interlamellar
spacing, a model incorporating contact pressure, and hardness has been developed.13.73
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RCF life in the mode! holds a linear relation with Py over the maximum contact pressure
range of 900 to 1400 MPa, and is expressed as:

N = 0.045P,-0.00022P,H+0.33H-67 (1.21)

where P in MPa, and H is Knoop hardness (@ 500 g load)

The only material property incorporated in the models, so far, is hardness, which
is one of the most important parameters in RCF life prediction, although other material
properties, such as strain hardening behavior, cyclic stress-strain responses may play a
very important role. The constants in the model are derived from linear regression using
the data from RCF tests.!! The model is empirical and is limited to the materials it is
based upon. The model did not predict the RCF life of bainitic steels very well.

An attempt was also made to include a lubrication effect by using RCF life under
water lubrication as a baseline.!3.73 The RCF life under other lubricants can be obtained

from an empirical model expressed as:

Niub=(Lwater/ ulub)kXNwater (1.22)

where U is the coefficient of friction, and k is a constant obtained from the experiment.

The main concern is that the models are based on small scale specimen laboratory
tests. It is valuable for predicting the trend of RCF performance and assessing RCF
resistance of various materials. However, using these models to predict surface RCF life
of rails requires a lot of work to bridge small scale laboratory test data to rail service life in
practice.
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1.4 RELATION BETWEEN MECHANICAL PROPERTIES AND RCF

1.4.1 Strength and Hardness

The majority of rail materials are plain carbon, silicon and manganese eutectoid
pearlitic steels (STD), with 0.4 to 0.8 % C and 0.6 -1.4% Mn,3-4 and a hardness range of
280 to 360 HB. Different "premium-alloy" rails have been developed by increasing the
alloy content or adding other alloy elements such as chromium, molybdenum and
vanadium.3 Surface RCF resistance of pearlitic rail steels has been investigated and linked
with some of the material properties, mainly strength and hardness.

High strength materials are found to be superior, since plastic deformation will be
reduced.52 Hardness is one of the most important mechanical properties in dictating RCF
performance. Numerous experiments have shown that the RCF resistance increases as
hardness increases. High strength head-hardened rail steel of fine pearlitic structure
exhibited increased RCF life compared to conventional plain carbon rail steels.59:62

The strength of pearlitic steels is determined by the pearlite interlamellar spacing,
the pearlite colony size, and the strength of the matrix. The smaller the colony size and
the finer the spacing, the higher the RCF resistance. As the interlamellar spacing
decreases, the hardness increases, and so does the RCF resistancel3.44.59.62 The
improvement in strength of pearlitic steels generally has been achieved through two
approaches, by alloying additions of silicon, manganese, and chromium; and by heat-
treating to achieve fine pearlite spacing.62:64.72.76.78

However, RCF resistance does not always increase with increasing equivalent
carbon content and hardness. A test of various pearlitic steels showed that as hardness
increases, the resistance to RCF increases and peaks at Brinell hardness of 380, but did
not increase with further increasing the hardness.®4 An experiment at FAST showed that
under improved lubrication, the dominant mechanism of gage face failure appeared to be
RCF spalling rather than wear, and STD rail steels benefited much more than head
hardened (HH) and other alloyed premium steels (CrMo, CrV, SiCr...) with the
lubrication.!2 This finding indicates that increased hardness in premium rail steels may
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not necessarily achieve the expected performance under surface RCF conditions. It has
been pointed out that hardness varies with position and time.!40 It can depend on
temperature, sliding speed and the chemical environment. Transfer of materials and
subsequent mechanical mixing strongly influence local hardness.140 The relative hardness,
i. e. a ratio of rail to wheel hardness, rather than rail hardness alone, proves to be a more
relevant parameter in evaluating a rail/wheel system wear,!48 and the parameter may be
important in RCF performance as well.

A pearlitic microstructure was demonstrated to be superior to tempered
martensitic and bainitic structure with the same hardness in wear62.72.81.83 and in some
cases of RCF.62.72,77 The advantage of a pearlitic microstructure is that the cementite
lamella are able to line up parallel to the surface under rolling/sliding, rotating during shear
plastic deformation, thus producing alternating hard and soft regions with decreased
interlamellar spacing. The realignment was facilitated by both fracture and the plastic
deformation of lamellae, as shown in Figure 1.9. The soft ferrite matrix was severely
deformed, allowing a reduction in the interlamellar spacing on approaching the contact
surface and most of the lamellae were broken into small particles.44 The effect of this
realignment is to produce an increased area fraction of hard cementite plates on planes
parallel to the surface, and thus increase the worn surface hardness since the hardness of
cementite is 1000 to 1500 Hv, while martensite is only 500 Hv. This provides better wear
resistance than martensite and bainite microstructures, which do not modify and enhance

their microstructures in such a way.3?

But, the structure realignment may have different effects in RCF. The hard
particles and narrow hard barriers that benefit wear resistance may not be necessarily
effective in RCF. Since under RCF, shear flow bands often provide a favorable path for
cracks to grow, material properties dictating the crack growth resistance is in the weakest
orientation, where toughness may be very important. In practice, HH steels are often
reported to spall prematurely, raising a concern for ductility and toughness.

To meet the demand of ever-increasing axle loads, in addition to improving the
existing materials, other materials may need to be explored, since pearlitic steels
developed over the past 60 years may soon approach the limit of their capacity.6l
Recent investigations have reported a superior wear resistance in low carbon bainitic



33

steels compared to a premium HH rail steel.82 Contrary to the previous finding that
increasing hardness beyond 38 to 40 HRC for a pearlitic steel gained nothing in terms of
wear resistance,8! increasing hardness of the lower bainite and mixtures of upper and
lower bainite to hardness of 54 and 49 HRC achieved much greater resistance to type III
wear than pearlite of 39 HRC.!46 An investigation on surface RCF performance of
potential rail materials, particularly those low carbon bainitic steels,2 would be
beneficial.

1.4.2 Cyclic Stress-Strain Properties

The cyclic stress-strain behavior of pearlitic eutectoid steels is strongly dependent
on the interlamellar spacing and strain amplitude, with cyclic softening in fine pearlite,
cyclic hardening in coarse pearlite, and both cyclic softening and hardening in medium
pearlite at low and high strain amplitudes, respectively.®> Cyclic hardening is generally
concurrent with dislocation cell formation. As the interlamellar spacing or plastic strain
amplitude increases, the dislocation cell formation occurs more readily, and the cell size
decreases with increasing strain amplitude. The fine spacing and high hardness pearlitic
steels have a benefit of high strength, but also result in cyclic softening.80

In a test on rail materials of STD, HH and Cr-Mo and Cr-V alloys, all four
materials were cyclically softened at a low strain level then cyclic hardened at high strain
levels.%6 However, the strain range covered in this study only reached about 1.5%, and
the cyclic hardening was only obvious in the STD steels. The results of cyclic stress-
strain properties of a 0.82 C, 0.87 Mn eutectoid pearlitic steel showed cyclic softening
over the strain range of 0.15-0.3% and cyclic hardening when the strain was greater than
0.6%.67

A laboratory test showed that HH and Cr-Mo had longer strain life compared to
STD and Cr-V steels, and FAST test results supported that data showing that the HH
and Cr-Mo had superior fatigue resistance.¢ However, a low cycle fatigue test showed
that a conventional STD steel had a higher fatigue resistance than a high alloy steel at a
high strain level.69
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With all these data available, the question remains as to how uniaxial cyclic stress-
strain data can be used for RCF resistance assessment where the stress-strain state differs
considerably for rolling/sliding contact. The research on the correlation between RCF
performance and uniaxial cyclic stress-strain behavior should be conducted before any

meaningful conclusions can be drawn.
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Fig. 1.4. Contours of the principal shear stress with tangential traction (T = 0.2 P).16
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CHAPTER 2

EXPERIMENTAL PROCEDURES

The experimental work includes three parts: RCF performance tests, ratchetting
strain measurements, and a mechanism study through SEM, optical microscopy (OM)
and microhardness profile measurements. The effect of liquid lubrication was investigated
as a part of the mechanism study, in using oil and water as lubricants.

2.1  MATERIALS

Two pearlitic rail steels, STD (standard carbon) and HH (head hardened), and four
low/medium carbon bainitic steels J1, J2, J4 and J6 have been investigated. The chemical
composition and mechanical properties are listed in Tables 2.1 and 2.2. Microstructure of
the materials are shown in Figure 2.1a through Figure 2.1f. Compared to the STD steel,
the interlamellar spacing and the prior austenite grain size of the HH are finer. The fine
interlamellar spacing gives rise to increased hardness and strength in this steel.13.44.59,62
Wrought microstructures of the bainitic steels are summarized in Table 2.3. The bainitic
microstructures were all produced by continuous cooling in air. These steels have been
developed to test wear performance for potential applications in rails at OGL.70 Results
of wear performance tests have indicated that water quenched J1 and as-received air
cooled J6 are superior in wear resistance compared to a pearlitic HH steel.70 Detailed
information on heat treatment, chemistry, microstructure, and wear performance can be

found elsewhere.”0
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2.2  SURFACE RCF PERFORMANCE TESTS

RCF tests were carried out with an Amsler twin-disc rolling/sliding test machine.
The test rollers are mounted on two parallel rotating shafts and the load is applied by a
compressed spring. Figure 2.2 shows the Amsler test fixture. Contact loads were within
the range of 700 to 5000 N, producing maximum contact pressures of 850 to 2300 MPa.
The highest maximum contact pressure in previous tests conducted at Oregon Graduate
Institute was 1440 MPa.13.5% The contact pressure in current research is much higher
than that in previous investigations, because an attempt in current research is to simulate

the increased axle load conditions in practice.

Specimen geometries are shown in Figure 2.3. The truncated cone-on-flat
geometry was used for the top roller to enable high contact stresses to be achieved while
providing sufficient support for the running track. The materials for pearlitic steel
specimens were cut from rail heads. The orientation of the test rollers is illustrated in
Figure 2.4 (a), with the running track of the test rollers perpendicular to the longitudinal
direction of the rail. The effect of specimen orientation on RCF performance was
investigated in previous research!3 for the same STD steel, and no effect was discovered.
Bainitic steel specimens were all cut from the 3"x3" rolled square bars, and the orientation
is shown in Figure 2.4.(b).

For the case of two contacting cylinders with their axes parallel, the maximum
hertzian contact pressure can be calculated from%3

P, = 0.418 [NE(R+Rp)/LR1Rp]!/2 @2.1)

where R and Ry are the upper and lower roller radii respectively, E is Young's modulus,
L is the width of a contact track and N is the applied normal load. The load is transmitted
through a narrow interface contact patch, which is a rectangle with area of 2a by L. A

half contact patch width, a, is calculated by

a=1.13[(PAR | R2)/(L(R+R)]}2 (2.2)
A=(1-p2YE+(1-p22)/E; (2.3)
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Both top and bottom rollers were made from the same material for all the materials
tested but the upper roller normally fails because it is the driven or slower moving roller.
The roller dimensions were selected to provide a slide/roll ratio of 10%, as calculated by :

Slide/Roll Ratio = 2(1.104Dg-Dr1)/(1.104Dg+D7) 2.4

where, Dy and Dy, are the top and bottom roller diameters respectively. The bottom shaft

rotates 1.104 times faster than the upper shaft.

The coefficient of friction, , is a crucial parameter in rolling/sliding contact, and it

was calculated according to moment readings as:
u = 2.75M/(PR) (2.5

where 2.75 is a constant adjusted for this specific machine; M is the moment; P, an
applied load; and R, a radius of the driving roller. Tangential traction, T, is related to
normal contact pressure through the coefficient of friction as:

T=pP (2.6)

At all times throughout a test both rollers were covered by a water film maintained
by a constant feed of 40 drops per minute adjusted manually. The water was tap water,
and was cut off automatically by an electronically controlled valve as soon as a test was

stopped.

A counter on the bottom shaft recorded the number of revolutions during a test.
The criterion of failure used to determine RCF life involves either the loss of surface
material as spalling or a collapse of the fatigue damaged surface. These events lead to an
increase in the vibration level which is detected by an accelerometer mounted on the
machine. When the vibration reaches the preset value the accelerometer activates a cut-off
switch and the test is stopped. The contact cycles to failure thus included both crack
initiation and crack growth.
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23 MECHANISM STUDY

A study of the used rollers of RCF performance tests was carried out by optical
(a Nikon Epiphot microscope) and SEM (a Zeiss Model) observations and microhardness
measurements (a LECO M-400 hardness tester) to obtain information on crack
morphology, surface layer deformation patterns and microhardness profiles. The
metallographic samples were cut through the longitudinal cross section plane parallel to
running tracks of the tested rollers, then polished and etched with 2% nital. The
microhardness data were measured on the subsurface of the same plane, traversing from
the near surface down to about 1.2 mm in depth. Two to three traverses were repeated on
each sample. The load used was 300 and 500 grams.

A preliminary study on the effect of liquid lubrication was initiated in this study.
Liquid lubrication plays a significant roie in surface RCF, such as modifying coefficient of
friction, varying contact conditions and failure modes, and as well as bringing about
possible environmentally assisted cracking. However, the focus of this research is the
effect of water and oil lubrication upon RCF crack growth, in terms of crack length,
depth, surface damage characteristics, and on the crack growth mode.

Experiments for this purpose were conducted with STD steel only, using the same
specimen geometries as in RCF performance tests. The maximum contact pressures (P )
were 1874, 1448, and 1295 MPa, yielding Pg/k ratios of 6.03, 4.66 and 4.16,
respectively. An initial dry running period was applied at the beginning of each test, 1000
cycles for Py = 1874, and 2000 cycles for Py = 1448 and 1295 MPa. The initial dry
period was intended to initiate cracks with similar density, depth and length distributions.
A simple mineral oil and water with pH of 6 were then applied after the dry running,
covering the rolling tracks at all times. The total contact cycles used for both oil and water
were identical, 5,000 cycles for Py = 1874 MPa, 23,600 cycles for 1448 MPa, and
100,000 cycles for 1295 MPa. Crack morphology, in terms of depth, length, surface
damage, and the crack depth with respect to deformation layer, were examined by

microscopy.
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24 RATCHETTING STRAIN MEASUREMENT

2.4.1 Split Rollers and Strain Derivation

Two materials, STD and J2, were used for ratchetting strain measurements, with
the focus on the STD steel. Split rollers were used for the experiments, Figure 2.5, with
the two halves bolted tightly together during a test. Prior to testing, the interior faces of
the two half rollers were polished to 1 um, and then machined to the final diameter to

avoid any edge rounding due to polishing.

Grids and indentations were engraved on the inner faces of the split rollers to
serve as markers. Two methods were employed to make grids, one was by a scratch
tester, the other by micro machining. Grids of 40 lines per mm were cut by a diamond tip
scratch cutter under a 50-gram load. The spacing between grids and the travel distance of
the diamond tip were manually controlled by operating a X-Y stage. This method was
time consuming, approximately two hours for a net of grids of 1.2 mm by 1.2 mm square.
Micro machined grids were 50 lines/mm, and the spacing was precise, but the method was
much more expensive. Photographs of these grids are shown in Figure 2.6. A set of
indentations spaced 0.1 mm apart were produced by a LECO M-400 Vicker's hardness
tester loaded at 500 to 1000 grams. A typical length of the indentation lines was about 1
mm down into the subsurface to guarantee that a portion of the line would remain
undeformed, and thus serving as a baseline. Each inner face of the split rollers contained at
least three groups of indentations distributed along the periphery. Figure 2.7 shows a
group of indentations before and after deformation.

Indentations were much easier to make than grids. Most importantly, due to
severe shear deformation, shallow grids were blurred making measurements impossible,
while deeper indentations proved more durable. The strain data were all obtained through
measuring displacement of lines of indentations.

The greatest advantages of the split roller design is that it enables periodic
measurements of shear displacement without sectioning of rollers. However, two free
surfaces are created on the symmetry plane modifying the stress state experienced by a
solid roller. To compare the deformation for the two cases, scratches perpendicular to the
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longitudinal rolling direction were engraved on the running surface of samples of both.
Four tests were conducted with solid and split rollers to compare displacement of the
scratches at identical loads and cycle intervals. Additionally, a profilometer ( a Mitutoyo
surface roughness tester ) was used to assess the out-of-plane deformation on an interior
face of a split roller.

Tests were conducted at contact loads ranging from 2250 to 4150 N producing
Py/k values of 4.94 to 6.71. Measurements were made at six contact pressure levels, Py =
1536, 1635, 1759, 1818, 1879 and 2086 MPa, intending to obtain systematic data. Water
lubrication was applied and the slide/roll ratio was 10%. The coefficient of friction, L,

ranged from 0.22 to 0.24.

In RCF performance tests, an accelerometer was used to determine the total RCF
life, but it was not used for split roller tests. The number of cycles to end a test was pre-
decided as the average number of cycles determined for RCF life in tests for solid rollers
using the same contact conditions. The solid rollers were made from the same heats of
steels. The appearance and crack densities of the split rollers were comparable with those
observed for solid rollers tested under the same conditions.

Subsurface displacements were measured from between 3 and 5 groups of
indentations located on different sites around the edge of split rollers. The measurements
were made at a magnification of 400 times using a LECO M-400 microhardness tester
with a resolution of 5 um. A rotational x-y stage made it easy to align the undeformed

baseline indentations with the measurement scale.

The data derivation is schematically illustrated in Figure 2.8. The displacement
versus depth results were curve fitted by polynomials with powers of 4 or 6, whichever
suited the data best. The maximum displacement, upyax Which occurred on the contact
surface, z=0, was determined from the fitted curve. Ratchetting strain was derived from
the displacement versus depth curve, i. e. u—z curve. Under rolling/sliding contact, the
cumulative shear strain, Yy,, in a cylindrical coordinate with the origin located in the

center of the specimen, is approximately given by

Yez = OWor+1/r ov/ov-u/r 2.7
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where u and v are displacements in x (x = r® ) and z (z = r) directions. The second order
derivatives are omitted in Equation. 2.7. The maximum displacement, u, can reach around
400 pm, resulting in shear strain as high as 140%, whereas deformation in compression
was much lower, with strains of only 1% to 2%. In addition, compressive deformation, v,
occurred only during initial cycles and did not accumulate. The contribution to shear
strain from compressive displacement, 1/rdv/d¥, was, therefore, neglected. The third
term, wr, at any given measurements was only about 1% to 2% of the duw/or term, thus
the third term was also neglected. As the first degree approximation, the ratchetting strain
at any given contact cycles was determined, as shown in Fig. 2. 8, from the maximum
slope of the u — z curve, as Y= du/dzmax.

2.4.2 Effect of Slide/roll Ratio Tests

The effect of slide/roll ratio on ratchetting strain was investigated under a constant
contact pressure of 1759 MPa. Different slide/roll ratios were produced by varying
bottom roller diameters while keeping top split roller diameters constant. Slide/roll ratios
employed were 0.3%, 0.4%, 1%, 5%, 10%, and 25%. Two tests were repeated at both
1% and 5% slide/roll ratios. Water covered the running surface throughout the tests.
Displacement and shear strain data were obtained in the way described above.
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Table 2.2. Mechanical Properties of the Materials
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Material | Yield UTS RA EL Ke HRC
(MPa) (MPa) (%) (%) (MPa)
STD 538 1034 20 12 311 27
HH 790 1320 40 13 456 37
A7) 846 1360 39 14 438 40
2 830 1151 55 16 479 37
J4 721 945 69 18 416 28
J6 1002 1530 7 4 578 45
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Fig. 2.1a. Metallographic photographs of pearlitic steel STD.
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Fig. 2.1b. Metallographic photographs of pearlitic steel HH.
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Fig. 2.1c. Metallographic photographs of bainitic steel J1.
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Fig. 2.1d.

Metallographic photographs of bainitic steel J2.
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Fig. 2.1 Metallographic photopraphs of bainitic steel 6.
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Table 2.3. Microstructures of the Bainitic Steels
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J1 J2 J4 J6
Predominantly Predominantly Predominantly Predominantly
carbide-free bainite | lower bainite (lath | granular bainite carbide-free bainite
(lath ferrite and ferrite with intralath
interlath retained carbides) with areas
austenite) with some | more typical of
granular bainite carbide-free and
(massive ferrite and | granular bainite
M-A islands)



Fig. 2.2. Amsler twin-disc rolling sliding test machine.
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Fig. 2.3. Surface RCF specimen geometry.
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Fig. 2.4. Specimen orientation (a) for pearlitic steels (b) for bainitic steels.
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Fig. 2.6. Grids (a) made by scratch tester (b) made by micro machimng.
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Fig. 2.7. A group of indentations tested at Py = 1759 MPa (a) N = 0 (b) N = 2000

cycles.
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Fig. 2.8. Schematic illustration of determination of ratchetting strain.



CHAPTER 3
EXPERIMENTAL RESULTS

31 SURFACE RCF PERFORMANCE
3.1.1 Coefficient of Friction

The coefficient of friction fluctuated during experiments, being, in general, lower
at the start of a test, and gradually increasing to a steady stable level, reaching the highest
value near the end of a test. The stable period usually lasted about 70% of total test
duration. The coefficients of friction for all materials tested ranged from 0.19 to 0.28
during the stable period.

Coefficients of friction varied slightly with materials. The average value for the
bainitic steel J6 was 0.21, and for J1 and J2 it was 0.22. An average value for pearlitic
steel HH and bainitic steel J4 was 0.23, while it was around 0.24 for STD steel. Since
tangential traction is proportional to the coefficient of friction, the STD steel was
subjected to about 4 to 14% higher tangential traction than the other materials for a given
normal contact pressure. Given the variation of the coefficients, however, the difference is

not significant.

For a given material, coefficients of friction also varied with contact pressure. It
was interesting to observe that coefficients of friction were approximately 15% lower at
the high end of the contact pressure range compared with the low end. This trend is
consistent with experimental data presented by Clayton and Hill.19 Table 3.1.
summarizes the results of coefficients of friction.
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3.1.2 Surface RCF Performance Data

Figure 3.1. shows the results of surface RCF life as a function of maximum contact
pressure, P,,. Life decreases with increasing contact pressure, in a non-linear fashion. Test

results are listed in Table 3.2.

Bainitic stee] J6 exhibits the best RCF resistance in terms of RCF life at a given
contact pressure, but the data also show a relatively large scatter band. Pearlitic steel
STD and bainitic steel J4 show a similarly low resistance. As shown in Figure 3.2, the
RCEF life of J6 was about 5 to 6 times that of STD steel. The results of the other materials
are clustered within a band formed between data of J6 and STD. The relative ranking of
performance of the rest steels is bainitic steel J1, followed by J2 and HH.

The results of STD and J4 steels are shown in Figure 3.3. The total RCF cycles to
failure of these two steels overlap. Only two typical contact load levels, 4150 and 1600
N, were applied to J4 tests due to the limited availability of the material. The strength of
STD steel, in terms of yield stress and hardness, is the lowest among all the materials
tested. Although J4 has the lowest strength among all the bainitic steels, its strength is
higher than STD.

When these data are plotted on a log-log scale, Figure 3.4, it is apparent that the
relationship between RCF life and contact pressure can be well described by a power law
function as:

RCF Life = A(Py)P (3.1)

An alternative interpretation of the relationship is suggested by Figure 3.5, in
which life is plotted as function of the normalized contact pressure, Py/k, where k is the
yield strength in shear and given by 0'0.2/\/3. The possibility of bi-linear behavior with a
transition at around Py/k of 4.0, presents itself. The significance of the value of 4.0 is
that it is close to the theoretical shakedown limit reported in the literature for work-
hardened materials under rolling/sliding contact.16.24.51 According to a theoretical analysis,
cumulative surface plastic flow occurs at values above the limit with a tangential to

normal load ratio of 0.25 or greater. 24 Current test conditions with normalized contact
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pressure levels above 4.0 and tangential to normal load ratios of 0.22 to 0.24 satisfy the
criterion for the occurrence of surface cumulative flow. For the hardest material J6, the
Py/k values at all times were below 4.0, and no obvious transition behavior was observed.

The second feature of Figure 3.5 is that the data have been compressed into what
could be interpreted as a single relation with a narrow scatter band.

Reproducibility of surface RCF data was investigated during previous
investigations at OGI.!1.59 The same testing equipment and specimens, and as well as the
same failure criterion were adopted in both the previous and the present tests. Variability
results from the two previous tests were about + 15%,!3 and +6% (6 tests at 1302 MPa)
and + 26% (3 tests at 1413 MPa),5? respectively. Current data reveal a variability of
+30% about the mean value for RCF life data obtained at 1635 MPa. The current result in
combination with the previous values, gives the average variability of £20% for the test
system.

3.2 MECHANISM STUDY
3.2.1 Microscopy of Damaged Rollers
3.2.1.1 Characterization of Surface RCF Crack

Observations of the fatigued rollers were focused on two of the steels, STD and
J4, and the possibility of two different deterioration mechanisms associated with the
shakedown limit.

Cracks on the STD roller surfaces, viewed from above, are shown in Figure 3.6.
At high contact pressure levels (Pg = 2086 MPa, Py/k = 6.71), the crack lines are coarse

with shear lips (material rolled over on crack mouths), while cracks at low contact
pressure ( Py = 857 MPa, Py/k = 2.76), are well defined fine lines without shear lips. At
high contact pressure ( Py = 2086, Py/k = 5.01), the J4 bainitic steel, Figure 3.7, also
showed the shear lip feature while at lower contact pressure (Py = 1295, Py/k = 3.11) the

cracks are fine lines.
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A distinct difference between crack morphology at high and low contact pressures
for both materials is further revealed from the longitudinal cross sections of the rollers.
Above the shakedown limit (Py/k = 4.0), cracks seldom branch, Figure 3.8, being roughly
parallel to each other. They are severely sheared when approaching the surface, resulting
in the shear lips. Below the shakedown limit multiple branched cracks prevail, Figure 3.9,
with a main crack oriented at approximately 40 degrees to the contact surface.

Figure 3.10a shows the surface layer deformation of STD steel after testing at
Py/’k=6.71. A significant depth of surface material, about S00um, is sheared in the rolling
direction. The microstructure is significantly changed in the deformed zone, Figure 3.10b.
The changes are clearly contrasted in Figure 3. 11, which shows a largely undeformed
surface layer (Figure 3.11a) and a shallow deformed zone of about 15 um above the
undeformed pearlite for a test at Py/k = 2.76, Figure 3.11b.

It is evident that crack orientation at the surface is dictated by the shear flow
pattern. The cracks shown in Figure 3.8 would all be within the severely deformed
region. Even at the lower contact pressure, while the crack is within the shallow severely
deformed layer, the crack follows the flow pattern. Beneath this region, however, it tends
to branch easily.

For bainitic steels J1, J2, and J6 shear flow is not as obvious as for pearlitic steels,
consistent with the higher yield strengths. For the softest bainitic steel J4, however, at the
highest normalized contact pressure applied, Pyk = 5.01, a heavily sheared zone, Figure
3.12a, is observed. The change of microstructure within the heavily sheared region is
shown in Figure 3.12b. Figure 3.13a shows the largely undeformed surface material and
branched cracks generally observed in the bainitic steels at lower contact pressures. Figure
3.13b reveals that at the test condition of Py/k = 3.11 there is a surface shear zone of

about 5 um.
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3.2.1.2 Some Phenomena Observed at the Low Contact Pressures

Longitudinal grooves and surface spalling are the two additional phenomena worth
mentioning. At low contact pressures, usually well below the normalized contact pressure
level of Py/k = 4, longitudinal grooves were often observed on the surface of rollers in
STD, HH and J6. This phenomenon was most pronounced in J6, with a significant
amount of grooves found in five out of a total of seven specimens tested. The longitudinal
grooves are shallow and parallel to the rolling direction. Figure 3.14a shows the
longitudinal grooves in a J6 roller. This kind of groove can also be found in Figure 3.6b
for STD and Figures. 3.15a and 3.15¢ for HH steel. The density of the grooves varied
from specimen to specimen, but the orientation and appearance were similar.

This kind of groove was absent at high contact pressures. It is reasonable to
speculate that the longitudinal grooves are mainly low contact pressure phenomenon. The
high frequency occurrence in J6 may be due partly to the high strength of the material,
which allows it operate within the elastic regime even under the highest contact pressure
applied. A possible reason for the grooves may be attributed to the residue of machining
grooves at low contact pressures. Figure 3.14b shows the machined grooves prior to
testing. However, the post-rolling grooves differ from the machining grooves in that they
lack uniformity. Machined grooves typically have identical spacing and appearance.

Therefore, the feature is a form of deformation cannot be absolutely excluded.

The grooves are unlikely crack initiation sites, since virtually no cracks were found
developing from them. It is possible that the grooves contributed to the higher coefficients
of friction at the lower end of contact pressure range.

The second phenomenon, spalling, is also observed frequently for rollers tested
under relatively low normalized contact pressures. These spalls appeared as holes of
different size and density, and accompanied with fine cracks, as shown in Figure 3.15a for
HH steel. The subtle difference of these spalls compared to the form of material loss
under high normalized contact pressure seems to be that the former have better defined
edges with less tearing. Figure 3.15b shows appearance of a HH roller tested at the
normalized contact pressure of Py/k = 5.10 (Py = 2324 MPa), cracks are generally coarser
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shear cracks with much fewer spalls compared to the damaged surface in Figure 3.15a for
Py/k =2.46 (Py = 1121 MPa).

During the experiment with HH steel, there was a tendency for tests to be cut off
after an unexpectedly short time. Observations of the rollers revealed spalls in the form of
holes, as shown in Figure 3.16. The overall surface damage when the spalling was
observed was often much lighter, in terms of crack length and density, compared to the
surface appearance of damaged rollers tested for a normal test length. Sometimes no
obvious cracks were observed in the adjacent area of the spalls. Although similar spalls
with fine cracks were also observed in other materials, as demonstrated in Figure 3.6b for
STD and Figure 3.14a for J6, the spall phenomenon in HH was most pronounced.

3.2.2 Microhardness Data

Figure 3.17 shows microhardness measurements from STD rollers tested under
different contact conditions. Even at the lowest contact pressure, a slight increase in
hardness is present, consistent with the observed shallow shear flow near the surface. The
magnitude of the hardness and the depth of the work-hardened layer increase with
increasing contact pressure. At the highest contact pressure, the depth of the work-
hardened layer is about 0.8 mm and the maximum hardness is about 1.4 times the initial
hardness. Results of HH steel are shown in Figure 3.18. An increase in hardness nearing

the contact surface presents a similar trend to the STD steel.

Work-hardening is not as obvious for the bainitic steels because of higher initial
hardness. Nevertheless, an increase in hardness is measured at the highest Py/k levels.

Microhardness data for J1 through J6 are shown in Figures. 3.19 through 3.22.

For both pearlitic and bainitic steels, the depth of measured hardness increases are
always greater than the observed depth of the heavily sheared zone using optical
microscopy. Nonetheless, in both cases there is qualitative agreement in that the depth of

hardening increases with contact pressure.
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3.2.3 Microscopy of Rollers Tested for Lubrication Effect

Dry rolling/sliding followed by lubrication significantly reduced surface RCF life.
The total contact cycles to obvious surface failure was reduced to 20% of the original
RCF life data obtained during RCF performance tests for the same contact pressure
conditions with water throughout. The damaged surfaces were covered by massive large
particles, or flakes, produced by crack networks, and appeared more severe than that
tested without a dry running period. The coefficient of friction during dry rolling/sliding
varied with sliding distance. The peak coefficient of friction probably corresponded with
the roughest surface due to formation of incipient cracks. A reduction of coefficient of
friction often followed the peak value, and was possibly related to the removal of the
rough surface layer through a wear process. A relatively stable coefficient of friction was
usually approached by the end of a dry test. The coefficients of friction for dry condition
ranged from 0.39 to 0.71, the values were 0.06 to 0.08 for oil and 0.17 to 0.25 for water.
The coefficient of friction data are listed in Table 3.3.

Figure 3.23a shows the initial cracks produced during the dry period. They are
shallow cracks roughly parallel to the surface. Figure 3.23b shows the deformation layer
produced during the dry running. The depth of the deformed layer is approximately 3 to 5
times deeper than the cracks. The shallow cracks in combination with a relatively deep
surface deformation layer were the starting conditions for subsequent lubrication effect

tests.

Figure 3.24 is the top view of crack morphology under oil lubrication following
the dry period. The surface of the rollers was covered with large flakes. The qualitative
severity, in terms of the size of flakes, increased with the contact pressure. Large flakes
were also present on the roller surfaces under water lubrication, and the severity

obviously increased with contact pressure, Figure 3.25.

Crack morphology on the longitudinal cross sections are shown in Figures 3.26
and 3.27 for oil and for water lubrication, respectively. The severity of the damage, in
terms of the length and the depth of the cracks, increased with contact pressure for both

lubrication conditions.
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Comparison of the crack morphology between oil and water lubricated rollers
revealed two major differences:

» The particle or flake size for oil lubrication was generally larger, but the flakes
appeared thinner than for water lubrication. The larger particle size makes the damage for
oil lubrication appear more severe. This is particularly evident when qualitatively
comparing the damage of both oil and water lubricated surfaces under a low contact
pressure of 1295 MPa.

* The crack lengths under oil were generally longer than under water for the
same loading conditions. However, the depth of cracks under water was greater than
under oil. Cracks tend to turn down to grow deep into the material under water

lubrication, and the turning of the crack path can be observed in Figure 3.27.

Figures 3.28 and 3.29 show how the crack morphology related to deformation
patterns. At relatively high contact pressure (Pg = 1874 MPa, Py/k = 6.03), a significant
deformation layer was produced, approximately 400 um. Cracks under oil seem to follow
the shear flow pattern, but are confined within the deformation layer, forming long but
comparatively shallow cracks, Figure 3.28a. This feature is consistent with the large but
relatively thin flakes or particles observed on the top view of the surface. Figure 3.28b
shows that a large particle with the thickness comparable to the depth of the deformation
layer was formed, and about to detach from the surface. A close-up view of the crack tip
(a crack in Figure 3.28a) shows that the crack path evidently followed the dividing line
between the deformed and undeformed regions. A zig-zag pattern was present at the crack
tip, and the crack was apparently trapped within the deformation layer, Figure 3.28c.
The zig-zag crack tip feature is also shown in Figure 3.28b for another crack.

A typical crack under water lubrication is shown in Figure 3. 29. This crack also
seemed to follow the shear flow band when propagating within the deformation layer.
However, it was not confined within the deformed layer, the crack path turned inwards
and the crack is obviously deeper than the one under oil for the same contact pressure.
The inclined angle of the main crack ( not counting the near surface region) to the surface

was about 40°, approximately 20° greater than that of oil lubricated cracks, Figure 3.29a.
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A close-up view of the crack tip in Figure 3.29b shows that the crack passed through the
deformation layer and advanced into the basically undeformed region for about 200 pum.

3.3 RATCHETTING STRAIN DATA

3.3.1 Comparison Between Solid and Split Rollers

The out-of-plane deformation was measured for split rollers tested at the
maximum contact pressure Py of 1759 MPa. Theoretically, the out-of-plane strain should
be zero on the symmetry plane of a solid roller with a plane strain condition. However,
due to the split inner faces some out-of-plane deformation was present. The out-of-plane
deformation was measured by a profilometer (Surfanalysis 401), and the profiles are
shown in Figure 3.30. The magnitude of the deformation, which is represented by the
absolute values of the peaks and valleys, increased with contact cycles, and reached
maximum of 4 pm at 50,000 cycles. The increment of deformation reduced with contact
cycles, with about 50% of the deformation being accumulated during the first 10% of the
cycles.

Comparisons of surface scratch displacement between solid and split rollers were
made at the maximum contact pressures Py = 1874 and 1759 MPa. For each contact
interval, 3 to 5 scratches along the periphery of both types of rollers were measured, and
average displacement data obtained. The results are shown schematically in Figure 3.31.
The shape of the scratches are schematic, but the values were measured. The maximum
displacement in the solid roller was at the center of the running track, while the maximum
displacement in split rollers was about 0.6 to 0.7 mm offset from the center. The
difference between the maximum displacement, point B, and the displacement on the
symmetry plane, point A, ranged from 20 to 70 um. Since the subsequent indentation
displacements were measured on the plane of symmetry, the symmetry plane
displacements, i. e. point A, in both spilt and solid rollers are compared. The center
displacements of split rollers ranged from 71 to 86% of those of the solid rollers, with 6

out of 9 measurements between 81 to 8§6%.
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The result indicates that the trend of the displacement in both types of rollers
was the same, with a large initial increment gradually decreasing with increasing numbers
of contact cycles. The center displacement of the split rollers averaged 80% of that in the
solid rollers.

3.3.2 Subsurface Displacement

Deformation results are presented by two types of curves, curves of indentation
displacement versus depth form the surface, i. e. U-Z curves, and curves of maximum

displacement, the surface displacement, versus contact cycles, i. €. a U, —N curve.

A typical set of experimental data of indentation displacement as a function of
depth from the surface for STD steel is shown in Figure 3.32. This test was run at Py =
1759 MPa (Py/k = 5.65) with measurements at seven different numbers of cycles. Figure
3.33 shows an example of the original data for bainitic steel J2. Periodic measurements
were made for each specimen, so that a large quantity of data were obtained. The depth of
deformation layer for the STD specimen shown in Figure 3.32 is about 0.65 mm, which is
consistent with the hardness profile measured at the same maximum contact pressure.

Plotting the maximum displacements, Up,ax, against the number of contact cycles
creates the relation shown in Figure 3.34 for several values of Pyg/k. The surface
displacement reached more than 400 pm at contact pressure levels of Py/k greater than

5.66. The maximum displacements were about 200 um for lower contact pressures.

The reproducibility of the results can be judged from the repeated tests carried out
at Py/k values of 6.03 and 5.66. In the latter set of tests the difference in displacement at
a given number of contact cycles was approximately 25 pm. This yields a variation about
the mean value of £15% for the initially small displacement of less than 100 um and +5%
for the relatively large displacements greater than 250 um.
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3.3.3 Ratchetting Strain

As shown in Figure 3.35, maximum ratchetting strain is a non linear function of
contact cycles, with the slope of the curves decreasing with an increasing number of
contact cycles. A large amount of strain was accumulated during the initial cycles, then

the strain increment continuously decreased with cycles.

Re-plotting the data on a log-log scale, as shown in Figure 3.36 for STD steel,
reveals that a power law relationship appears to describe the data satisfactorily. At a
given contact pressure, the ratchetting strain can be expressed as

y= ANb G.1)

where 7 is strain, N the number of cycles, and A and b are fitting parameters that are
dependent on the contact conditions. Figure 3.37 shows ratchetting strain data for bainitic
steel J2. Although there are fewer data points than for STD, the same power function is
apparent.

At a comparable maximum contact pressure level, Po/k = 5.05 for J2, and Py/k =
5.25 for STD, the strain for J2 is obviously higher than for STD as shown in Figure 3.38,
even though STD was subjected to 4% higher contact pressure than J2. The ratchetting
strain in J2 was up to 3 times of that in STD.

Figure 3.39 reveals the effect of contact pressure on the ratchetting strain for a
given number of contact cycles. These relations are also non-linear and can be
satisfactorily fitted by either power or exponential functions. The power indices are
greater than unity, indicating that ratchetting strains increase with contact pressure at an
accelerating rate. Displacement and ratchetting strain data are included in Table 3 .4.
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3.3.4 Ratchetting Strain at Various Slide/roll Ratios

3.3.4.1 Tangential to Normal Traction Ratio

Tangential to normal traction ratio (T/N) is measured from a moment reading just
as for the coefficient of friction. As mentioned in the literature review section, the T/N
ratio equals the coefficient of friction when full slip is achieved, and it is generally lower
than the coefficient of friction if partial slip, which usually occurs at low slide/roll ratios,
is involved. Therefore, the more generalized term, T/N ratio, instead of the coefficient of
friction, is used in the following section.

Figure 3.40 shows the variations of T/N during the entire test duration for a range
of slide/roll ratios. The greatest variation occurred during the initial 5000 cycles, ranging
from 0 to 0.29. This big gap was reduced as the number of contact cycles increased, the
ratio ranged from 0.12 to 0.29 at 30000 cycles, and from 0.12 to 0.23 at 50000 cycles,
showing a trend of convergence. During the period approximately from N = 5,000 to
40,000 cycles, a relatively steady state was achieved. The steady state results of T/N
ratios are plotted in Figure 3.41, showing two important features:

« big variations at lower slide/roll ratios of 0.3%, 0.4%, and 1%, and
» anincreasing trend with increasing slide/roll ratio.

The T/N ratios during the initial 5000 cycles are shown in Figure 3.42. The
fluctuation is most pronounced for lower slide/roll ratios of 0.3, 0.4 and 1%. Two tests
were repeated for 1% slide/roll ratio, and the difference between these was as high as a
factor of 3. In addition, an oscillation in the T/N ratios occurred for both the 1% slide/roll
ratio specimens, one oscillated between 0.23 to 0.29, and the other between 0.16 to 0.20.
The lesser degree of oscillations, typically 0.01 between the peak and the valley, were
also observed at slide/rolis of 0.3 and 0.4%. Generally speaking, all the data fall into an
envelope enclosed by the values at the lowest (0.3 and 0.4%) and the highest (25%)
slide/roll ratios. An "anomalous" phenomenon, which shows that the T/N ratio at 1%
slide/roll ratio was actually higher than that at 5%, and even exceeded that of 10%,
disturbed what would otherwise have been a neat trend of higher T/N ratios for higher
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slide/roll ratios. The highest T/P ratio, around 0.29, was achieved at slide/roll ratio of
25%.

As contact cycles increased, the T/N ratios at low slide/roll ratios of 0.3 and 0.4%
increased, and the exceptionally high T/N values of a specimen tested at 1% slide/roll ratio
decreased. The oscillation still remained but gradually reduced to a less noticeable
amplitude. Overall, the data tended to stabilize and converge after the first 10000 cycles.

A drop and a subsequent recovery was often observed during the tests. A typical
data set showing this behavior is plotted in Figure 3.43. This phenomenon may be in part
attributed to start up from static to dynamic motion, and to cleaning of the surfaces after
each interval. The cleaning procedure was necessary for periodical indentation
displacement measurement, but, it may alter the surface condition by wiping off debris.
However this is a transient phenomenon, thus no significant influence on ratchetting

strain is assumed.

3.3.4.2 Displacement and Ratchetting Strain Data at Various Slide/roll Ratios

Subsurface displacement versus depth from the surface were measured at identical
contact cyclic intervals, 5000, 15,000, 30,000 and 50,000 for 5 specimens, and at 10,000,
20,000, 35,000, 50000 for additional 3 specimens. Tests at 25% slide/roll ratio had to
stop sooner at 42,000 cycles due to earlier RCF failure.

Results of the surface displacement versus the number of contact cycles at the
same maximum contact pressure of 1759 MPa are shown in Figure 3.44. The general trend
is that the displacement is higher at higher slide/roll ratios. However, exceptions exist
within the initial 5000 cycles, where displacements for rollers tested at 1% slide/roll ratio
were higher than one tested at 5% slide/roll ratio. In fact, a data point at 1% slide/roll ratio
was as high as that obtained at 10% slide/roll ratio. Two specimens tested at 5% showed
a bigger difference among themselves, about 70 um, compared to specimens tested at

other slide/roll ratios.
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Ratchetting strain data are plotted in Figure 3.45 on linear and logarithm scales,
respectively. In general, the strains were higher at higher slide/roll ratios. However, some
anomalous data were present during initial cycles, where strains at 1% are higher than 5%,
which is consistent with the displacement data shown in Figure 3.44. Data during the
5000 initial contact cycles demonstrate the biggest scatter band, and the highest strain
value is about 12 times that of the lowest value. As contact cycles increased, the
difference gradually reduced to about 1.5 times, showing a trend of convergence. On a
logarithm scale, the trend of convergence is quite evident, as shown in Figure 3.46. The
displacement and ratchetting strain data are listed in Table 3.5.




Table 3.1a. The Coefficient of Friction of Pearlitic Steels

87

No. P (N) Py (MPa) | f (Initial) | f (Stable) | f (Final)
STD-12 4150 2086 21 22 24
STD-9 3350 1874 23
STD-28 3350 1874 22 23
STD-29 2950 1759 20 22
STD-5 2950 1759 26
STD-18 2950 1759 21 24 24
STD-45 2950 1759 22 23 21
STD-8 2550 1634 24 24
STD-25 2550 1634 .19 24
STD-47 2550 1634 23 24
STD-2 2000 1448 23 24
STD-13 1600 1295 26 27
STD-16 1000 1024 28 28
STD-15 700 857 27 28
HH-10 5150 2324 24
HH-8 4150 2086 20 21 22
HH-5 4150 2086 21 20 23
HH-6 2550 1634 22 23 25
HH-2 2000 1448 25
HH-9 1600 1295 25
HH-4 1200 1121 .26 28
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Table 3.1b. CoefTicient of Friction of Bainitic Steels
No. P (N) Py (MPa) | f (Initial) | f (Stable) | f (Final)

J1-13 5150 2324 .18 .20 22
J1-5 4150 2086 .19 .20 22
J1-7 4150 2086 .19 21 22
J1-10 2950 1759 .20 20 23
J1-4 2950 1759 .19 21 23
J1-6 2550 1634 .19 22 24
J1-3 2000 1448 24 28
J1-1 1600 1295 18 22 24
J1-8 1600 1295 22 24
J1-2 1200 1121 21 24

J2-9 5150 2432 .19

J2-8 4150 2086 18 .19

J2-4 2950 1759 20 21

J2-7 2550 1634 15 20 21
J2-3 2000 1448 20

J2-2 1600 1295 24 25
J2-6 1600 1295 24

J2-1 1200 1121 24 26 24
J4-1 4150 2086 21

J4-4 4150 2086 21 22
J4-2 1600 1295 .19 24 26
J4-3 1600 1295 21 25 .26
J6-8 4150 2086 18 .19 20
J6-6 3350 1874 18 .19 .20
J6-5 2550 1634 20 22 22
J6-9 2000 1448 21 23
J6-7 2000 1448 .20 23 24
J6-10 1600 1295 22 .24
J6-4 1600 1295 22 24
J6-3 1200 1121 23 .26
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Table 3.2a. RCF Test Results of Pearlitic Rail Steels STD and HH
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No. Po (MPa) RCF No- P, (MPa) RCF
x95-03 2086  1.12¢+04[x136-10 2324 2.23e+04
x95-12 2086|  6.97¢+03 | x136-08 2086 4.55e+(4
x95-09 1874|  2.86e+04 | x136-05 2086|  4.70e+04
x95-07 1874|  1.61e+04[x136-01 1759 7.50e+04
x95-28 1874|  2.50e+04 [ x136-06 1634  1.57e+05
x95-05 1759  4.19e+04 | x136-02 1448  2.05e+05
x95-29 1759  5.20e+04 | x136-03 1295|  2.88e+05
x95-08 1634  7.24e+04[x136-09 1295  3.13e+05
x95-04 1634  3.57¢+04[x136-04 1121]  6.42e+05
%95-10 1634|  3.57¢+04
x95-25 1634  6.94e+04
x95-02 1448  8.02¢+04
x95-01 1448] 123405
x95-13 1295|  1.79¢+05
x95-14 1295|  9.12e+04
x95-11 1121 3.84e+05
x95-16 1024  6.31e+05
X95-15 857  8.67e+05




Table 3. 2b. RCF Test Results of Bainitic Rail Steels

J1 J2 J4 J6
No. Py RCF No. Py RCF No. Py RCF No. Py RCF
J1-13 23241 6.74e04 ] J2-9 2432 1.80e04 | J4-1 2086 2.85e04 | J6-8 2086 3.12¢05
J1-7 2086 6.12¢04 ] J2-10 21371 3.00e04 | J4-4 2086 | 3.55¢04 ] J6-6 1974 2.84e05
J1-5 2086 7.27¢04 | J2-8 2086 4.59¢04 | J4-2 1295 1.87¢05 | J6-5 1634 4.20e05
J1-4 17591 1.12e05 }J2-5 2086 5.00e04 | J4-3 1295 1.26e05 | J6-9 1448 | 1.12¢06
J1-6 16341 2.67¢05 ] J2-4 1759 9.30¢04 J6-7 1448 | 4.80e05
J1-3 14481 4.03e05 | J2-7 1634 | 1.88¢05 J6-10 1295 5.52e05
J1-1 1295 4.46e05 | J2-3 1448 2.57¢05 J6-3 1121 1.47¢06
J1-8 1295] 7.41e05 ] J2-2 1295 1.37¢05
J1-2 11211 8.21e05 | J2-6 1295 5.14e05
J2-1 1121 7.28e05

16
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Fig. 3.6. Top view of cracks on pearlitic STD roller surfaces (a) at Py = 6.71 (b) at
Pyk =2.76.
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. Top view of cracks on bainitic steel J4 roller surfaces (a) Po/k = 5.01 (b) Py/k
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0.05 mm

i

Po/k=6.71

’ 0.05 mm

——t

Po/k = 6.03

(a) STD

Fig. 3.8 Longitudinal cross-section of rollers tested at high contact pressures, showing
predominately shear band cracks (a) STD, Po/k = 6.71 and 6.03 (b) J4, Po/k = 5.01.
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(.05 mm

——

(b) J4, Po/k = 5.01

Fig. 3.8 Longitudinal cross-section of rollers tesied at high contact pressures, showing
predominately shear band cracks (a) STD, Pp/k = 6.71 and 6.03 (b) J4, Po/k = 5.01.
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(2) STD, Py/ k=2.76

Fig. 3.9. Longitudinal cross-section of rollers tested at low contact pressures, showing
predominately branched cracks (a) STD, Po/k = 2.76 (b) J4, Po/k = 3.1 1.
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(b) J4, Po/k = 3.11

Fig. 3.9. Longitudinal cross-section of rollers tested at low countact pressures, showing
predominately branched cracks (a) STD, Po/k = 2.76 (b) J4, Pork =3.11.
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Fig. 3.10. Shear deformation of STD steel (a) a signilicant shear flow zone, Py/k =
6.71(b) modified microstructure with cracks tollowing the shear flow band. Py/k =
6.03.
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Fig. 3.11. Largely undeformed subsurface at low contact pressure Py/k = 2.76 in STD
steel (a) a signiticant undeformed subsurtace (b) shallow shear layer on the surface and

largely undeformed microstructure.
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(a)

(b)

Fig. 3.12. Shear (low zonc of J4 at Pyp/k = 5.01(a) Shear flow layer and shear band

cracks (b) severely sheared microstructure.
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(a)

(b)

Fig. 3.13. Largely undeformed subsur{ace zone and branched cracks in J4 at Py/k =
3.11(a) a branched crack in a largely undeformed subsurface zone (b) a photo showing

the microstructure in this zone.
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(a)

100 X

Py =1211 MPa
Py/k = 2.66

(b)

100 X

Py = 2324 MPa
Py/k = 5.10

Fig. 3.15. Top view of tested rollers of HH steel (a) spalls, groves and fine cracks at

low contact pressure (b) coarser shear cracks at a high contact pressure.



108

100 X

Fig. 3. 16. Spalls on the surface of a HH roller at N = 351,240, 25% of the average
RCF life at Py = 1448 MPa, Po/k = 3.18 for this material.
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Table 3.3. Coefficients of friction for lubrication effect tests.

P,= 1295 MPa | P, = 1448 MPa | P, = 1874 MPa
P =1600 N P =2000 N P=3350N
Dry 0.39-045 0.59 -0.71 > (0.5*
Oil 0.06 - 0.07 0.08 0.08
ﬂ Water [10.17 0.25 0.24-0.21

Moment reading exceeded the scale.



L6

200 X

200 X

Fig. 3. 23a. Shallow cracks initiated during the dry period at Py = 1448 MPa, Py/k =
4.66.



Fig. 3.23b. A shear zone produced during the dry period, showing the shear zone is

obviously deeper than the cracks in Fig. 3.23a.



100 X Py = 1295 MPa, Py/k = 4.17

50 X Py = 1874 MPa, Py/k = 6.03

IFig. 3.24. Top views of crack morphology for rollers subjected to oil lubrication.

L18



119

100 X Py = 1295 MPa, Py/k = 4.17

100 X Py = 1874 MPa, Py/k = 6.03

Fig. 3.25. Top views of crack morphology for rollers subjccted to water lubrication.
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200 X Py = 1448 MPa, Pu/k = 4.66

Fig. 3.26. Longitudinal cross section

of rollers tested under oil lubrication.
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50 X Py = 1874 MPa. Po/k = 6.03

Fig. 3.26 (continued). Longitudinal cross section ol rollers tested under oil lubrication.



200 X Py =1295 MPa, Py/k = 4.17

Fig. 3.27. Longitudinal cross section of rollers tested under water lubrication.
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200 X Py = 1874 MPa, Py/k = 6.05

Fig. 3.27(continued). Longitudinal
cross section of vollers tested under

waler lubrication.




100 X Py = 1874 MPa. Py/k = 6.03

Fig. 3.28a. Cracks under oil lubrication
follow the shear flow line.




100 X Py = 1874 MPa, Py/k = 6.03

Fig. 3.28b. Cracks are confined within
the shear flow zone, the crack tips
following the dividing line between
delormed and relatively undetormed

regions.
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200 X Py = 1874 MPa, Po/k = 6.03

Fig. 3.28¢. A zig-zag pattern at a crack tip. Apparently the crack tip follows the

dividing line between deformed and relatively undeformed regions.



100 X Py = 1874 MPa, Py/k = 6.03

Fig. 3.29a. A typical crack under water

lubrication, showing cracks growing into

the relatively undeformed zone with an

increased angle to the contact surface.
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200 X Py = 1874 MPa, Py/k = 6.03

Fig. 3.29b. A close-up view of a crack tip under water lubrication, showing the tip

passing between the dividing line between deformed and relatively undeformed zone.
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Fig. 3.30. Out-of-plane deformation measured at Py = 1759 MPa.
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Fig. 3.31a. Comparison of surface scratch displacement between sold and split rollers

at Pp= 1874 MPa.
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Fig. 3.32. Original data of indentation displacement versus depth from the contact
surface for a pair of STD split rollers.
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Fig. 3.33. An example of original data of indentation displacement versus depth from
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non-linear correlation.
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Fig. 3.36. Ratchetting strain versus the number of contact cycles for STD steel on a
log-log scale, showing a power function.
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Fig. 3.37. Ratchetting strain versus the number of contact cycles for J2 steel on a log-
log scale, showing a power function.
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Table. 3.4a. Ratchetting strain and surface displacement data of STD steel

Py = 1536 MPa Py =1635 MPa Py =1759 MPa
Pyo/k = 4.94 Pyk =5.25 Py/k =5.66
N 3 (um) €r N  (um) €r N O (Lm) €r
8000 70 200 8000 82 260 5000 135 470

20000 102 400 20000 142 5151 15000 210 .780

40460 130 .6281 40000 188 7191 30000 3251 1.140

70000 162 7501 70000 240 1.020] 50000 3821 1.440

91870 182 940 5000 108 370

10000 152 525

16000 205 661

24000 260 818

32000 310 1.016

42000 353 1.287

I 52000 380 1.464

2330 60 170

5430 113 346

9770 160 502

14700 211 .660

20040 240 720

25040 271 .900

30040 3021 1.070

35040 3301 1.200

40080 355 1.300

45100 3751 1.360

50000 380| 1.410

N: Number of contact cycles.
0 : Surface displacement.
&r: Ratchetting strain.



Table. 3.4a. (Cont.) Ratchetting Strain and Displacement Data of STD
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Steels
I Py = 1818 MPa Py = 1874 MPa P, = 2086 MPa
Py/k =5.85 Py/k = 6.03 Py/k =6.71
N |dum)| er N |dum)| e N |dum)| e
3000 110 300 2000 124  .400| 1000 160 415
8000 190 620 5000 208 .605| 3000 250 .710
16000 244 860 10000 200 .930| 6000 350  .990
26400 300 1.050{ 15000 3551 1.197| 9000 430 1.180
20000 390| 1.243] 12000 460 1.300
25000 410 1.420
1000 65] 230
4000 145 460 |
' 8000| 230| .710 ||
14000 310  .910
20000 355 1.120
26000 390 1.310
l 32000 420 1.520

Table 3.4b. Ratchetting Strain and Displacement Data of Bainitic Steel J2

Pp=2137MPa Pyk=4.46 Po=2432MPa Py/k=5.08

N 8 (um) er N 6 (Lm) er
5000 74 311 5000 210 695
15000 135 684 10000 320 1.104
25000 175 960 18000 376 1.228
30000 200 1.030
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Table. 3.5. Ratchetting strain and surface displacement data of pearlitic steel STD
at various slide/roll ratios.

I
Specimen No.

Slide/roll

]

N S (um) Y
Ratio

10000 107 501

STD-57 0.3% 20000 200 .790
35000 225 1.000

50000 245 1.100

5000 20 .056

STD-53 0.4% 15000 152 .600
30000 210 900

50000 263 1.040

5000 84 240

STD-51 1% 15000 170 650
30000 205 .860

50000 240 1.000

5000 135 .500

STD-52 1% 15000 180 .700
30000 220 930

50000 270 1.070

5000 50 140

STD-54 5% 15000 175 720
30000 255 .960

50000 290 1.110

10000 195 .693

STD-59 5% 20000 280 1.040
35000 320 1.230

50000 340 1.350




Table. 3.5 (Cont.). Ratchetting strain and surface displacement data of

pearlitic steel STD at various slide/roll ratios.
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Specimen No. Slide/roll N 3 (um)
Ratio
5000 135 470
STD-45 10% 15000 210 .780
30000 325 1.140
50000 382 1.440
5000 158 0.610
STD-55 25% 15000 261 1.100
30000 345 1.200
42000 350 1.380
N: Number of contact cycles.
o Surface displacement

Y: Ratchetting strain.




CHAPTER 4

DISCUSSION

4.1 SURFACE RCF PERFORMANCE

4.1.1 Non-linear Behavior of RCF Performance data

Surface RCF life increases with decreasing contact pressure in small scale tests
with a slide/roll ratio of 10% and an average tangential to normal traction ratio of 0.24
generated under water lubrication. The relationship is non-linear over the contact pressure
range of 850 to 2300 MPa. Previous research, in which the same STD material was used,
suggested a linear relationship between RCF life and contact pressure!1.59 but the contact
pressure range was limited to 900 to 1400 MPa. Under the conditions below Py = 1400
MPa, the current data also show the trend of linearity, and fall within a scatter band of a
factor of 2 of the equation expressing the correlation between RCF life and the contact
pressure derived previously. 13

The non-linearity is only present when the contact pressure is pushed to higher
levels. One way to interpret the results is that RCF life is a power law function of contact
pressure. Previous researchers have also used power functions to correlate RCF life with
contact pressure. The result of Clayton and Hill20 revealed that the power index is also a
function of the slide/roll ratio, &, reaching a constant value at € > 4%. The power index in
the current research ranges from - 4.01 to - 5.16 (Figure 3.4), consistent with the value of
-4.2 at & = 5% and 10% reported previously.20 Other values reported in the literature are
-1,46 -1.5 for & = 11%, 43 -5 for & = 0 and 20%, 84 and -3.68 to -14.48 for £ = 10%.13
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An alternative interpretation for the non-linearity is that there is a bilinear
behavior (see Figure 3.5), with a change in mechanism of failure at a normalized contact
pressure of Py/k = 4. The value of Py/k = 4 is close to the theoretical shakedown limit,
which has been invoked in explaining the deformation behavior of materials. 1424
Continued yielding in the form of strain ratchetting is only possible when loaded above
the shakedown limit, therefore, the transition behavior of the data may be dictated by the
deformation behavior.

If the relationship depicted in Figure 3.5 is relevant to the field, it predicts that
modifying Py/k values either by reducing contact pressure or increasing the strength can
significantly increase the RCF life. However, the improvement will be much less above
the transition, since the slope of the curves is much steeper than these below it.
Modifying Pyk to move from the steep slope region to the long life region could achieve
substantial increases in RCF life. However, reducing Py/k value by increasing strength
could prove difficult to achieve. For example, for standard carbon rail steel, a Py/k of 5
represents a Py of 1560 MPa. In order to withstand this Py and bring Py/k down to 2.5 to
achieve a much longer life, a yield strength in shear of 640 MPa would be required. This
is a much higher strength than that possessed by any materials tested in the current work.

It is possible, however, that increasing strength is not the only criterion,
particularly for the steep region above the transition. If the critical strain to initiate shear
band cracking decreases with increasing strength or hardness, the effect of ductility needs
to be explored in greater detail.

From a practical point of view, it has to be remembered that the relationships have
been derived for small scale laboratory tests at a fixed slide/roll ratio. RCF behavior can be
significantly affected by changing the amount of slip. Furthermore, it is very difficult to
calculate the contact pressure experienced by wheels and rails between the rail gage corner
and the wheel flange/throat region where the contact is non-Hertzian. If deformation
depth could be shown to be a consistent function of Py/k then it might prove possible to
use the deformation depth of rails to estimate actual Py values in service.
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42 MECHANISMS OF SURFACE RCF
4.2.1 Two Crack Growth Modes — Shear Band Cracking and Branched Cracking

It is evident that shear flow is almost always present on the running surface, even
at the lowest contact pressure employed (Figure 3.11b, Po/k = 2.76 for STD, and Figure
3.13b, Py/k = 3.11 for J4). Crack orientation at the immediate surface is obviously
dictated by the flow pattern at both high and low contact pressure levels, although only a
very short crack length is within this region at low contact pressure. The plastic
deformation may contribute to crack initiation by generating dislocation pile-ups and then
voids and microcracks as referred to in the literature review. 35,36

The microscopy study of the current research has clearly revealed that there are
two crack growth modes — shear band cracking and branched cracking. The magnitude of
the shear plastic flow determines the crack growth mode. Shear band cracking relates to a
significant depth of the heavily sheared zone loaded well above the shakedown limit.

The shear flow leads to work-hardening, thus creating a surface layer with
modified microstructure and increased hardness. As a consequence of the generation of the
shear flow layer, crack morphology changes from branched cracks to predominately shear
band cracks. The shear band cracks are generally parallel and seldom branch, since they
tend to follow the shear flow generated path, which possibly is a weaker, realigned
microstructure oriented in the direction of overall shear flow. At the crack mouth, the
surface material is severely sheared causing the so called shear lips. The severity of shear
lips depends on both the normal and tangential contact pressure levels. Surface RCF life,
in this case, often ends before cracks can grow into the relatively undeformed material
below the shear zone.

Shear flow is progressive, it is the result of strain ratchetting, i. e. a cycle by cycle
minute increment of permanent strain in the primary loading direction. For a given
material, the rate of strain ratchetting, an increment of strain per cycle, is a function of
contact conditions, and increases with normal and tangential traction. 24.26.28,38,87
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For surface RCF processes characterized by shear band cracking, failure is
postulated to be due to the exhaustion of ductility reserve within the work-hardened
layer. The term, a ductility reserve, has been used in the literature, but has not been
clearly defined. In the current research, the author would like to suggest a term — a
critical strain, which in a sense is equivalent to the ductility reserve. The critical strain is
defined as the maximum shear strain that a material can sustain without cracking. When
the ductility reserve can no longer accommodate the progressive shear strain, or in other
words, the progressive shear strain reaches the critical strain level, voids and microcracks
would initiate to further absorb the strain energy.

The shear band cracking failure may be due to ductile fracture, which has been
characterized as involving the coalescence of voids and microcracks.88 Supporting
evidence for the proposed mechanism has been reported,*0 in which crack initiation was
observed on a test roller when the plastic flow reached saturation, i. e. no further shear
displacement without cracking. Also, a laboratory test showed that the fracture surface of
rail steel under biaxial loading of compression and shear, simulating the stress condition
under rolling/sliding, produced cracks with plastic de-cohesion lips indicating that failure
was dominated by a ductile fracture mode, and the cracking occurred in quasi-static
fashion, appearing quite suddenly due to exhaustion of ductility. 3°

A high ratchetting strain rate leads to a faster reduction in ductility reserve. In this
sense, surface RCF processes in the shear band cracking dominated regime are ultimately
controlled by ratchetting strain behavior.

The point of ductile fracture also brings to mind a point addressed in the previous
section, increasing hardness alone may not be productive in this regime. If shear band
cracking occurs at a given strain level that is related to surface hardness, the harder the
surface the less the strain it may take.

At low contact pressure, the shear zone is very shallow and cracks extended
below it and become multiple branched cracks. The main cracks are typically oriented at
approximately 40 degrees to the contact surface. Crack networks formed by connection of
the branches and main cracks can eventually cause surface spalls, Figures 3.6b, 3.14a,
3.15a and 3.16. Below the shakedown limit, rolling contact fatigue processes are
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predominately within the bulk elastic regime, and materials are subjected to a combination
of compression and shear contact stresses. In addition, a hydrostatic pressure condition is
built up in the region adjacent to the contact interface, and crack tip is hydraulically
pressurized by water at each passage of load. The branched cracks are the products of
this complex stress system.

The author believes that branched cracking is the distinguishing feature of contact
fatigue cracks produced under rolling/sliding contact with water lubrication within a
predominantly elastic regime. In addition to the photographs presented in previous
section for STD and J4, Figures 4.1 and 4.2 demonstrate additional photographs of
branched cracks in pearlitic steel HH, and bainitic steels J1, J2, J6. An idea for improving
RCF resistance by microstructure modification is suggested in section 4.2.3.

4.2.2 Effect of Water and OQil Lubrication on Crack Growth

The original intent for the study of the effect of liquid lubrication was to answer a
much debated issue: what is the predominant surface RCF crack grow mode, mode 1
(opening) or mode II (shear)? If mode I is dominant, then water would facilitate crack
growth by exerting a hydraulic pressurizing function to enhance mode I growth. A
pressurizing function through water is the hypothesis suggested first by Way 33 and then
supported by many other researchers. 42:44.70 If mode II is dominant, oil would facilitate
the growth by reducing crack face friction, which has been suggested as an even more
efficient method of increasing the stress intensity factor Kjj than by increasing the contact
interface friction. 4143 Viscosity and surface tension may bring about a difference in effect
of a liquid. Increasing viscosity would tend to limit lubricant seepage into a crack.”?
Naturally, water will penetrate to crack tips more easily than oil owing to its
comparatively low surface tension, but oil will reduce the crack face friction much more
efficiently than water owing to its lower coefficient of friction.

Under initial dry rolling/sliding, the tangential to normal traction ratio ranged from
0.4 to 0.7, averaging 0.55, inducing a significant shear flow. Cracks under this condition
were very shallow and basically parallel to the surface. The depth of the cracks was much
less that the depth of the deformation layer. Wear processes followed by contact fatigue
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in subsequent liquid added tests significantly shortened the surface RCF life to about 20%
of what was achieved during the RCF performance tests without any previous dry cycles.
One of the reasons for the short life is that the number of contact cycles for crack
initiation was substantially reduced due to the high magnitude of plastic deformation
during the dry wear process.

The coefficient of friction during the subsequent lubrication tests was 0.06 to 0.08
for oil, and 0.17 to 0.25 for water. The difference in the coefficients made tangential
traction under oil only one third that under water, and one thirteenth of that under dry
contact. As a result of the low tangential traction, the shear stress was reduced, leading to
a reduction in shear stress intensity factor, Kj;. Despite the reduction in frictional force at
the contact interface, oil apparently promoted very long shear band cracks. Without oil,
the cracks would remain as short, very shallow cracks as observed in the dry wear
processes. The enhanced crack growth indicates that the reduction of crack face friction
through oil lubrication actually did take place. Once oil got into cracks, the low coefficient
of friction made the relative shearing motion of crack faces easier, and thus promoting
mode II crack growth. Furthermore, the phenomenon apparently proves the point that
the reduction in crack face friction in enhancing the stress intensity factor, K; outweighs
the opposite effect of decreasing the stress intensity factor by a reduction in the contact
interface friction.

A revealing point is that the effectiveness of oil to promote shear mode crack
growth is highly dependent on the shear flow layer. The severity of cracks, in terms of
crack length, depth, and surface damage increased with contact pressure, and more
precisely, increased with increasing magnitude of shear flow. It was evident that cracks
under oil were confined within the shear flow band. The zig-zag crack tips (Figure 3.28¢)
at the boundary dividing deformed and relatively undeformed regions seem to show the
difficulty of crack growth when there was no further deformation band. The ability of oil
to promote crack growth is apparently determined by the existence of a shear flow layer.
It is reasonable to assume that without a shear deformation band, oil may not promote
RCF crack growth at all, on the contrary, it may impede RCF fatigue initiation. In fact, a
RCEF test!3 showed a substantial increase in RCF life with oil lubrication throughout. The

importance of the shear band was also addressed in a previous investigation,** in which it
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was concluded that the shear deformation layer prepared a favorable condition for crack
growth during subsequent lubricated periods, and cracks followed the shear flow band.

Liquid lubrication either by oil or water exacerbated RCF crack growth when a
prior deformation layer existed. Within the deformation layer, cracks in both conditions
followed the shear flow path, but the mechanism of promoting crack growth may be
fundamentally different.

A prior existing deformation band also provides a favored condition for
subsequent crack growth under water. This is shown by more serious surface damage in
the form of flakes, long cracks following the shear flow path, and much shortened life
compared to that without dry running. But, the ability of water to promote RCF crack
growth is not limited by the existence of a deformation layer. Deeper cracks beyond the
deformation zone with larger inclined angles compared to those under oil lubrication were
present. The crack length, however, seems shorter than that with oil. This may be due to
less effective reduction of crack face friction with water. The crack morphology indicated
mode I crack growth, and the explanation for the phenomenon falls under the original
hypothesis33 that water generates an opening mode crack growth by pressurizing the
crack tips.

The higher frictional force under water will contribute to faster crack initiation and
a higher magnitude of plastic deformation compared to oil. The low surface tension of
water enables it to penetrate into crack tips, voids, or other defects fairly easily, and thus
promote crack growth and crack network formation by pressurizing these defects. If no
prior plastic deformation layer is present, oil would have much less influence on RCF
crack growth, but water would still be effective. Following this line of reasoning, water,
overall, is more detrimental to surface RCF resistance than is oil.

In answering the original question of whether mode I or mode II is the
predominant RCF crack growth mode, no simple response can be given, since the
question overlooks the possibility that adding liquid may actually change the outcome
rather than just facilitate or impede a preexisting growth mode. Instead, the question
should be re-addressed as under what conditions will either mode I or mode II become
predominant? An interesting report!20 describes the FEM calculation of the stress
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intensity factors for near surface short straight (parallel to the surface), and branched
(main crack parallel to the surface but with branches at the tip) cracks. The report
revealed that a straight crack under normal Hertzian loading will only be subjected to
mode II loading. The stress intensity factor range, AKy, decreases as the crack face
friction increases, and the crack face friction leads to a series of stick-slip events at the
crack interface. The tip of the branched crack is shown to be subjected to both mode I and
mode II loading, although the magnitude of the mode I is 25% that of mode II, the mode I
strongly affects mode II by nullifying the effect of crack face friction. The findings seem
to support the idea that crack shape and orientation manifest certain crack growth modes.
Current experimental results apparently indicate that both modes can occur in RCF
processes. Mode I was more likely to be predominant under water lubrication, while
mode Il was predominant under oil. In fact, it is likely that no major mode I crack growth
can be generated without the pressurizing function via liquid. Without oil, cracks would
stay as wear type cracks, and there would not be much of mode II crack growth involved.
A specific crack growth mode may be a result of the interactive participation of a specific
liquid with certain contact load conditions.

Another important issue about liquid lubrication is related to corrosion aspects
and whether there is any stress corrosion, or corrosion fatigue involved. It is also
uncertain how the lubrication effect quantitatively changes with surface tension and
viscosity, whether or not oil has any pressurizing function, although to a much lesser
degree than water. These topics are quite interesting and have practical significance, but
beyond the scope of the current work.

The implications for improving RCF in practice based on the preliminary findings
are:
» avoid alternating contact cycles such as a period of dry followed by liquid
lubrication,
« reduce the magnitude of plastic deformation,
¢ apply solid lubricants, or use oil lubrication continuously.

These conditions may reduce the detrimental effect of liquids in promoting RCF crack
growth,
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4.2.3 Dependence of Surface RCF Resistance on Mechanical Properties and

Microstructures

The results show that the surface RCF process is much more dependent on
mechanical properties rather than microstructure. First of all, RCF performance data of all
the steels show the same non-linear behavior, particularly when they are plotted against
Py/k, and fall very close together. At a given Py, the RCF resistance is clearly dependent
on the material strength, with the highest strength steel, J6, having the greatest resistance.
Secondly, when contact pressure is high enough to cross over the shakedown threshold,
all the materials show the distinct two crack growth modes and progressive shear
deformation, regardless of the differences in pearlitic and bainitic microstructures. The
insensitivity to microstructure is particularly true at high contact pressure levels where all
the steels behave quite similarly, in terms of the severely deformed microstructure, and
shear band cracks, which is consistent with plastic deformation not being microstructure
sensitive. Conventional fatigue studies have shown that crack propagation beyond stage I
also reveals little influence of microstructure. 35,86

For branched cracks at low contact pressure, plastic strain is no longer
predominant, allowing microstructural factors, such as grain size and structure, as well as
inclusions and surface conditions to play a more important role. The connections of the
main cracks and branches form crack networks, which eventually cause surface spalls
observed on the top of the rollers (Figure 3.15). It has been reported that premature
failure, causing an unexpectedly short rail life compared to an average RCF life of standard
rails, occurred in premium rails made of HH steel.? It is, perhaps, not a coincidence that
HH steel showed a tendency to spall more easily in the current work. A hypothesis to
explain the reported easy spalling behavior in the HH steel is that the fine prior austenitic
grain size compared to STD steel may provide more opportunity for branching to occur.
Although branched cracks advanced both transgranularly and intergranularly, a high
volume fraction of grain boundaries would provide much more potential paths for
branches to form.

The effect of metallurgical factors, such as grain size, interlamellar spacing, and
grain orientation, on fatigue crack growth under conventional fatigue conditions such as
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push-pull and rotational bending has proved to be complex.85.86.87.88,89,90 Thjs influence
is most important in the regime which includes stage I and near threshold crack growth. 85
The interaction between cracks and grain size is most pronounced when both sizes are
comparable, and grain boundaries would retard fatigue crack growth by acting as a barrier
for generating micro plasticity in a new grain, or by deflecting the crack path to increase
crack closure.85.86 Increasing prior austenitic grain size and, to a lesser extent,
interlamellar spacing in pearlitic steels, were found to substantially decrease fatigue crack
growth rate at a stress ratio of R = 0.1 for the entire crack growth life from threshold to
final fracture.87 In contrast, one study indicated that a decrease in pearlitic interlamellar
spacing increased fatigue crack growth threshold.88 A reduction in grain size has the
beneficial effect of delaying crack nucleation, and thus provides higher fatigue strength,
but those microstructural features that improve nucleation resistance, very often, degrade

crack propagation resistance.89.90

However, these findings can not be directly applied to rolling contact fatigue.
Systematic research on the microstructural effect on surface RCF crack growth is rare.
This is partly due to the difficulties involved in a controlled test system which can isolate
microstructural factors and monitor crack growth. The grain size effect could be
fundamentally different for materials subjected to different loading conditions. In
conventional fatigue, a final physic failure, is dictated by fracture of a main crack, while
failure under rolling/sliding contact in the branched cracking regime is more likely dictated
by spalls resulted from massive crack networks rather than by unconnected main cracks.
The benefit of having more branches for conventional crack growth is to absorb more
energy thus to slow down the main crack growth. The same factor of having more
branches may turn out to be detrimental for rolling contact crack growth, since the
function of forming crack networks by more branches may override the energy absorption
effect.

The effect of microstructure modification in the branched crack prevailing regime
on crack growth could be a fruitful avenue of future exploration.

In practice, examining cracks on rail surfaces and comparing them to the
morphology of the two modes may aid in identifying failure mechanisms, and improving
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surface RCF performance through the most effective measure, whether by strength,
ductility or contact pressure via design, in accordance with the mechanism.

4.3 RATCHETTING STRAIN UNDER ROLLING/SLIDING CONTACT
4.3.1 Asymptotic Non-linearity of Ratchetting Strain Behavior

The striking feature of the relationship between maximum ratchetting strain and
the number of contact cycles in STD rail steel subjected to rolling/sliding contact is its
asymptotic nature. The strain rate decreases gradually over thousands of cycles before
stabilizing but with no indication that it will reach zero at the end of the tests. This
behavior is demonstrated in Figure 4.3a where ratchetting strain rates, dy/dN, decrease to
an approximately stable strain rates, over 20,000 to 30,000 cycles for contact pressure in
the range of 1536 to 2086 MPa. For bainitic steel J2, although less data were available,

asymptotic non-linearity was also apparent, as shown in Figure 4.3b.

The term "asymptotic" has been used to describe ratchetting behavior of materials
subjected to tension-torsion loads%* but it means something different from the current
context. The same term in the former describes a strain behavior which reaches a constant
ratchetting strain rate only after a smaller number of cycles. The asymptotic ratchetting in
that context is to oppose a so called transient ratchetting. Transient ratchetting refers to a
strain behavior that shows ratchetting only occurs during a small number of initial cycles,
then the stress-strain goes back to closed hysterisis loops and no further ratchetting can
be observed. The single most important difference between the current and previous
context is that the number of contact cycles required before achieving a steady state strain
rate is significantly higher in the current context. This may represent a distinct feature of
rail steels under rolling/sliding contact conditions. Figure 4.4 schematically distinguishes

these three strain behaviors mentioned above.

For models to predict ratchetting strain satisfactorily it is crucial that this
asymptotic behavior is incorporated. So far this has not been achieved. As mentioned in
the literature review, non-linear kinematic hardening models are promising for describing
ratchetting behavior. Two types of non-linear kinematic hardening models have been
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developed specifically for rail materials under rolling/sliding contact.2426,27,111,126 One
type of model predicted gradually reducing strain rate with cycles, but the total cycles
over which the ratchetting can be calculated is very short, about 600 cycles,24 for which
no measurement data were available for comparison. The smallest number of cycles at
which the strain rate and surface displacement were measured was 1000 in the current
experiment, and the total test cycles ranged from 25,000 to 90,000. The material
constants employed by the model were from uniaxial push-pull tests subjected to a high
strain amplitude. Under such conditions the test material could not survive a large number

of cycles.

The second type of models?6:27:111.126 js quite versatile, providing a stable strain
rate for a wide range of normal and tangential traction combinations. Figure 4.5 shows a
comparison of the present measurements with one model.!!! The material properties in
the model were similar to that of the STD steel, with a yield strength of 285 MPa (311
MPa for STD). Young's modulus and Poisson's ratio were taken as E = 207 GPa and v =
0.3, respectively. At low cycles the prediction and experimental results are in agreement
but with increasing cycles the model overestimates the cumulative strain. The model
predicts a stable strain rate after only 16 cycles. This deviates from the asymptotic
ratchetting strain behavior of the rail steel, causing the unrealistically high predictions.

A possible reason for the discrepancy lies in the material constants used. The
models are developed based on material data generated from either uniaxial push-pull24.26
or biaxial tension-torsion tests.!!! These differ from the conditions experienced by rail
materials in rolling/sliding contact. The important characteristics of rolling/sliding contact
include hydrostatic pressure and non-proportional loading conditions. The hydrostatic
pressure enables materials to withstand higher strain without failure compared to uniaxial
or biaxial loading. The beneficial effect is possibly contributed by an increase in rupture
strain and a decrease in strain rate.!!5 The non-proportional loading may induce a
difference in material hardening and stress-strain response compared to the proportional
loading conditions for the same equivalent strain conditions.?1:115 A database obtained
directly from rolling/sliding conditions is desirable both for a better understanding of

rolling contact fatigue and model development.
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4.3.2 Parameter Development Based on the Experimental Data

The experimental data can be used to develop an empirical model for ratchetting.
Ratchetting strain can be described by a power law function as, Y= AND. Let Y= A as N

approaches 1, then the equation can be written as
v="ToNb 4.1
where Y can be viewed as an initial strain increment at a given contact pressure.

Conceptually, two parameters are required to describe the ratchetting strain
behavior for a given contact condition: the initial ratchetting strain increment, ¥y, and the

strain rate, d¥/dN, which in turn, is determined by Yy and the slope b.

The test conditions used in current experiments are essentially two-dimensional
line contact. The normal and tangential pressure distribution is approximately Hertzian,
and the surface stresses (at z=0, -a<x< a) under the normal and tangential traction for
plane strain condition are expressed through Equations. (4.2) to (4.6).16

Oxx = -Po(1-x2/a2)1/2-2uPgx/a 4.2)
G, = -Po(1-x%/a2)12 (4.3)
Oyy = V(Cxx+0z) (4.4)
Txz = -UPg[1-(x/a)2]1/2 x|<a 4.5)
xz= 0 x| =a 4.6)
Ty = Tyz=0 4.7

where a is the half width of a contact patch, [ is the tangential traction to normal pressure
ratio and taken as the values of the coefficient of friction under full slip, and v is Poisson's

ratio.

The normal stresses give rise to a hydrostatic pressure condition, which does not
directly cause shear deformation. The shear stress, Ty,, generated by tangential traction, T
= -uP, therefore, is mainly responsible for the cumulative shear flow. The shear stresses
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due to tangential traction on the contact surface are illustrated in Figure 4.6, in which the
stress amplitude is from zero to uPy, with primary shear stress in the rolling direction

under the driven condition. To simplify the parametric study, the cyclic shear stresses
under rolling/sliding contact can be considered as varying between zero and Py, although
the true stress state is a complex system comprised of non-proportional and hydrostatic
stress conditions.

The initial ratchetting strain increment, Yy, can be expressed as a function of the
maximum shear stress, LPy, by fitting the experimental data. As shown in Figure 4.7,
both power and exponential functions can be used to fit the data, with an exponential
function giving a slightly better fit. The exponential function is derived as

Yo (WPg)= 8.3275x10-8 ¢(.0.024867 uPy) (4.8)

where U is equal to 0.235 taken as an average of the coefficients of friction measured

experimentally.

The power index, b, varied between 0.47 to 0.66, exhibiting a roughly decreasing
trend with increasing contact pressure. A simple linear function is fitted to the data,
Figure 4.8, as:

b (uPg) = -1.1023 - 0.00128 ( uPy) (4.9)

These values can be determined for any given contact pressure and substituted into
the general equation:

d¥/dN =YybNb-1 (4.10)
to obtain values of the strain rate at any given number of contact cycles and contact

pressure for this particular STD steel, in this type of rolling sliding contact under water
lubricated conditions and a slide/roll ratio of 10%.
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This equation is considerably simpler than most other models which typically
incorporate detailed stress-strain behavior. The simplicity could have practical
advantages.

For bainitic steel J2, the difference in ratchetting strain behavior compared to the
STD steel can be evaluated by the two parameters, which reflect the difference in material
hardening behavior. Since no systematic data are available for J2, no mathematical
relationships can be derived at this stage. However, based on the comparison at a
comparable contact pressure level for both materials (Figure 3. 36 ), it can be reasonably
estimated that the strain rate and the initial strain increment for the bainitic steel is higher
than the pearlitic steel.

4.3.3 Ratchetting Strain Modulus

One goal of this experiment is to contribute to model development by providing
some material base line data. This may be achieved by deriving a ratchetting strain

modulus.

Fundamentally, the objective of any constitutive model is to establish a
relationship between stress and strain increments, i. e. predicting stress-strain curves. But
what was measured by the current experiments was not an entire hysterisis stress-strain
loop, the experiment data are only the end result — the net strain accumulation after each
passage of load. For this reason, direct derivation of a plastic modulus can not readily be

made.

Introducing a new parameter, ratchetting strain modulus, K;, which is directly
related to the ratchetting strain increment, dY, through:

dY = dr /K, 4.11)

where dY and dt are ratchetting strain and stress increment during each contact cycle, may
enable a linkage to non-linear kinematic hardening models which emphasize the

determination of a plastic modulus, Kp.92
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The non-linear kinematic hardening models fall roughly into two classes, models
which emphasize the determination of plastic modulus, K, and models which emphasize
the determination of the kinematic hardening modulus, K, 9293 The kinematic hardening

modulus, K, relates to hardening rules by defining the magnitude of the increment of a
yield surface center, dX, for a given stress increment, do. The plastic modulus, K,, is

directly related to plastic strain increment through the flow law as:
der=do/K, (4.12)

where do and deP are the current stress and plastic strain increment in a load cycle. For

non-linear kinematic hardening, the hardening rate is a function of the loading
direction,92.94 thus the plastic moduli for loading and unloading are different, resulting in
open hysteresis loops and ratchetting. Assuming the plastic modulus for loading is Kp+
and for unloading is K, then the ratchetting strain increment, during one contact cycle
will be:

dy = dt/Ky, - dUK, = dr(1/K,, -1/K,) (4.13)

where dt is a stress increment and has equal value in both the loading and unloading

directions.
From equations 4.11 and 4.13:
Ke=1(1/Kp+ — 1/Kp) . (4.14)

From Equation. 4.10, the strain increment, dY, for a given contact cycle (dN = 1)

is:
dy= YobNb-1dN = y,bNb-1 (4.15)
and therefore

K = dt/dy = dt /(yobNP-1) = uPy/(yobNb-1) (4.16)
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where dt is equivalent to uPy,.

Substituting from Equation 4.1, the ratchetting strain modulus can also be
expressed as a function of current strain:

Ky = uPy/(v, ' byl-1/b) (4.17)

Equations 4.16 and 4.17 indicate that the ratchetting strain modulus is a function
of uPg, and evolves with contact cycles, or with current ratchetting strains. By
substituting expressions for Yy and b, K; can be evaluated explicitly for various uPq

values.

4.3.3 Correlation Between Ratchetting Strain and RCF Life

An important issue is to understand how the ratchetting strain relates to
rolling/sliding contact fatigue life. Experimental results have revealed that ratchetting itself
is evidently divided into two types, type A and type B.94 Figure 4.9a demonstrates this
point. For type A under uniaxial loading, the inelastic strain is quasi-reversed, which
occurs when the primary load is small compared to the secondary one. The plastic strain
in loading and unloading are of the same order, and the total strain cycle is composed of
both cyclic and ratchetting strain, with ratchetting strain being a small portion of the total
plastic strain, i. e. de, « Ag,. A component of cyclic strain is important in this case. For
type B, occurring under high primary stress, the plastic strain in the direction of the
primary load is much larger than in the reversed direction. As the primary load further
increases, strain behavior approaches the limiting case where the inelastic strain is non
reversible, and the ratchetting strain is much greater than the cyclic strain, i. e. dgp » Ag,
Type B ratchetting can be considered as quasi-monotonic, and a contribution from the
cyclic strain term may be negligible. Under sliding contact, the total strain is comprised of
reversing component AeP,, and ratchetting component AgP,,, as shown in Figure
4.9b.96,98.99 1t is reasonable to assume that under high surface traction, the strain type
would approach that of type B, with ratchetting strain being a dominant component,
since compressive strain component is constrained by hydrostatic pressure conditions.
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It has been proposed in previous section that surface initiated RCF is associated
with two distinct crack growth modes — shear band cracking and branched cracking. For
the shear band cracking mode dominated RCF, failure is assumed to be caused by ductile
fracture in shear. To predict RCF life in terms of initiation, it is necessary to invoke a
critical ratchetting strain concept. This might take the form of low cycle fatigue law as:

Ne= (Y / Yo)io (4.18)

where 7, is the critical ratchetting strain and N is the RCF life introduced into Equation
4.1. The concept postulates that for the shear band cracking mode, surface RCF failure
occurs when the cumulative strain reaches the critical strain, ¥, at which the material can
no longer deform continually to absorb the strain energy, and as a result, the material
would fail in the form of macroscopic surface cracks. In this sense, the critical ratchetting
strain can be viewed as a criterion to relate to rolling contact fatigue life just as the rupture
strain relates to monotonic loading.

A different relationship for rolling contact fatigue failure involving ratchetting
strain has been proposed previously?® with cycles to failure given by

Nt = £c/Ag, (4.19)

where Ag, is ratchetting strain per cycle, and €. is the critical strain. Kapoor?® suggests
that the critical strain level is close to the monotonic fracture strain. This suggestion might
appear simplistic for rolling/sliding contact given the involvement of hydrostatic pressure
and non-proportional loading conditions, however, satisfactory experimental agreement
has been found for various ductile materials subjected to uniaxial or biaxial loading
conditions.?8

It is possible that a critical strain under rolling/sliding may be considerably
different from that described above. An experiment has shed some light on this issue.
From one test of a hard steel wedge sliding over a cold rolled 5083-H321 aluminum-
magnesium alloy,? a constant strain value to rupture ( to cause macroscopic cracking)
was about 480% for three attack angles of the hard wedge under a constant load. If this
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value can be taken as a critical strain, it is obviously higher than monotonic rupture strain
for common Al-Mg alloys, which is usually below 100% from tensile testing.

The specific value of the critical strain for the pearlitic steel tested here remains an
open question. If it is defined as the strain at which macroscopic cracks initiate, a
sophisticated monitoring system to detect an initial crack needs to be used!4! to evaluate
it experimentally. If the critical strain can be considered a material property, it should be
independent of specimen geometry and loading conditions, thus experimental
investigations need to be done to evaluate the effect of these variables and a novel
experiment to simulate rolling/sliding contact under more precise control needs to be

developed.

4.3.4 Effect of Slide/roll Ratios

Slide/roll ratio has a significant effect on ratchetting strain. The effect is mostly
pronounced at cycles less than 10,000, and it is manifested in the following aspects:

» a large scatter band of about a factor of 12 enveloped by the peak at 25% and
the valley at 0.3 and 0.4% of slide/roll ratios, and

+ an "anomalous" behavior such as a higher strain at 1% than that at 5%
slide/roll ratio, and

» a big difference in strains for specimens tested at the same slide/roll ratios,
most obviously at the low end of slide/rolls of 0.3, 0.4%, 1% and 5%.

Beyond the initial 5000 cycles, a general trend starts to emerge which shows that
ratchetting strain increases with increasing slide/roll ratio. As contact cycles further
increase, data at different slide/roll ratios converge, indicating the diminishing effect of
slide/roll ratio with an increasing number of contact cycles (figures 3.45 and 3.46).

An explanation for the strain behavior is attributed to the variations in T/N ratios.
At a given normal contact pressure, higher tangential traction generates a higher shear
stress field, and a correspondingly higher ratchetting strain. Therefore, it comes as no
surprise that the large variation in T/N ratios of about 14 times during initial cycles
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(Figure 3. 42) brought about a large varation in ratchetting strain. The higher T/N value at
a 1% slide/roll ratio consequently resulted in a higher ratchetting strain than that at 5%
slide/roll ratio, since a lower T/N was produced under the latter condition. As contact
cycles increased, the T/N ratios settled down to a distinct trend — the higher the slide/roll
ratio, the higher the T/N value, and the difference reduced from 14 times to about 2 times
(Figure 3.40), giving rise to the reduced influence of slide/roll ratio.

In previous discussion, it was pointed out that the strain rate reflects that of
asymptotic hardening behavior, and it is a function of the current strain, or the number of
contact cycles for a constant slide/roll ratio of 10%. A consistent T/N ratio, averaging
0.235, was achieved under that condition. For various slide/roll ratio tests, the effect of
the different T/N ratio on the strain rate is present, in addition to the hardening behavior
mentioned above, and the T/N ratio effect is shown in Figure 4. 10. Examples to illustrate
the T/N ratio effect are the big variations of strain rate at N < 10,000, and a rate increase
from N = 2500 to N = 10000 cycles for two specimens tested at 0.4% and 5% slide/roll
ratios, consistent to the increase in T/N during the same contact period for these
specimens (Figure 3.42).

In the current experiment, three factors were observed which may play a role in
producing the difference in T/N ratio. These factors are:

» the sliding distance,

» astick-slip phenomenon, possibly at slide/roll ratios of below 1%, and

» the formation and the duration of oxide films on the contact interface.

A direct outcome of varying slide/roll ratio is that the sliding distance over total
distance rolled will be different while other conditions are kept the same. The coefficient
of friction is not an intrinsic material property, but is dependent on multiple factors
including physical, chemical and mechanical properties of the materials, contact surface
conditions such as work-hardening, roughness and asperity orientations, debris
distribution, as well as environment conditions.100,101,102,121,145,151 The effect of sliding
distance for the same materials slid against each other has been reported, and the results
show that the coefficient of friction rose gradually over a certain sliding distance from an
initial value of 0.13 to the steady stable value of 0.71 for Armco iron specimens under dry
conditions.103 A study on wear behavior of BS11 rail steel under dry rolling/sliding



171

suggested that the coefficient of friction is significantly affected by rolling distance.96 The
greatest change in friction occurred during initial sliding.%-103

An explanation for the effect of sliding distance is that a steady state value of the
coefficient of friction requires a build up of a stable interface, in terms of surface
asperities, distribution of particles, and surface deformation and work-hardening. It was
observed that both the magnitude of the plastic strain gradient and the depth of a highly
deformed layer increased with sliding distance.139 It is, therefore, reasonable to postulate
that to build up a stable interface requires a certain sliding distance over which tangential
traction can actually be exerted, thus contributing to surface deformation and work-
hardening. Keeping this idea in mind, it is quite logical that the greatest variation in T/N
ratios occurred during the initial contact cycles, during which the stable interface has yet
to be gradually established and the sliding distance had the greatest effect. Once a stable
interface condition was achieved, as sufficient contact cycles passed, the difference among
the T/N ratio reduced from 14 times down to 2 times, showing a trend of convergence.
The general observation during the steady state is that of higher T/N values for higher
slide/roll ratios.

A stick— slip phenomenon was very likely involved at low slide/roll ratios of
0.3%, 0.4% and 1%, with the phenomenon being more marked at 1%. Two reasons lead
to the realization of existence of a partial slip. One, the oscillation of the frictional force in
the current tests as shown in Figure 3. 42 is similar to the features presented in Figure
4.11 from an ASTM standard G115 -93. As indicated in the ASTM standard, the
presence of stick-slip is usually manifested by an oscillation of frictional force (decrease
and subsequent increase) as sliding proceeds.1% Two, the oscillation occurred at 0.3, 0.4,
and 1% which fits in the low slide/roll ratio range at which a partial slip is likely to be
present in accordance with the literature. The influence of stick-slip versus complete slip
is a complicated issue. It has been reported that stick-slip causes more fatigue damage
than full slip.128 It is recognized that partial slip would have an added effect on the
ratchetting strain behavior, however the specific effect is not clear at the present stage.

A tendency for formation and survivability of oxide films may be an additional
contributor to the difference in the T/P ratio. The formation and survivability of an oxide
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film affects the coefficient of friction, since an increase in surface hardness due to oxide
films often leads to a reduction in the coefficient of friction.!90 During the initial 5000
cycles, orange/gold colored oxide films were formed on the surface of rollers tested at
slide/roll ratios of 0.3, 0.4 and 1%, with a much weaker presence at 0.3 and 0.4%. The
films often occurred in a form of an alternating pattern, as schematically shown in Figure
4.12. The marked alternating pattern of the films occurred repeatedly for two 1%
slide/roll specimens, and was also obvious for a specimen tested at 0.3%. The alternating
films were likely related to the stick-slip phenomena. Whether the films were a result of a
slick-slip phenomenon, or vice versa, is an intriguing question. This type of alternating
orange/gold color films was not observed for higher slide/roll ratios. The films basically
disappeared after the number of contact cycles was greater than N = 10,000.

An effect of sliding distance partially explains the variation in the coefficient of
friction. The stick-slip phenomenon and oxide films might be a cause for the big variation
in T/P values at the low slide/roll ratios. However, what the consequences of a stick-slip
plus oxide films are on the T/N ratio, and further on the strain behavior, and whether
these two are interrelated phenomena, still remains a mystery.

At the present stage, the effect of random test factors, such as specimen, machine
or operating variables, can not be completely ruled out. It is not clear whether the big
difference in the T/N ratio for specimens tested at the same slide/roll ratio, for example,
1.7 times at 1% and 3.5 times at 5% (Figure 3.42), is a result of experimental incidents.
However, the tests at the low end of slide/roll ratios seem more sensitive to random
testing variables. Clearly, a more precise control is desired if future tests at the low
slide/roll ratios are to be conducted.

It is important to mention that the constant maximum normal contact pressure of
Py = 1759 MPa was applied during the tests. Changing contact pressure may introduce
some variation in slide/roll effect study. In addition, how sliding distance affects the T/N
ratio, especially in a quantitative sense, can not be explained from the present data. The
effect of slide/roll ratio on ratchetting strain warrants further research.
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(a) 200 X

(b) 400 X

Fig. 4.1. Examples of branched cracks in (a) HH steel (b) J1 steel.
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(a) 200 X

(b) 200 X

Fig. 4 2. Examples of branched cracks in (a) J2 stcel (b) J6 steel.
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Fig. 4.12. Schematic illustration of alternating bands on the contact surface.



CONCLUSIONS

1 The surface initiated rolling contact fatigue life of low/medium carbon bainitic and
eutectoid pearlitic steels is a non-linear function of contact pressure over the range of Py
from 850 to 2300 MPa for water lubricated contact and a 10% slide/roll ratio.

2 The rolling contact fatigue resistance for any given contact pressure increases with
increasing strength irrespective of microstructure. The rank in terms of RCF life versus
the maximum contact pressure P, from the longest life down is: bainitic steel J6, followed

by J1, J2 and HH, then STD and J4.

3 The six steels tested exhibited very similar rolling contact fatigue resistance as a
function of normalized contact pressure, Py/k.

4 Two crack growth modes are involved in surface initiated rolling contact fatigue,
characterized by the distinctively different crack morphologies of shear band cracking and
branched cracking.

5 The shear band cracking mode dominates when a sufficient surface plastic shear
zone layer is formed at conditions above the shakedown limit, i. e. Py/k greater than 4 in

combination with tangential traction to normal pressure ratio of about 0.25, giving rise to
fatigue lives that are short and strongly influenced by contact pressure.

6 Branched cracking occurs when the crack propagates below the surface shear zone

and dominates at values of Py/k less than 4, giving rise to longer lives that are far less

influenced by contact stress.
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7 Even in a situation dominated by branched cracking, the initial cracks can still be
produced by shear band cracking.

8 For RCF crack growth, failure by ductile fracture is related to the shear band
cracking mode, and failure by cyclic contact fatigue mechanism is related to the branched
cracking mode.

9 Liquid lubrication, either by oil or water, exacerbates surface RCF crack growth
and shortens RCF life when a prior existing deformation layer containing multiple

initiated cracks is present.

10 A specific crack growth mode, either shear or opening, is determined by an
interaction of a liquid and the deformation pattern. In the current research, opening mode

crack growth was most obvious when water was present.

11 The effectiveness of oil in promoting shear mode cracking is determined by the
existence of a shear deformation layer produced during the initial dry rolling/sliding
contact. With the presence of the shear deformation layer, oil facilitated shear mode crack
growth, but was confined within the boundary of the deformed zone.

12 The function of water in promoting contact fatigue crack growth is less limited to
the deformed surface layer. Cracks under water lubrication grew well beyond the
boundary of the deformed zone.

13 Ratchetting strain of pearlitic rail steel STD is non-linearly dependent on both
contact pressure and contact cycles.

14 The most important feature of the non-linearity in ratchetting strain is its
asymptotic nature, showing that decrease in strain rate to reach near saturation is a

gradual process, occurring over a large number of contact cycles.
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15 Ratchetting strain behavior can be expressed by two major parameters — the
initial strain increment, Yo, and strain accumulation rate, d Y/dN. Based on the experimental

data, the initial strain increment can be expressed as a function of the maximum shear
stress, WPy, and mathematically fitted by the exponential function:

Yo (UPg)= 8.3275x10-8 ¢(0.024867 uPg)
and the ratchetting strain rate is derived as:
dY/dN =YgbNb-1, with b (WPg) =-1.1023 - 0.00128 ( LPy)

16 The ratchetting strain modulus K= 1/[YobNb-1] = 1/[Y,1-Ub bY¥1/] evolves with

contact cycles, or ratchetting strains.

17 For the shear band cracking dominated regime, surface RCF life is controlled by
ratchetting strain behavior in terms of a critical strain, Y, and the strain rate. The

correlation is expressed as
Ne=(Yc/ Yo)i/o
When cumulative strain reaches a critical strain level, the rolling contact surface will fail.

18 The effect of slide/roll ratio on ratchetting strain behavior was most pronounced
during the initial contact cycles with a 7 times spread in ratchetting strain at different
slide/roll ratios, gradually reducing to 1.4 times with increasing contact cycles.

19 Beyond the initial stage, the general trend is that a higher slide/roll ratio
corresponds to higher surface displacement and ratchetting strain.

20 The trend of ratchetting strain with slide/roll ratio is consistent with the trend of
the T/N ratios at various slide/roll ratios. A large variation in T/N was generated at
slide/roll ratios < 5%.
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21 The slide/roll ratio effect is partially attributed to the influence of sliding distance
on the T/N ratio through building up a stable contact interface, and the stick—slip
phenomenon involved at low slide/roll ratios.




RECOMMENDATIONS FOR FUTURE WORK

» Study the effect of microstructural factors, such as prior austenitic grain size and
inclusions, on RCF crack growth manifested by spalling in the branched cracking

regime.

« Investigate the effect of lubrication as a function of viscosity, focusing on the
possibility of the use of lubricants to reduce surface friction but without the
detrimental effect of promoting RCF crack growth.

+ Investigate the concept of a critical strain for crack initiation. Design an innovative
experimental system to determine critical strains to RCF crack initiation for different

steels.

* Study the T/N ratio as a function of combined systems of contact pressure, slide/roll
ratio, and lubrication conditions.

» Further investigate the slide/roll ratio effect and the stick-slip phenomenon on RCF
behavior. Develop a system to quantitatively measure T/N as a function of sliding

distance.
» Study the effect of relative top to bottom roller hardness on strain and RCF behavior.

Investigate a possible optimal relative hardness range which gives rise to the best RCF
performance.
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