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ABSTRACT

The effects of copper content on the wear andnigliiontact fatigue (RCF), specifically
rolling-sliding contact fatigue (RSCF), of hyperecibid rail steels were evaluated. Steel from three
heats of head hardened, hypereutectoid rails wipiper levels of 0.07, 0.38, and 0.85 wt pct were
selected for the study. All of the material wasusttially produced through electric arc steelmaking a
EVRAZ, Pueblo.

Wear behavior was evaluated through the use ofdvsit testing for the three hypereutectoid rail
steels. The samples were measured at specific itderahigh wear rate was observed during the first
1,000 cycles after which a linear steady state wagarwas observed. A small decrease in the ste¢atly s
wear rate was observed with increasing copper abated increasing strength.

Preliminary RSCF testing was performed using the @38ct Cu rail steel and an intermediate
hardness rail steel to evaluate two RCF testindnoust reviewed in literature, a fully lubricated metho
and a dry-lubricated method where dry cycles weegl tis initiate damage and the lubrication was added
to propagate the cracks through a hydrostatic mésmmanin both cases the 0.38 Cu hypereutectoid
material outperformed the intermediate hardnesstedl. The fully lubricated method was chosen for
the primary RSCF testing.

The primary RSCF testing was performed with the thigeereutectoid rail steels and an
intermediate hardness steel as a reference. AtdR§CF life was observed for the hypereutectoid rail
than the intermediate hardness, as well as an seiadRSCF life with increasing copper content imith
the hypereutectoid steels.

Atom probe tomography was used to investigate thatilme of the copper within the
hypereutectoid rail steels, and clusters of higlogper concentration within the ferrite at the

ferrite/cementite interface were observed.
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CHAPTER 1: INTRODUCTION

1.1 Background

Rail manufactured in the United States is produmetheans of electric arc furnaces (EAF).
These EAF’s rely primarily on steel scrap as the majout. The use of scrap steel results in the piEse
of an elevated amounts of tramp elements, includapper (Cu), tin (Sn), and nickel (Ni). These tramp
elements are difficult and uneconomical to removerdyiiie steel making process [1]. The level of these
tramp elements increases with each recycling prg2¢ssiless the scrap is diluted with products from
primary steelmaking operations, such as pig ironirectdy reduced iron (DRI).

Wear and rolling contact fatigue (RCF) are majomeeoical and safety concerns for railroads.
Wear leads to unacceptable geometrical configuratioat require the rail to be reground to the
appropriate shape or replaced. Wear is the maireaafusil replacement in North American heavy haul
rail lines [3]. RCF can create both surface andstflace initiated cracks leading to a large varidgty
defects including shelling, spalling, and head &kd4], with the possibility of rail fracture and
derailment [3]. RCF is generalized within the raittdadustry and not differentiated between RCF from
pure rolling and RCF from a combination of rollingdasiiding referred to as rolling/sliding contact
fatigue (RSCF).

Railroads have implemented preventative grindinglabhdcation maintenance programs in an
effort to limit rail wear and RCF damage and imprdwe life of the rail [3, 5]. Significant improvements
to rail properties through chemistry and processiptimization including head hardening and cleaner

steelmaking practices have also been made in art tffminimize wear and RCF [6].

1.2 Scope

This project was designed to investigate the edfetwarying residual copper levels on the wear
and RCF behavior of rail. Wear and RSCF were exatriime@ugh experiments with sub-sized twin disc
testing. Any effects observed as a result of thegaree of copper was further examined to understend t
underlying mechanisms. The study focuses on thres béaypereutectoid rail with copper contents
ranging from 0.07 over 0.38 to 0.85 wt pct. Alltbé material was produced through industrial processes
at EVRAZ, Pueblo using the same processing paramfeteadl heats.

The project consists of unlubricated (dry) weatingsand lubricated RSCF testing. Prior to the
design of the RSCF testing, a preliminary RSCFriggtroject was completed examining two different

types of RCF testing reported in literature. Lightical microscopy, electron microscopy, and atom



probe tomography (APT) were used in conjunction w#ka on mechanical properties from Eavenson'’s

earlier thesis to understand the observed trerids [7



CHAPTER 2: LITERATURE REVIEW
This chapter presents background information angwe/previous research relevant to the
project. This review includes the effect of coppesteels, specifically on the microstructural eviolat

and mechanical properties of hypereutectoid stesdd in this study, contact mechanics, wear and RCF.

2.1 Effects of Copper on Microstructural Evolution avdéchanical Properties of Steels
This section provides a review of the effects giper on steel. The section examines the effects
upon microstructural evolution and then on resultmgchanical properties.

211 Effects of Copper on Microstructural Evolution

Copper creates a wide range of beneficial and giatbndetrimental effects in steels. Copper is
used to increase the corrosion resistance of weathsteels, improve hardenability, strengthen uigio
precipitation hardening, and stabilize austeniteame stainless steels [8]. However, copper is giyera
regarded as deleterious because of its associaiibrinot shortness [8]. Hot shortness is caused by
selective oxidation of iron and rejection of coppethe steel/oxide interface. A copper rich liquithpe
is formed and penetrates grain boundaries. Thedlighase is unable to withstand shear forces imparted
upon the material during the forming process [9]ogilhg and processing, including temperature and
atmosphere, have been shown to have a large affetinimizing the effects of copper on hot shortness
[9, 10]. These conditions would need to be idesdifand controlled by mill personnel in the proceagsih
any high residual copper material. The present exation will be limited to the effects of copper
present within eutectoid and hypereutectoid péaditels.

Eavenson examined many of the effects of copper@m#tallurgical, mechanical and fracture
properties of six hypereutectoid rail steels inatgdhe steels used in this study [7]. The chemical
compositions of the alloys evaluated in Eavensomekvare shown in Table 2.1, each alloy is desighate

by its nominal copper content.

Table 2.1 Chemical Compositions of Selected Alloysqet) [7].

Alloy C Mn P S Si Cu Ni Cr Mo Ti N H (ppm)
7Cu 0.93 1.02 0.007 0.012 0.38 0.07 0.04 0.23 0.007 0.007 0.0060 0.8
11Cu 0.94 1.02 0.007 0.007 0.37 0.11 0.05 0.23 0.012 0.007 0.0071 0.9
22Cu 0.91 1.02 0.010 0.011 0.36 0.22 0.07 0.24 0.017 0.008 0.0108 15
29Cu 0.92 1.03 0.009 0.009 0.34 0.29 0.09 0.24 0.018 0.009 0.0082 14
38Cu 0.93 1.01 0.012 0.010 0.33 0.38 0.08 0.22 0.018 0.010 0.0109 0.9
85Cu 0.93 1.05 0.013 0.009 0.32 0.85 0.07 0.21 0.019 0.010 0.0081 1.0




Several studies have shown that the presence pkcoptards the transformation from austenite
to ferrite and pearlite [11, 12]. Eavenson alsaaeat an increase in hardenability with increasiogper
levels by performing Jominy tests [7]. The harderiigbiurves from the Jominy tests for the six alloys
presented in Table 2.1 are shown in Figure 2.hceSihe alloys have similar carbon contents, the
hardness values of all the alloys are fairly similear the quenched end where a fully martensitic
microstructure is formed. The hardness remains relgtsonstant until the cooling rate is decreased
enough that a pearlitic microstructure replacesnbgensitic microstructure. The hardness decreases
until it levels off again when the microstructurecbmes fully pearlitic. Eavenson used the point where
the material decreased below 60 HRC as a way afidgfthe transition. The 0.07 wt pct Cu alloy
transitioned below 60 Rockwell hardness C scaleGH& a distance of 8 mm from the quenched end
while the 0.85 wt pct Cu material transitioned beBWHRC at a distance of 11.2 mm.
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Figure 2.1 Hardenability curves for six Cu containhypereutectoid steels [7].

Murakamiet al [11] examined the isothermal transformation of lgpéectoid steels with
copper levels of up to 3 wt pct. They reported erel@se in interlamellar spacing (ILS) as the isotherma
transformation temperature decreased, as expectege\lér, they also noticed no change in ILS as a
result of copper alloying. Fourlarét al.[12] similarly investigated steels containing 3 &t pct
copper and observed a slight increase in ILS witihgasing copper content for isothermal

transformations near the eutectoid temperaturelarger spacing was attributed to a decrease in the
4



pearlite growth rate [12]. Eavenson’s ILS studyvsbd a decrease from an average ILS of approximately
103 nm with the 0.07 wt pct Cu rail to 93 nm in th@30wt pct Cu rail [7]. It is important to note that

while processing parameters within the head hardemiocess were kept constant, the head hardening
process is not an isothermal transformation and foamation may occur at different temperatures as a
result of varying hardenability. This is likely theason for the difference between the results ubder

with the rail steels and the behaviors reportegr@vious literature. The increased hardenabilitgliik
allowed the transformation of the 0.85 wt pct Ciekte occur at a lower temperature, creating a smalle
ILS. Precipitation strengthening by copper parigkeone of the most widely known benefits of copper
steel. However, the precipitation is complex, ancherous studies have been conducted on different
portions of the precipitation phenomenon [11, 12,143 15, 16].

Because of the more abundant use of copper foigitaon strengthening in low carbon steels,
copper precipitation in the ferrite phase has lstedied to a greater extent than other phases cononon t
steel. Several studies have shown the presenapécrich, body centered cubic (BCC) clusters
occurring at the initial stage of aging [13, 14].T5he BCC clusters may be comprised of up to 50 pct
iron for sizes up to about 2.5 nm [13, 15]. The BAQgGters then transition to a semi-coherent 9R
structure [14, 15]. Takahaséhi al. suggest that the transformation from BCC to 9R ocainesn the BCC
clusters reach a critical size of 4 to 5 nm [14]lel@agliano and Fine recognize this critical size as
between 4 and 12 nm [15]. After reaching approxinyat& nm, the semi-coherent phase transitions to a
face centered cubic (FCC) precipitate [14]. The FE&Eipitates have a Kurdjumov-Sachs or
Nishiyama-Wasserman orientation relationship withBxC ferrite [13]. Copper precipitation can occur
during the transformation from austenite or aftertthasformation during aging. The precipitates formed
during transformation usually appear larger anchiess or rows [13]. Figure 2.2 shows a bright field
transmission electron microscope (TEM) micrograph @&f19 wt pct C steel with a 2.37 wt pct Cu
addition isothermally transformed at 670 °C for 1[A38]. The corresponding dark field image

illuminating copper precipitates in the pearliticriee is shown in Figure 2.3 [13].



- . r e
Figure 2.2 Bright field TEM micrograph of a 1.19 mdt C, 2.37 wt pct Cu steel isothermally
transformed at 670 °C for 1.5 h [13].

Figure 2.3 Dark field TEM micrograph illuminating qugr precipitates in the pearlitic ferrite of a
1.19 wt pct C, 2.37 wt pct Cu steel isothermallysfarmed at 670 °C for 1.5 h [13].

Chairuangsri and Edmonds [13] examined the preciitaif copper in pearlite in hypereutectoid
steels. Along with interphase and random precipitain the pearlitic ferrite lamellae, precipitatioasv
observed in the cementite lamellae and at the fegeitentite interface [13]. Figure 2.4 shows the dark
field image illuminating copper precipitates at theife-cementite interface corresponding to the krigh
field image in Figure 2.2 [13]. Precipitation at fieerite-cementite interface is a result of precipitatat

the ferrite-cementite-austenite triple junction dgrthe phase transformation [13]. This triple paérthe



favored site for precipitation [13]. Figure 2.5 sfwa dark field TEM micrograph illuminating the coppe
precipitates in the cementite phase of a 1.25 wCmtieel with a 1.47 wt pct Cu addition isothermally
transformed at 670 °C for 1.5 h [13]. The coppecipitates found in cementite were finer than those in

the ferrite and at the ferrite-cementite interfacg.[1

: ;  FI
Figure 2.4 Dark field TEM micrograph illuminating qugr precipitates at the ferrite-cementite
interface of a 1.19 wt pct C, 2.37 wt pct Cu stsethermally transformed at 670 °C
for 1.5 h [13].

Figure 2.5 Dark field TEM micrograph illuminating precipitates in the pearlitic cementite
of a 1.25 wt pct C, 1.45 wt pct Cu steel isothennlinsformed at 670 °C for 1.5 h
[13].



21.2 Effects of Copper on Mechanical Properties

Murakamiet al.showed an increase of 250 — 330 MPa yield streofgtheutectoid steel with the
addition of 2 wt pct copper isothermally transforna¢50 °C for 300 s. However, the change with an
addition of 1 wt pct copper was very limited [11}ja Aacrease in both yield and ultimate tensile striesgt
were observed by Khaliet al.in eutectoid steels with an increase in coppeterdrfrom 0.5 to 1.5 wt
pct with accelerated cooling rates [16]. The 0.54Zypct steel was cooled at 2.48 °C/s and the L.WC
pct steel was cooled at a slower rate of 1.33 fCfsevent the formation of martensite in each alldye
increase in yield and tensile strength was less 10@ MPa [16].

Figure 2.6. shows Eavenson'’s result for tensileyaeld strength as a function of copper content.
Eavenson showed both an increase in tensile shresgivell as yield strength with increasing copper
content in the industrially produced hypereutectaitiused in this study [7]. He attributed a pantiaf
the strength increase to the decrease in ILS andgbociated Hall-Petch relationship, however the
increase in strength was greater than expecteddtber literature, and he recognized that anothetofa
possibly precipitation strengthening, was also atkW7]. Figure 2.7 shows the hardness of the radl as
function of depth from the surface of the head. Aseeted, the hardness also increased with increasing

copper content [7].
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Figure 2.6 Ultimate tensile and 0.2 pct offset yisticength as a function of copper content for

hypereutectoid rail. Error bars represent one stghdeviation from the mean [7].
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Figure 2.7 Hardness as a function of depth from saréd the head of the rail. Error bars
represent one standard deviation from the arithnnegian [7].

2.2 Contact Mechanics and Shakedown Limit

Wear and RCF are both a function of the cyclicsstiereated during contact between the wheel
and rail. Table 2.2 shows the calculated contacsure for varying wheel and rail radii [17]. Fig@.8
shows a schematic of the wheel/rail interface wigth¢ommon nomenclature used to describe the
different parts of the wheel and rail. The confaeissures fluctuate dramatically as the contactitiond
change. These stresses listed do not account yahyaramic loads created by track curvature or
corrugations and would further increase the rarig#resses experienced in the rail/wheel systemn Eve

without the dynamic forces, the stress levels réaichthe gigapascal range.

221 Normal Contact of Elastic Solids

Hertz developed his theory of elastic contact whilelying optical interference fringes between two
glass lenses and the elastic deformation of thesesfof the lenses due to the contact pressure betwee
them [18]. Hertz simplified the involved bodies irto elastic half-space loaded over an ellipticaloegi
of a plane surface [18] and made the following assiomp [18]:

1) The surfaces are non-conforming and continuous.

2) The strains are small.



3) Each solid can be considered as an elastic hatlesphere the contact area is small compared to
the radii of curvature.

4) The system is frictionless.

Table 2.2 Contact Pressure in MPa as a functiavhekl radius, wheel load, and wheel and
rail transverse radii. Adapted from Magglal. [19].

Transverse Transverse Longitudinal Maximum

Location Rail Radius Wheel Radius Wheel Radius Wheel Load Contact
(mm) (mm) (mm) (tonnes) Pressure, PO

(MPa)

480 18 1130

200 -300 240 18 1438

240 9 1141

480 18 1428

75 -100 240 18 1794

Rail Crown 240 9 1424

480 18 1819

100 -300 240 18 2267

240 9 1629

480 18 1645

200 infinity 240 18 2053

240 9 1629

480 18 1637

32 -38 240 18 2043

. 240 9 1622

Rail Shoulder 280 18 1984

32 -44 240 18 2469

240 9 1960

480 18 2678

Flange Root 8 -9.5 240 18 3317

240 9 2632

480 18 2845

False Flange 300 50 240 18 3520

240 9 2794

10
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Figure 2.8 Schematic of the wheel/rail interfacéhvslommon nomenclature.

For the simplest form of Hertzian contact, for solidisevolution, the contact area is circular with

radius, . Hertz found the pressure distribution to be gikg the equation:
_ (2.1)

using cylindrical polar coordinates, wherés the pressure at a given position,is the maximum
Hertzian pressure, andis the radial distance [18]. Figure 2.9 showsdtiness distribution for the surface
of a circular contact area in comparison to unifpmessure [18]. For the general case, the pressoreeca

written as
(2.2)

where and are Cartesian coordinates andnd are semi-axes of contact [18].

The total load, , is then given by the equation:
11



(2.3)

The calculation of the semi-axes of contact invaemplex elliptical integrals, and are often
tabulated for use in engineering. Appendix A pregidurther detail on the calculation of semi-axes and

Hertzian contact stresses.
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Figure 2.9 A comparison of the stress distributianthe surface for (left) uniform pressure and

(right) Hertzian pressure for a circular contaetsawith radius [18].

In the absence of friction, maximum shear stressesrdelow the surface of the material on the
axis of symmetry. Figure 2.10 shows the distribubbstress below the surface and a contour pldief t
principal shear stress for contact of cylinderd Bere is the half contact width andis the depth
below the surface. The coordinate system is setithptiie y axis parallel to the axis of the cylindie z

axis running through the line of symmetry. Tablesh8ws the depth and magnitude of the maximum

shear stress as a function of the shape of thecpatch from contact of cylinders () to a circular

contact area from a point contaet () for material with a Poisson’s Ratio of 0.30 [18he intensity of

the maximum shear stress varies slightly. Howeverdémth of maximum shear stress varies greatly with

contact patch dimensions.

12
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Figure 2.10 (a) Subsurface stresses along theohgignmetry and (b) principal shear stress
contour plot for contact of cylinders [18].

Table 2.3 Maximum Shear Stress Location and Intemsity Function of Contact Patch
Shape [18].
0 0.2 0.4 0.6 0.8 1.0
0.785 0.745 0.665 0.590 0.530 0.480
0.300 0.322 0.325 0.323 0.317 0.310
222 Inelastic Bodies

If the elastic limit of one or both of the bodiesciontact is surpassed, plastic yielding will occur.
There are two generally accepted yield criteria. Vha Mises’ shear strain energy criterion and Tresca’s
maximum shear stress criterion. Von Mises’ yielderiitn states that yielding will occur when the s&to
invariant of the stress deviator, exceeds a critical value. Von Mises’ criteriorsiown in (2.4) [18].
| (2.4)

where is the yield stress of the material in simple slaal is the yield stress of the material in simple
tension. Tresca’s yield criterion states that yiedwill occur when the maximum yield stress exceeds a

critical value. Tresca’s criterion is shown in (2[58].

13



(2.5)

Johnson supports the use of Von Mises’ criteriometals as the result of refined experiments
but suggests the difference between the two aiiersmall in comparison to differences in materiadyie
strengths and Tresca'’s criterion may be used whwbedically simpler [18].

Johnson, using a Poisson'’s ratio of 0.30, calcsiltitat first yielding occurs in contact of

cylinders at a maximum contact pressure of

(2.6)
for Tresca’s criterion and

(2.7)
for Von Mises’ criterion, and calculated that fiygelding occurs in a round contact patch at

(2.8)
for Tresca’s criterion and

(2.9)

for Von Mises’ criterion [18].

2.2.3 Friction and Sliding

The size and shape of the contact area are uredfbgtthe tangential forces as long as the two
bodies in contact have the same elastic propediastic modulus, Poisson’s ratio, and shear modulus
[18].

Coulomb’s law of sliding friction states that thegantial frictional force, , is related to the
normal force, P, by the coefficient of kinetic fran, . It is usually assumed that the law applies at the
elementary level of the interface of smooth, nonfaoning surfaces, or surfaces separated by a thin
lubricating film. Therefore, the tangential tractiap is proportional to the normal stress, p [18], as:

(2.10)

where represents the absolute value or magnitude ofdtregponding stress or force. The
introduction of tangential frictional force createsth normal and shear stresses on the material lwéth t

direct stress reaching a maximum compressive sttelse feading edge of the contact area and a
14



maximum tensile stress at the trailing edge of thasmt area [18]. Figure 2.11 shows the surface stress
resulting from the frictional traction for cylindatcontact in full slip [18]. The coordinate systesrhe
same as before, with the y axis parallel to thendyical axis and the z axis along the plane of symmetry

These stresses combine with the stresses resulbimgtfre normal Hertzian contact.

Figure 2.11 Surface stresses due to the additiémctibnal traction on a cylindrical contact. [18]

Figure 2.12 shows a principal shear stress comtotfor cylindrical contact with a coefficient of
traction,” , of 0.2. Comparing the contour plots for a frictess condition in Figure 2.10 (b) and a
condition with friction in Figure 2.12, the point maximum shear stress moves toward the surface with
increasing friction coefficient. The point of maximwshear stress reaches the surface at a coeffidient
friction of 0.25 for Tresca'’s criterion and 0.3 fdon Mises’ criterion [18]. The point of maximum shear
also moves away from the line of symmetry towardgrhiéng edge of the contact patch with increasing

friction.
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Figure 2.12 Principal shear stress contour plotémtact of cylinders in full slip with a coefficient
of traction of 0.2 [18]

At a tractional force below the critical valie# $ |, the two bodies will not slide. However, as
long as a tractional force is present, a portiothefcontact area will slip, resulting in a stiak{on and
slip portions of the contact patch. The slip porsi@re located toward the outside of the contachpa
The size of this slip area will increase with irasmg tractional force until the entire contactcpas in
slip [18].

224 Rolling
During rolling or rolling sliding contact, the twandies will experience much of the same forces
as described during the Hertzian and sliding cantadhe absence of friction, initial yielding ags on
the line of symmetry as discussed in Section 2.2ith Wactive friction, the point of first yield occurs
closer to the surface, slightly off the line of syntmeand at a lower normal force. If the load is lower
than the critical limit for initial yielding, the matial will undergo an elastic hysteresis as shawhigure
2.13 (a).
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Figure 2.13 Cyclic loading hysteresis for (a) etagb) elastic shakedown, (c) plastic shakedown,
and (d) ratchetting [20].

Bodies in rolling contact interactions are subjddtemultiple passes. After first yield, the
deformed body develops residual stresses that offpaber deformation. At this point deformation is
governed by orthogonal shear stresses that caenmetdiced by residual stresses [18]. Figure 2.14 show
a schematic of the bodies during rolling. In theesohtic, residual forces have been created that
oppose deformation at element C. The deformationwsaumtrolled by the opposite orthogonal shear
stresses at elements B and D [18]. The magnitudie afrthogonal shear stresses are equal in friction
free rolling. As friction increases, the magnituglasy by a greater extent. If the force on the bedke
such that the conditions for first yield are met, ot large enough for continued plastic deformation
from the orthogonal shear stress, further rollingley will result in only elastic behavior. This pess is
known as elastic shakedown. The hysteresis cursfeas/n in Figure 2.13 (b) [18]. Johnson calcul#tes

limit for elastic shakedown for a round contact patith no friction as

(2.11)

assuming the Von Mises’ yield criterion [18]. Thissubstantially higher than the 2.8k necessarycate
first yield. The load necessary to achieve thequasis 4.7 times as large as that to create firad j16].
Strain hardening of the material and plastic defoionadf the surface add further complexity to

the calculation of the shakedown limit. Strain haidg increases the shear yield stress of the material
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causing a larger load and stress necessary todxieeelastic shake down limit. Plastic deformation at
the surface will create a conforming groove, increaghe load necessary to achieve the same contact

pressure.

wR

Figure 2.14 Schematic of deformation during a cpélmlling contact. The material experiences
(B) shear, (C) compression as a result of developgidual stresses and (D) reverse
shear. [18]

Beyond the elastic shakedown limit, two possib#itexist, alternating plasticity, also known as
plastic shakedown, and incremental strain accumulasilso known as ratchetting [21]. The cyclic
loading hysteresis for plastic shakedown and rdticigeare shown in Figure 2.13 (c) and (d) respebtive
In the case of line contact, residual shear stsesgeunable to develop and plastic shakedown sccur
only under a specific small frictional traction. Hewver, in the case of point contact, some residugdrsh
stresses are able to form and plastic shakedownaader a wider range of circumstances [21].

Figure 2.15 shows a shakedown diagram for a rounthcbpatch. The diagram shows cyclic
loading behavior as a function of a normalized ccinpaessure and traction coefficient. The traction
coefficient is equal to the tangential force didd®y the normally applied load. The shakedown diagr
uses calculations based off of Melan’s theoremsgtats, “if any time-independent distribution of
residual stresses can be found which, togetherthittelastic stresses due to load, constitutestarsyof
stresses within the elastic limit, then the systethshiakedown. [18]” The diagram can be used as an
estimate for the cyclic behavior of the material.e Hffects of the shape of the contact patch owyhkc

loading behavior can be seen in Figure 2.16 whéselee longitudinal length and b is the transverse
18



length of the elliptical contact patch. The diagrstmws very little change with respect to the cantac

patch geometry, and the use of a shakedown diagmnaarfaund contact patch will be a suitable estimate

for the study.
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Figure 2.15 Shakedown diagram for a round contachg21].
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Figure 2.16 Shakedown limits for varying ellipticaintact profiles with a traction coefficient of

0.1. a represents the transverse length and bseapsethe longitudinal length of the
elliptical contact patch [21].
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2.3 Wear

Wear is defined as the progressive loss of matidal the surface of a body occurring as a
result of relative motion at the surface [22]. Wdabris in sliding, rolling, and eroding componests i
formed in thinned platelets [23]. These plateletsfarmed by two main mechanisms, 1) the extrusion of
material from below the contact into thin slivers ethsubsequently break and 2) fracture of a thin
subsurface layer [23]. Both of these mechanisms arergted by plastic ratchetting of a thin subsurface
layer [23]. Plastic flow of the material occurs atdes below the calculated values for plastic rateiget
The main reason for the difference is the presehsearface asperities in the real material. Theseasarf
asperities cause local areas of increased str8s242 The introduction of natural third bodies, frdre t
wheel and rail, and artificial third bodies, fronhet sources, in the contact surface also has a larg
impact on adhesion [25].

Rail experiences a wide variety of environments @otitions in service such as different
wheel/rail profiles, speeds, acceleration and Ingakorces, car weights, and increased forces irstuka
such, no single simulative laboratory test can tatie wear rates of varying rail in service. Labona
tests, however, have helped to identify severaldteyracteristics that impact the wear behavior of the
materials. The hardness is the material property migly used to describe wear characteristics [6, 26],
with a strong correlation showing increasing weaistance with increasing hardness.

Figure 2.17 shows results from Deters and Prokgefhirsroller wear tests as a function of
creep [26]. Creep is the difference between thgdatial velocity of the two surfaces and is aldened
to as the slip ratio. The results present the Jasa;, as a volume, as well as the surface hardoefsef
two discs across a wide range of creep ratios @netuboth rail driven and wheel driven conditions.
These results show an increase in wear rates mgtieasing creep between the wheel and the rad up t
the 1.5 pct tested. The study also showed a graateunt of wear in the wheel when the rail is driving
and the wheel is driven compared to when the wisedtiving and the rail is driven. A greater amouint o
wear was observed in the rail when the wheel \gryiand the rail is driven except for the poiniLd&i
pct slip [26]. They also show with increasing cohtttesses, wear rates increased proportionally.
Furthermore, they found an increase in wear ratds decreasing the tangential speed of the wheel and
rail [26]. Deter and Proksch also showed that adtiéng the direction of rolling substantially decsea
the wear rate in the driven rail samples [26]. Migaphs show when the rolling direction is reversed, t

strain accumulation occurs in the other directiod helps to counteract previous strain accumulation.
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Figure 2.17 Wear Results as a function of creep [26

2.4 Rolling Contact Fatigue

RCEF is the initiation and propagation of cracksnaderial is subjected to repeated cyclic stresses
as the wheel rolls along the rail. As expresseti wiear, rail experiences a wide variety of contact
conditions, and therefore experiences a wide wadERCF damage. Most RCF damage does display a
few similarities. Namely the sharp increase in hasdreaused by work hardening in the wheel rail
contact area, and the occurrence of RCF crackeasaf low wear [27]. However, RCF damage
observed in rail is generally divided into two @giges, surface initiated, such as head checks and
spalling, and subsurface initiated, such as shg|bn 27]. A photograph of an example of head cbheck
initiated at the surface is shown in Figure 2.18 amphotograph of subsurface initiated shellinghiswn
in Figure 2.19.
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Figure 2.18 A photograph of head checks, surfaitiated RCF defects, observed at the gauge side
of the head [4].

Figure 2.19 A photograph of shelling, subsurfadsired RCF defects, observed at the gauge side
of the head [4].

22



RCF surface cracks are initiated in one of two waym first is the accumulation of strain
through plastic ratchetting until the fracture stria exceeded [5, 6, 28, 29]. The fracture stragréater
than that observed in tensile tests as a restiteofompressive stresses [5]. The second is thrdwegh t
formation of a white etching layer [27, 29]. The vehgtching layer is hypothesized to be a small
martensitic region formed by thermomechanical damagle [29

Cracks initiating at the surface initially growanthe material at a shallow angle along the path of
material deformation [5] as a result of cyclic Heatestress [17, 30]. Crack propagation is mixed mbde |
and Il without the presence of a fluid [5]. Durittgs period, crack propagation can be enhancatdy
presence of fluid [5, 17, 30]. First, the fluid mdgcrease crack face friction, resulting in an inseda
the mode Il stress intensity factor [30]. Secohd,ftuid may propagate the crack by a hydrostatsgr
mechanism illustrated in Figure 2.20. The crack isn@gl as the wheel approaches, and the fluid becomes
entrapped in the crack as shown in Figure 2.2@$ahe wheel rolls over the crack, the crack aset,
and the fluid is pressurized by the contact presgsbe hydrostatic pressure is transmitted to thekcra
faces and tip propagating the crack in mode | asghio Figure 2.20 (b) [30]. The influence of the fluid
has been supported through several findings inatutlie necessity of a fluid for crack propagation i
experimental tests, the correlation of crack propagavith fluid viscosity, the rare appearance oface
fatigue on rails in tunnels, the increased propagaif surface cracks on the driven surface as thek ésa

opened prior to entering the contact area, allowlegfluid to enter the crack [5].

direction of movement direction of movement

> >

fluid

hyd ‘—f

ydro-

pressure’
V4

Figure 2.20 Crack propagation by hydrostatic presfiom entrapped fluid [5]. (&) As the wheel
approaches, the crack is opened and fluid is gpéch(b) As the wheel rolls over the
crack the crack is closed and the hydrostatic preds transmitted to the crack faces
and tip.

At a depth of approximately 10 mm, the angle of tlaekiincreases to approximately 70° and
may continue to propagate until rail failure [31heTincrease in crack angle is a result of a decrfeaise
the effect of surface contact stresses and anaseri the effect of bulk stresses including bemdin

residual and thermal stresses [17, 30].
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Several researchers have shown a “W” shaped gffdiatigue crack growth rate [30, 31, 32] as
represented by the schematic in Figure 2.21. Phaggesents the initiation and early propagation by
ratchetting. Phase Il is contact stress drivenggaton with the assistance of fluid and Phasethas
propagation by bulk stresses [30, 32]. The shapkeoturve is dependent on the three stages and the
factors that impact each of them [31]. Not all RC&cks continue to propagate if the bulk stresses are

low enough and contact stresses diminish away frensuirface [31].

Phase | Phase Il Phase i
(ratcheting, (fluid-assisted (rail bending
o |\ initiation and crack growth) and branch
© early growth) crack growth)
= / —
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o
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Figure 2.21 Schematic of surface initiated RCF k@opagation [32].

Subsurface initiated RCF is most common in heavy liraes in the high rail, the elevated
outside rail, of curves [5]. The cracks usuallyiate at a depth of 3-15 mm below the surface [5]. The
initiation of these defects is often associatedhwhe presence of non-metallic inclusions, in paldicu
aluminum oxides [5, 27]. This led to the productidrsibcon-killed, degassed, continuous-cast raifg] a
has led to a distinct reduction in RCF cracks eesalt of metallurgical causes [27]. Subsurfacedtsti
RCF cracks typically propagate parallel to the acefuntil reaching a critical length. At this painé
crack may propagate down causing a complete raiklmetoward the surface causing a section of
material to fragment off of the surface such as siwg[b].

With the classification of RCF damage into surfagé subsurface initiated classifications, two
types of sub-sized, twin disc tests have been dpeel The first is a testing method where the raiel
interface is subjected to unlubricated (dry) cyttemitiate damage on the rail surface, then aflui
lubricant is added to inhibit wear and assist ttogppgation of cracks [33, 34, 35, 36]. The seconthatk
is to lubricate the wheel-rail interface from thejimming of the test [37, 28, 38].
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Tyfour et al.examined the effects of these initial dry cyclegtmnfatigue life of rail steels [36]
and their results are shown in Figure 2.22. Theseoled a small increase in the RCF life with the first
100 dry cycles. However, after the first 100 drgleg, a steep decrease was reported in the RQWitlfe
increasing number of dry cycles [36]. Tyfaetral.also observed a low coefficient of friction (COF)
below 0.25 during the initial dry cycles and poatet! that the low COF was the reason for the firt 10
cycles not deteriorating RCF life [36].
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Figure 2.22 RCF life as a function of dry cycle$obe lubrication with water [36].

In both the dry-lubricated and fully lubricatedtieg methods, contact pressure plays a
substantial role in the RCF life. RCF life decresagéth increasing Hertzian contact pressure [37384,
28, 38].

Both Beynoret al.[38] and Clayton and Su [28] showed an increase in R€Rith increasing
strength of the material in fully lubricated tesssng water as the lubricant. Beynenal.’sresearch
covered a hypereutectoid rail, a standard eutectdiidand a head hardened (accelerated cooling)
eutectoid steel [38]. The head hardened eutectrdlie longest RCF life with the hypoeutectoid rail
having the shortest RCF life [38]. Clayton and &uklked evaluated a wide range of rail materials
including hypoeutectoid rail, head hardened eutdctil, various alloyed rails, and experimental lit&in
rail [28]. Their results showed the highest strangaterial exhibiting the longest RCF life. By
normalizing the contact pressure to the shear giwhgth of the various rail materials tested, RGF li

resulted in a narrow band [28] as shown in Figue& 2Masumotet al. showed a similar increase in
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RCEF life with an increase in strength for a peiarbteel. However, the increase in RCF was not aeen

high contact loads as a result of plastic deformatiocrowned samples [39]. The same steel processed to
provide a microstructure of tempered martensite,ehladtter bending and reverse torsion fatigue
resistance, but did not perform better in RCF ti38%
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Figure 2.23 RCEF life plotted against normalized achpressure for fully water lubricated RCF
tests with a 10 pct slip ratio [28]. See origireference for information on rail alloys
presented in the legend.

Garnham and Davis showed a tendency for RCF cragiopagate along proeutectoid ferrite in
dry-lubricated RCF tests as the proeutectoid feisitveaker than the pearlite matrix and thus egpeés
greater strain [34].

The effect of the slip ratio is more convoluteday@bn and Hill [37] and Clayton and Su [28]
observed a complex relationship between RCF lifesipdratio of a twin disc RCF test fully lubricated
with water. They observed an initially high RCFelifith a 0 pct slip ratio. The RCF life decreasedavhi
the slip ratio was increased to 0.3 pct. Howewvelinarease in RCF life was observed as the slip vatis
increased from 0.3 to 1 pct. The RCF life then desed again from 1 to 5 pct, and increasing the slip
ratio above 5 pct showed no change [28, 37]. ClagtahSu mention that the pattern was not

reproducible with other research on other raillstg8]. Masumotat al showed a decrease in RCF life
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with increasing slip with slip ratios of 0, 9, aRd pct. Overall the effect of slip ratio is not quletely
understood [28, 37].

2.5 Wear and RCF Interactions

Wear and RCF are competitive mechanisms. As a resaitty RCF defects emerged with
increasing rail hardness and the use of lubricataecrease wear [40]. First, the presence of d flui
lubricant has been used to decrease wear by linfiicigpnal forces, but has been shown to increhse
propagation of surface RCF cracks as discussere&econd, the failure processes themselves have a
competitive nature. During the wear process a snaalign of the surface layer is removed, resulting in
the removal of a portion or the entirety of the aoefinitiated RCF crack [40]. The net RCF crack growth
rate can be calculated by subtracting the surfa vate from the crack tip advance rate [40, 41]. In
areas of high wear, the wear rate will be gredten the RCF crack initiation rate, and no RCF cracks
will appear [40]. At extremely low wear rates, th€Rcracks will be able to propagate until the stres
intensity factor has diminished to a critical poirttere the cracks no longer propagate or in sonescas
the defect propagates through the entirety ofdiig40]. A schematic of these mechanisms is shown in
Figure 2.24. Figure 2.24 shows the damage deptHuagton of cycles for a wear prevalent condition
Figure 2.24 (a) and an RCF prevalent conditioniguie 2.24 (b). The damage represents the crack
length for RCF and the material removal for weare @htual crack depth is represented by the distance
the crack has progressed minus the amount of matenmived by wear. At intermediate wear rates, an
RCF crack may form, grow to a length where the Rf2Elcadvancement rate and wear rate are equal,
resulting in a crack length that does not incréd6g

Rail life is governed by both wear and RCF. Therattions of RCF and wear lead to a
necessary amount of wear to maximize the life of#ld30]. Grinding may be used as an artificial way
of increasing the wear and keeping RCF growth riat@sSince the overall life of the rail is the $es of
the wear life and the RCF life, the greatest r&elis seen when the RCF life and wear life are equdl
is sometimes referred to as the “magic wear rate¢aBse of the rapid final fracture of RCF cracks and
the greater difficulty of detecting and measurir@FRcracks, a wear dominated system is generally

regarded as safer [40].
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Figure 2.24 Qualitative schematic showing the dandgageh, z (wear loss, crack advancement
depth) versus the number of cycles, N, for a coowlitif prevalent wear (a) and
prevalent RCF (b) [40].
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CHAPTER 3: EXPERIMENTAL PROCEDURES
This chapter describes the employed experimentakduoes. The chapter is divided into the
experimental design overview, selection of the makenear testing, preliminary RSCF testing and
design, primary RSCF testing, and examination ofhtierostructure by APT. Preliminary RSCF testing
was conducted to evaluate the effectiveness amsibitiy of two types of RCF testing observed in

literature. The first is a dry-lubricated method déimel second a fully lubricated method.

3.1 Experimental Material

Hypereutectoid, head hardened steel was choseraloage in the study, as rail from these steels
is often used in areas with high wear and RCF aonsech as sharp curves. Material was chosendp ke
other elements, especially those with large knovieces on wear or RCF such as carbon, as similar as
possible within the industrially produced materi@he Cu levels obtained for the project represent a
wide range with the maximum over double the curre#d @t pct standard for American rails.

Steel from three heats of hypereutectoid premiumvad selected for this study. The three heats
were selected to minimize the difference in othkayadg and residual elements. One heat of intermediate
hardness rail was used in the preliminary RSCF stidéytified as IH-PRSCF, and one heat in the
primary RSCF study, identified as IH-RSCF as a refegdor the feasibility of the tests. All of the
material was industrially produced at EVRAZ, Pudijomeans of EAF steelmaking, continuous casting,
reheating in a natural gas fired, walking beam faenaolling into 136# RE [42] section rail, head
hardening through a proprietary process, and retlaightening. Chemical compositions of the sterds a
material designations used in this study are ligi€lchble 3.1. The corresponding mechanical properties
are shown in Table 3.2.

A separate heat of IH rail was selected for usta@svheel samples in the unlubricated wear and
dry-lubricated preliminary RSCF testing. The matenat selected to have a composition,
microstructure, and hardness similar to railroad Wghesed in North America. The IH rail used to
represent the wheels is approximately 0.78 wt pah@approximately 365 Brinell hardness (HB).
Quench and tempered 4140 bar was used as the whbelfully lubricated RSCF tests and is described

in more detail in the preliminary RSCF testing satti
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Table 3.1 Chemical Compositions of Selected Alloysget)

Alloy C Mn Si Ni Cr Mo Ti Nb

0.07-Cu 0.93 1.02 0.38 0.04 0.23 0.007 0.007 -
0.38-Cu 0.93 1.01 0.33 0.08 0.22 0.018 0.010 -
0.85-Cu 0.93 1.05 0.32 0.07 0.21 0.019 0.010 -
IH-PRSCF 0.76 0.81 0.24 0.08 0.24 0.017 0.001 -
IH-RSCF 0.75 0.82 0.26 0.09 0.23 0.022 0.001 -

Alloy V Al N S P Cu Sn
0.07-Cu - 0.003 0.0060 0.012 0.007 0.07 0.006
0.38-Cu - 0.003 0.0109 0.010 0.012 0.38 0.015
0.85-Cu 0.002 0.003 0.0081 0.009 0.009 0.85 0.010

IH-PRSCF - 0.002 0.0107 0.009 0.008 0.22 0.010

IH-RSCF - 0.002 0.0100 0.012 0.004 0.23 0.009

Table 3.2 Mechanical Properties of Selected Alloys
Alloy Yield Stiengtn (MPa) 'umate Tenslle - Shear Yield Strength k

0.07-Cu 850.5 1350.2 491.0
0.38-Cu 921.6 1379.1 532.1
0.85-Cu 962.0 1433.7 555.4
IH-PRSCF 763.2 1186.6 440.6
IH-RSCF 779.1 1179.7 449.9

3.2 Wear Testing

Twin disc wear testing was performed to compare tbarwehavior between the various Cu
levels within the hypereutectoid rails. The golthe wear tests was to create tiny slivers andefidkom
the surface of the wear samples. This is accompliblgehaving a relatively high coefficient of traction
As the wear tests do not require high contact pressa cylindrical sample can be used. A highrslip
helps to accelerate the wear of the samples anddgroweasurable results within a reasonable time

frame.

3.21 Wear Specimen Preparation
The head of the rail was machined down 3.05 mm frantdh of the rail to create a flat surface.
Cylindrical blanks with a diameter of 55 mm extendirigmm down from the head of the rail into the

web of the rail were cut using wire electrical tharge machining (EDM) for both the rail wear and wheel
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samples. These blanks were then ground to the taspéinal specimen geometry. The location of the
final wear sample in the rail can be seen in FiQuie The wheel samples have the same location in the
rail. The orientation of the samples in the rail wakected to provide the most consistent mechanical
properties throughout the running surface of theas and have the mechanical properties of the

samples as close to that of the head hardened pastlgected to contact during the life of the rail.

197.81

!

Figure 3.1 Location of the final rail wear sampleghe as manufactured rail. Dimensions are
shown in mm.

J

The rail wear sample consists of a 39.5 mm diametam3wvide cylindrical running surface. The
running surface extends from a 32.5 mm diameter 20 nte @yilinder forming the main body of the
sample. At the end of the sample is a 20 mm diametérshih holds the sample in place in the twin

disc testing machine. The geometry of the rail waar@e is shown in Figure 3.2.

Figure 3.2 Geometry of the rail wear sample. All dagiens in mm.
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The wheel sample consists of a 46.2 mm diameter 20 ndm eylinder forming the main body
of the sample. At the end of the sample is a 20 mm d@arsbaft which holds the sample in place in the
twin disc testing machine. The geometry of the wisaatple is shown in Figure 3.3. Both the rail wear

and wheel samples were ground to a maximum surfacémesg of 0.4 m.

20

®46.20

21

Figure 3.3 Geometry of the wheel sample. All dimensim mm.

3.2.2 Wear Twin Disc Testing

Specimens were wear tested using a Wazau rollidgiglitwin disc testing machine at EVRAZ,
Pueblo. A photograph of the machine is shown in feidli4 and a schematic illustrating the significant
components of the equipment is provided in Figure Ba® machine rail wear sample and wheel sample
are oriented with the running surface lying vetticaEach sample is driven by an independent motor.
The motor and drive spindle containing the railcipen, labeled as “Drive 2" in Figure 3.5, are
positioned on guides parallel to the axis of rotatibhe motor and drive spindle can be moved along
ways through the use of a threaded rod to contrsitipning of the rail sample on the wheel sample2 Th
motor and drive spindle containing the wheel specjrtadreled as “Drive 1” in Figure 3.5, are positioned
on guides perpendicular to the axis of rotatiomofmal force is applied by a motor spindle system that
presses a spring and load cell into the wheel dipiedle. Normal displacement is measured through the
use of an optical laser displacement sensor. Tasgjoeeasured on the wheel drive spindle and ustd wi
the wheel radius to determine tangential load betwbe two samples. The tangential load is usdd wit

the normal load from the load cell to calculate tbefficient of traction.
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Figure 3.4 Wazau twin disc testing machine.

ays
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heel Sample
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Figure 3.5 Schematic of the Wazau twin disc testivaghine.

Prior to insertion in the test machine, both the ellaed rail sample were cleaned in an ultrasonic
bath of ethanol for approximately 5 minutes. The sasplere removed and dried by the use of
compressed air. Sample weights were measured usiggal gcale to the nearest 0.0001 g and the

diameters of the samples were measured using a mi@otoghe nearestm.
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The tests were performed using a normal force of Na0Dontact pressures were calculated
using a modulus of elasticity of 207 GPa and a Baisgatio of 0.28 for both the wheel and the rail
samples. The maximum Hertzian stress was calculateel 1800 MPa. Appendix A provides further
details on the calculation of Hertzian contactsses. The Hertzian contact pressure does not acmoun
any frictional forces between the wheel and rédile Tests were performed with the rail sample running a
106 rpm and the wheel running at 100 rpm. The stip v@as 9.83 pct as calculated by

(3.1)

where and represent the surface speeds of the wheel angspiéctively. Using this
equation, the wheel is “driving” and the “rail”’lisaking when the slip ratio is positive.

Wear tests were interrupted at 1,000; 3,000; 6,00(00; 15,000; 20,000 and 25,000 cycles.
Each time the process was interrupted the rail waarple was removed, cleaned in an ultrasonic bath of
ethanol, dried with compressed air, and measured fes arad diameter changes. The running surface of
the wheel specimen was gently cleaned with a wirehbto remove an oxide layer from the surface.
After 10,000 cycles, the samples were repositionethfowear sample to run on a fresh portion of the
wheel sample creating a new wear track. The creafiamnew wear track was performed to prevent the
wheel sample from starting to spall and leadingxitess vibration in the machine. Six samples of each

hypereutectoid steel were tested.

3.2.3 Wear Sample Examination

Profilometry was performed to examine the surfacemoags of the wear samples. Four
locations approximately 90 degrees apart at theecef the running surface were measured. The
profilometry was performed using a 5x objective afvyko NT2000 optical profilometer.

Wear samples were cut with an MSX saw into quariess of the quarters were mounted
transverse to the running surface, and two of tfertgrs were mounted longitudinal to the running
surface. Figure 3.6 shows the orientation of tmgitaidinal and transverse samples. The longitudinal
samples were sectioned on the centerline of thanmgrsurface prior to mounting. The samples were
ground and polished to a smooth surface with a finéishing step of 1 m diamond solution and
examined using a light optical microscope (LOM) witlagnifications from 50x to 1,000x. The samples
were then etched using 4 pct picral (4 grams of@axid in 200mL of ethanol) and reexamined in the
LOM.
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Figure 3.6 Diagram of wear samples (a) sectionedlpboa longitudinal to the running surface
and (b) perpendicular or transverse to the runnimfase. The face of the samples is
shown by the dashed line and the samples are @akerthe direction of the arrow.

The etched samples were also examined using a fi@kb®n scanning electron microscope
(FESEM) to examine finer details that were unreddlvén the LOM. The FESEM was used with a
working distance of 10 mm and an accelerating vel@igh kV.

The transverse samples were repolished using af.@blloidal silica solution in a vibromet
polisher for 4 hours. Nano-indentation was performvét a Hysitron TI-950 Triboindenter.
Nano-indentation was executed on the samples ir2a @wd with 10 m spacing. The grid was centered
in the width of the running surface starting I8 from the surface of the sample. Nano-indentation was
performed using a medium Berkovich tip in displacencentrol where the depth of the indentation was
100 nm.

3.3 Preliminary Rolling-Sliding Contact Fatigue Testing

This section presents the methodology used in thiégnary comparison of the two twin disc
testing RSCF methods observed in literature, a metliibda set number of dry cycles prior to the
application of lubricant referred to a dry-lubriedtand a fully lubricated method.

During the dry-lubricated method, the goal is tdide damage through the high coefficient of
traction, dry cycles before the application of larloant. The application of the lubricant then @gates
the crack by the hydrostatic mechanism discusseddétidh 2.4. The necessary contact pressures are
again relatively low and a cylindrical sample carubed. The goal is to create damage during the dry
cycles, but not necessarily remove it. As a retiudt slip ratio used is less than that used irwibar
testing.

During the fully lubricated method the goal is ttramluce lubrication at the beginning of the test,

limiting the coefficient of traction. With the lindt coefficient of traction, the material does nalengo
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the ratchetting behavior and does not continualuenulate deformation in a single direction, but iadte
enters shakedown. The material is subjected tliccgtresses that cause the initiation and projiag aif
cracks. Literature has shown this method requiigisein contact stresses than the wear tests andythe d
lubricated method. A crowned sample was choseworréasons. First the crowned sample allows the
application of higher contact stresses on the naterthout the fear of buckling from a small cylindiic
contact width. Second, the crowned sample createdliptical contact patch allowing for the necessary
residual stresses to develop for the possibilitglagtic shakedown. The plastic shakedown regime
allows a greater range of testing setups withopeggncing the ratchetting behavior.

3.3.1 Preliminary RSCF Specimen Preparation

The head of the rail was machined down 3.05 mm frantdh of the rail to create a flat surface.
Cylindrical blanks with a diameter of 55 mm extendirigmm down from the head of the rail into the
web of the rail were cut using a vertical CNC milluting in a location and orientation of the samples
similar to the wear samples observed in Figure 3.&.Blanks were then ground to the respective final
specimen geometry of the dry-lubricated wheel sangpielubricated RSCF sample and fully lubricated
RSCF sample as described below. The fully lubricatkdel samples were created from 50.8 mm (2”)
diameter bar stock of 4140 steel. The bars wertmblanks 50.8 mm (2”) long. The blanks were
austentized at 850 °C for 2 hours, quenched irateglt room temperature water and tempered at 315 °C
for 2.5 hours. The fully lubricated wheel samplad la hardness of 50 HRC after tempering.

The final geometry of both the dry-lubricated anlliyflubricated wheels are the same as the
wheels used in the wear tests with geometry shoviaigare 3.3.

The dry-lubricated rail RSCF sample consists of aw® diameter cylinder with a 3.5 mm wide
running surface. The running surface extends fr@8 enm diameter 20 mm wide cylinder forming the
main body of the sample. At the end of the sample2i@ mm diameter shaft which holds the sample in
place in the twin disc testing machine. The geomattie dry-lubricated rail RSCF wear sample is

shown in Figure 3.7.
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Figure 3.7 Geometry of the dry-lubricated rail saenplll dimensions in mm.

The fully lubricated rail RSCF sample consists é9ab mm diameter, 10 mm wide running
surface with a 50 mm radius crown. The running s@ria attached to a 41 mm diameter 10 mm wide
cylinder forming the main body of the sample. At the ef the sample is a 20 mm diameter shaft which
holds the sample in place in the twin disc testinghiree. The geometry of the fully lubricated RSCF

sample is shown in Figure 3.8. The running surfd@l @samples were ground to a maximum surface
roughness of 0.4m.
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Figure 3.8 Geometry of the fully lubricated raihgale. All dimensions in mm.
3.3.2 Preliminary RSCF Twin Disc Testing

All of the preliminary RSCF testing was performedngsihe same Wazau rolling/sliding, twin
disc testing machine described in Section 3.2.2 thighaddition of a micro-pump to precisely apply
lubrication and an eddy current probe to analyaelcpropagation.

For the fully lubricated tests, an industrially é&hle top-of-rail (TOR) friction modifier was
used. The TOR provides a consistent coefficieffiticion as well as good adhesion to the sample

surface. For the dry-lubricated tests water and T¥eRe used as a lubricant.
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The micro-pump was regulated by a control systemdisgensed a given volume at regular time
intervals. The volume was set to 0.015 mL to prowide drop of the TOR per interval.

The eddy current probe is a pencil probe type ampbsitioned in a stand attached to an
adjustable 2-axis camera mount by dovetail groovies.eddy current set up is shown in Figure 3.9. The
probe was centered on the running surface of 8teatel was set to a lift off of 1.940 mm by the use o
gauge block. Eddy current testing was conductedfequency of 300 kHz. The eddy current was
calibrated by the use of a calibration standardehlEhe wheel had a 3.5 mm wide, 45 mm diameter,
cylindrical running surface with 3 sinker EDM nogshcut at 90 ° to the surface. The eddy currenesyst
was calibrated and alarms were set off of the langateh which measured 1.5 mm wide by 1 mm deep.
The eddy current signal was recorded through araepaystem logging maximum peak height during 1 s

intervals.

Eddy Current Prot

Figure 3.9 Photograph of the eddy current probesandip.

For the fully lubricated tests, pressures start&2280 MPa maximum Hertzian contact pressure
(2234 N force) and were increased to 2800 MPa (46@ce) to promote cracking. Slip was initially set
at 1 pct and increased to 20 pct to promote cracKihg tests were initially conducted at a speed of
1,000 rpm, but was lowered to 400 rpm, and then BA0to allow the dissipation of heat and prevent the
TOR from burning off. The drip interval for the fullubricated tests was decreased from 500 s to 60 s t

further help the dissipation of heat.
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For the dry-lubricated tests, a load of 2511 N wsexd to create a maximum Hertzian contact
pressure of 1500 MPa. The tests were performedligi eatio of 1 pct. A 500 dry cycle period was dise
initially and increased to 4,000 dry cycles to préenthie formation of cracks. TOR was initially used a
the lubricant; however, after unsuccessful testsas later changed to water to assist in the draifit
cracks.

Tests with 500 and 4,000 dry cycles at 1500 MPa\performed to examine the initial damage
caused during the dry portion, prior to the additad the fluid lubricant creating hydrostatic pressure

3.3.3 Preliminary RSCF Sample Examination
Profilometry was performed on both the fully lubrie@tand the dry-lubricated samples. The
profilometry was performed by stitching individual aseirements across the entire running surface width.
For metallographic analysis of crack growth, samplese machined to near centerline of the
sample and then ground and polished to centerline.s@mples were ground and polished to a smooth
surface with a final polishing step of in diamond solution. The samples were examined in tHd LO
with magnifications from 50x to 1,000x. The samplesewthen etched using 4 pct picral and reexamined
in the LOM.

3.4 Primary Rolling-Sliding Contact Fatigue Testing

Primary RSCF tests were performed once the fullyidabed method was selected from the
preliminary RSCF study. Reasons for the seleasfdhe fully lubricated method are explained in
Section 4.3. The goal was again to initiate amgbagate cracks without the accumulation of deformation
in a single direction associated with ratchettiggveral contact pressures were tested in an effoditd
curves similar to the S/N curves seen throughowileeand bending fatigue testing. A sharper crown
radius on the samples was necessary to achievégther ftontact stresses within the force capabilfty

the machine.

3.4.1 Primary RSCF Specimen Preparation

Wheels were created from 4140 steel and quencheamgered in the same manner as those used
in the fully lubricated preliminary RSCF as discusseSection 3.3.1 The geometry of the wheel samples
is the same as that used in the wear and prelimR&@F testing and is shown in Figure 3.3. After final
grinding and prior to testing, all of the quencld &ampered wheels were checked for quench cracks by
the use of dye penetrant.

The RSCF rail sample was machined out of the he#tokeafail in a similar fashion to the wear
and preliminary RSCF samples with an orientation shimaFigure 3.10. The RSCF rail sample consists

of a 45 mm diameter, 10 mm wide running surface witb enth radius crown. The running surface is
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attached to a 41 mm diameter 10 mm wide cylinder forrtiiegnain body of the sample. At the end of
the sample is a 20 mm diameter shaft which holds tim@lsain place in the twin disc testing machine.
The sample was ground to a maximum surface roughné&s4 ah. The geometry of the RSCF rail

sample is shown in Figure 3.10.

Figure 3.10 Geometry of the fully lubricated raihgple. All dimensions in mm.

3.4.2 Primary RSCF Twin Disc Testing

Twin disc testing was performed on the same Wazaertdsscribed in Section 3.2.2 with the
micro-pump and eddy current system described in @e8ti3.2. The wheel and rail RSCF samples were
cleaned in an ultrasonic bath of acetone, folloe@n ultrasonic bath of alcohol. The samples were
dried with compressed air and the mass and diametee simples recorded.

Both samples were secured into the Wazau testinginemahd prelubricated with TOR to
prevent any damage occurring from dry cycles. Alihef RSCF testing was performed at a slip rate of
20 pct and a speed of 300 rpm.

The same eddy current system as described in S&8dhwas used with the replacement of the
lift off gauge block. The new gauge block measur&$5 mm. The eddy current system was calibrated
and set to alarm off of the same 1.5 mm wide by 1.0 mep&EDM flaw in the calibration standard.

Tests were performed at maximum contact pressure$08f BIPa (force of 4381 N), 3200 MPa
(3653 N), and 2800 MPa (2457 N) with an individtest of the IH material at 2500 MPa (1742 N) to
extend the S/N curve out to RSCF life cycles contgarto that observed in the hypereutectoid rail. At
the beginning of the test, 5 drops (0.075 mL) of TW@de applied to form a meniscus at the beginning of
the contact patch. After that, 1 drop (0.015 mL) applied every 60 s until the conclusion of the.tes
During testing several of the 0.85 Cu samples fdiled different mechanism causing gouging and a loss
of material at the surface. These tests were oftearapanied by an increase in the coefficient of tractio

The interval between drips was decreased to 20théoremaining 0.85 Cu samples. One sample of each
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of the other materials was tested at 3,000 MPa th@t0 s drip rate to determine if there was a
significant change in RSCF life with the increasdatication.

At the conclusion of the test, the rail sample wasaeed and cleaned in ultrasonic baths of
acetone and alcohol. The sample was dried with casapdeair and the sample’s mass and diameter were
measured. The implementation of other limits was rssogsiuring the RSCF testing in order to ensure
the machine was not damaged in the event a sampietlzhave normally. These limits included force,

torque, and vibration.

3.4.3 Primary RSCF sample Examination

Samples were initially photographed with a digi@hera and were then examined with a digital
microscope. A 3D stitch was constructed acrossahéact patch. The digital microscope focuses
through a range using small steps. At each dtepyicroscope software identifies the portion of the
image that is in focus for that specific focal plahke software then reconstructs the image. Tharuist
between the two shoulders created during the R8&#Y was measured for each sample. The shoulders
are the change in curvature at the edge of thamgrsurface. A radius was then fit to the profiletod
running surface between the shoulders. The distaetvecen the shoulders and the force are used in
calculations of the final contact pressure. An eplenof the 3D stitch and a measurement of the shoulders
can be seen in Figure 3.11. The measurement ohthéders is shown by the blue line from arrow tip to
arrow tip. The corresponding 2D profile is showrFigure 3.12 with the shoulders marked as point C
and D. The shoulders are less pronounced in higthemgth samples subjected to lower contact pressures
In the few cases where a shoulder was indistingbieh the sample was measured between the change in
color observed at the contact patch.

Rail RSCF samples were then machined to near cementid ground and polished to the center
of the running surface with a final polish of in diamond solution. The samples were then examined in
the LOM at magnifications from 50x to 1,000x. Craeleye measured and characterized. The samples
were then etched with 4 pct picral acid and reeranhin the LOM. Finer details were examined in the
FESEM. Vickers microhardness testing was performeld a/P5 g load. The microhardness testing was

initiated 50 m from the surface and tested every 50
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Figure 3.11 Stitch of an RSCF rail sample creatdat widigital microscope. Shoulder to shoulder
measurement is shown by the blue lineoldr image — see PDF copy)
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Figure 3.12 2D profile created with a digital miaope across the line in Figure 3.11.

3.5  Atom Probe Tomography

This section presents the methodology used in thggpation and testing of APT samples. APT
was performed to examine the location of the coppevell as additional strengthening mechanisms and
any wear and RCSF behavioral changes observed.
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3.5.1 APT Specimen Preparation
APT was performed on the 0.07 Cu, 0.38 Cu, and O88ypereutectoid rail in the as rolled

condition. The previous work of Dr. Miller was usasla foundation for sample preparation [43]. The
atom probe tips were produced by sectioning an appedely 1 by 1 by 30 mm section out of the wear
samples. The material used during the creation cétiv@ probe tips is from a location approximately
10 mm from the head of the rail. The specimen wasrelgwtmically thinned using a solution of 25 pct
perchloric acid and 75 pct acidic acid. The acidtorix was suspended in a titanium wire ring and the
specimen was lowered into the center of the ring.J® V DC potential was applied between the sample
and the ring. The acid mixture was replenishedeagssary to keep a bead of acid within the rind unt
the sample separated. The sample was cleaned wittanoétand stored in a desiccator cabinet. The
sample was then milled using a focused ion beam (fiBjoscope to create a sharp tip with less than a

100 nm radius.

3.5.2 Atom Probe Tomography
APT was conducted using a Cameca LEAP 4000x Sirsysthe system temperature was set to
50 K and the cryochamber housing the sample durim¢etst maintained a temperature between 55 and
60 K. The system was run in a laser pulse mode wibkex pulse frequency of 625 kHz and a laser
power of 60 pJ. The voltage was started at 500d/iacreased to maintain a detection rate of 2 gct2i.
ions per 100 pulses. The test was stopped aftermltage reached 9200 V or the ion count reached
60,000,000. One test of the 0.85 Cu material waspstd after approximately 30,000,000 ions because of

a loss of laser power.

3.5.3 Atom Probe Tomography Evaluation

APT data was reconstructed using the Cameca IVA3 8 $bftware with post-processing of the
time-of-flight data based on the applied voltagdifgdor each sample. The time-of-flight data were
converted to mass-to-charge ratio spectrums. The-toadsarge ratio was calibrated using the largest,
most well defined peaks, specifically the peaksteably the'H*, 12C?*, 12C*, 28Si2*, SeFe?, S6Fel+, 3Cur,
and®Cu*isotopes. The peaks were then assigned to the@ptmelemental and complex ions
associated with the appropriate mass-to-charge r&int density reconstructions were created for the
C, Cr, Cu, Fe, Mn, Si, and V elemental ions as agllhe FeO molecular ion.

Isoconcentration surfaces were created for argasavconcentration of greater than
15 atomic pct C to identify the cementite lamell@&ese isoconcentration surfaces take into accdunt a
C containing ions measured, includingahd FeC molecular ions for example. Increasedertnations

of many ions were observed near the centerlineeo$#mple and are a result of increased background
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noise often observed in the center of the sample disoconcentration surfaces apparent in thecent
of the sample as a result of this were removed colstentration surfaces were also created for argégas w
a Cu atomic concentration of greater than 1.5 pbese isoconcentration surfaces were compared with
areas where high amounts of FeO ions were presgmsenting an oxidized portion of the APT tip. Cu
isosurfaces in these areas were removed as théikelyea function of the overlap of E®** and Cu

peaks.

Compositional histograms were created from theelsirgementite isosurface to observe the
segregation of elements with regard to the feoérentite interface. The compositional histogram
averages the composition of the elements at distabho#sinto and out of the isoconcentration surfate, a
a direction that is normal to the surface. Datdn\gss than 50,000 ion counts were removed from the set
to improve reliability with the very small conceaion of Cu within the cementite (~0.04 at pct ia th
0.07 wt pct Cu sample). Compositional histogrameevedso created for the 1.5 pct Cu isosurfaces using
all of the isosurfaces that were complete and nwoictited at the edge of the sample. Due to the small
size of the Cu clusters, there are few ion couritisinvthe Cu clusters. Data with less than 200doants
were removed. As a result of the lower threshotdlfda validity, the compositional histograms about
the 1.5 atomic pct Cu isosurfaces will not haveabeuracy associated with the compositional histograms

about the 15 pct C isosurfaces.
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CHAPTER 4: RESULTS AND DISCUSSION
This chapter presents and discusses the reslihlis afear testing, preliminary RSCF testing,
primary RSCF testing, and atom probe examinatiores&hmesults are related to previous wear studies,
RSCEF studies, and Eavenson’s extensive study opréperties of the as manufactured rail [7] discussed

in the literature review section.

4.1 Wear Testing

During the wear test, material from the surfacedayéost, and this can be measured by both the
mass and diameter reduction of the sample. Figurshd/s the mass loss during the wear testing for
one of the 0.85 Cu samples. The mass loss is igitiggh during the first 1,000 cycles, then reaches a
steady state and becomes linear with number of cyChesnon-linear portion is referred to as the run-in
period. Upon close inspection, a slight increaseear rate can be seen at the 10,000 cycle maHeas t
wear sample is moved from one wear track to anothéei@sled in Section 3.2.2. The change in wear
rate may be related to a slight hardness increafeiportion of the wheel sample used during theQD,
to 25,000 cycles portion as a result of a hardgesdient created during the head hardening porfidineo
manufacturing process. Figure 4.2 shows the diantsifor one of the 0.85 Cu materials during a wear
test. The change in diameter showed a similar higdr wate during the first 1,000 cycles, followed by a
linear wear rate. A large decrease in the diametgidcalso be seen at the 10,000 cycle mark. This is
likely a result of the wear sample slowly developingonvex running surface and the wheel slowly
developing a concave running track during the fiGs000 cycles; both the convex and concave surfaces
were easily visible. Then the wear sample is mouvealftesh wear track on the wheel that is flat,
accelerating the change in diameter at the ceftbecsample. The data from the change in mass is more
linear and provides an easier comparison of the maéger

The 1,000 cycle run-in period was subtracted froend&ita and the steady state wear rates were
compared. Linear wear rates were calculated fof 1p@0 to 10,000 cycle period, 10,000 to 25,000eycl
period and the 1,000 to 25,000 cycle period udiegstope of a linear regression applied over eaang
range. The results are displayed in Table 4.agaWith the standard deviation calculated from each
slope. The mass loss after the 1,000 cycle ruri-theothree hypereutectoid rail steels is shown in
Figure 4.3. A magnified graph highlighting the 2@MA@6 25,000 cycle range is shown in Figure 4.4
allowing the small difference in wear rate to be measily observed. A small decrease in the wear rate

was observed with increasing copper content fohthpereutectoid rail steels.
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Figure 4.1 Mass loss during wear testing of a @8%ample.
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Figure 4.2 Diameter loss during wear testing of & @8 sample.
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Table 4.1 Average Wear Rates

Average Wear Rate  Average Wear Rate  Average Wear Rate

Alloy 1,000-10,000 cycles, 10,000-25,000 cycles, 1,000-25,000 cycles,
g/cycle g/cycle g/cycle
0.07 Cu 13.8 + 0.67 16.3+0.89 15.3+0.81
0.38 Cu 13.7+ 0.96 15.9 £ 1.37 15.0 £ 0.98
0.85 Cu 13.4+£0.71 15.4+0.40 14.6 + 0.36
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Figure 4.3 Mass loss during wear testing afterdt@0 cycle run in period for each of the

hypereutectoid rail chemistries. Six replicates viested per chemistry. Error bars
indicate one standard deviation.
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Figure 4.4 Mass loss during wear testing afterlt@€0 cycle run in period for each of the

hypereutectoid rail chemistries over the range g®@0to 25,000 cycles. Error bars
indicate one standard deviation.

An example of the running surface after 25,000 gideshown in the photograph in Figure 4.5.
Examination of the wear samples after testing sholagriaished appearance on the running surface of all

the samples.

Figure 4.5 Photgrph' of a0.85 Cu sample after pI of aar tst.
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A closer examination of the running surface usingiSEhown in Figure 4.6, shows small cracks

running perpendicular to the running direction vehiire material appears to be smeared over the rest of

the material.

Figure 4.6 Secondary electron image of the cemerdf t rnning surface of a 0.85 Cu wear

sample. Running surface runs horizontally.

Upon sectioning the sample, small cracks could bergbd running at a shallow angle, as shown

in Figure 4.7, approximately 10° to the surfacehefwear sample. The cracks extended into the sample

to a depth of approximately 25-5@n.

Figure 4.7 LOM micrograph of a 0.85 Cu wear sampierafompletion of the full 25,000 cycles
sectioned parallel to the running surface, as petish

After the samples were etched, as shown in Fig@&éo#.a 0.07 Cu wear sample sectioned
parallel to the running surface, a deformed regmrdabe easily observed near the surface. The
deformed area extends approximately 160into the sample. The majority of the deformation rimre
single direction. However, a few small areas vemyrie the surface, approximately 18, show

deformation lines contrary to the rest of the malkefihis can be seen in the micrograph displayed in
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Figure 4.9. Figure 4.9 has the same orientatiohasiicrograph shown in Figure 4.8. Deformation near
the surface on the right-hand side of the micrograpls contrary to the rest of the material and istmo
likely a result of uneven deformation after smalkéla or plates break away from the surface. A closer
examination of the microstructure using FESEM is shawFigure 4.10 and Figure 4.11 at 1 mm away
from the running surface of the wear sample. At 1 mmayafrom the surface, the material did not exhibit
deformation as observed near the surface and retsilasnellar structure that was present in the Bsdo
and head hardened rail. An FESEM micrograph of #ferched area, taken 5@n from the surface of the
0.85 Cu material is shown in Figure 4.12. The defarmegion consists of areas with elongated lamellae
and areas of deformed and broken lamellae. Figd®shows a high magnification FESEM micrograph
of the elongated lamellae, and Figure 4.14 showglarhagnification FESEM micrograph of the
deformed and broken lamellae. Similar deformation vieerved in all three of the hypereutectoid rail
steels. Figure 4.15 shows the deformed region i01é Cu material, and Figure 4.16 shows the
deformed region in the 0.38 Cu material. All of tHeESEM micrographs of the wear samples have an

orientation the same as that in Figure 4.8.

50 £

Figure 4.8 LOM micrograph of a 0.07 Cu wear sampieraompletion of the full 25,000 cycles
sectioned parallel to the running surface. Etchigd @vpct nital.
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Figure 4.9 Light optical micrograph of a wear sangdléhe 0.38 Cu material after completion of
the full 25,000 cycles showing non-unidirectionaai.

Figure 4.10 FESEM micrograph of the 0.85 pct Cu veaanple after completion of the full 25,000
cycles approximately 1 mm from the running surfacghed with 4 pct picral solution.
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Figure 4.11 FESEM micrograph of the 0.85 pct Cu veaanple after completion of the full 25,000
cycles approximately 1 mm from the running surfacghed with 4 pct picral solution.
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Figure 4.12 FESEM micrograph of the 0.85 pct Cu vgaanple after completion of the full 25,000
cycles approximately 50m from the running surface, etched with 4 pct picral
solution.
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Figure 4.13 FESEM micrograph of the 0.85 pct Cu veaanple after completion of the full 25,000
cycles approximately 50m from the running surface, etched with 4 pct pisadiition
showing a portion of elongated and unbroken cereelatinellae.
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Figure 4.14 FESEM micrograph of the 0.85 pct Cu veaanple after completion of the full 25,000
cycles approximately 50m from the running surface, etched with 4 pct picral
solution.
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Figure 4.15 FESEM micrograph of the 0.07 pct Cu veaanple after completion of the full 25,000
cycles approximately 50m from the running surface, etched with 4 pct picral
solution.

Figure 4.16 FESEM micrograph of the 0.38 pct Cu veaanple after completion of the full 25,000
cycles approximately 50m from the running surface, etched with 4 pct picral
solution.
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Figure 4.17 shows the results of nano-hardnessdgstrformed on the wear samples as a

function of depth from the running surface, andré®ults show an increase in hardness near the surfac

of all wear samples. The increase in hardnessasudtrof strain hardening of the material as the nadteri

near the surface is deformed. The base hardnessfesayhe surface is similar for all three of the

chemistries. However, there may be an increaseeihdhdness near the surface with increasing copper

content. The spread on the hardness values isitlag@mparison to the differences observed between
copper contents. It was not possible to diffeaatihe hardness values with respect to the defoamed
broken bands of lamellae observed with the SEM.
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distance from the running surface. Symbols repreberdverage and the error bars
represent one standard deviation.
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An optical profilometry contour plot is shown ingeire 4.18 for the 0.07 Cu, in Figure 4.19 for
the 0.38 Cu, and in Figure 4.20 for the 0.85 Calsteptical profilometry of the wear samples shows
fragments or slivers missing from the running surfafcall investigated samples. The average surface
roughness, Rand maximum peak to valley measurementsaiR displayed in Figure 4.21. The

roughness of the wear samples is comparable ac®d#srée hypereutectoid rail steels.

Figure 4.18 Optical profilometry measurements wittadaljusted for curvature and tilt on a
0.07 wt pct Cu wear sample after 25,000 cycleslof image — see PDF copy)

Figure 4.19 Optical profilometry measurements wittadaljusted for curvature and tilt on a
0.38 wt pct Cu wear sample after 25,000 cycleslof image — see PDF copy)
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Figure 4.20 Optical profilometry measurements wittadaljusted for curvature and tilt on a
0.85 wt pct Cu wear sample after 25,000 cyclesiof image — see PDF copy)
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Figure 4.21  Surface roughness measurements obtained by optafdbpretry on the wear samples

the various alloys. Awvage surface roughness measurements, Ra, are dispiaigg anc
maximum peak-to-valley measurements, Rt, are display@d). Error bars represent
one standard deviation with the average showrvader bar.
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In summary, increased Cu content improved the wesastance of the rail steels. All of the steels
showed similar surface topography, surface deformatind work hardening characteristics as a result of

wear testing.

4.2 Preliminary Rolling-Sliding Contact Fatigue Testing

This section presents the results for the prelinyif8CF testing of the 0.38 Cu hypereutectoid
rail and an IH rail. The preliminary RSCF testings performed to examine two types of RSCF testing
observed in literature. The first test method wdsydubricated type where damage was thought to
initiate during the dry cycles before being introdd to a liquid lubricant that decreases wear and
propagates the cracks through hydrostatic mecharitsensyclic manner as described in Section 2.4.
The second method was a fully lubricated type wivétiation and propagation occur under the same
TOR lubricated conditions as discussed in Secti@n Fhe results of the two preliminary RSCF tests

were used to determine a method for use duringrineapy RSCF testing.

42.1 Dry-Lubricated Preliminary RCSF Testing

The first portion of the preliminary RSCF testingsaadry-lubricated method. Samples of the
0.38 Cu hypereutectoid rail and a sample of therimeeliate hardness rail were tested unlubricated for a
duration of 480 and 4,000 cycles to examine the damegated during the dry portion of the testinge Th
surfaces of the 0.38 Cu hypereutectoid samples 48@and 4,000 dry cycles are shown in Figure 4.22
and the surface of the intermediate hardness fééis480 and 4,000 dry cycles are shown in Figue84
The surface of all the samples have a rough appearahere material appears to be pressed over the top
of the main body of material. In both materials,sheples subjected to 4,000 dry cycles showed
substantially more damage. There was little diffeecbetween the IH and 0.38 Cu hypereutectoid steel
between samples with 480 dry cycles. At 4,000 gofes the IH material appeared to have larger and
more pronounced edges of the cracks than the 0.38IGusignifies that there may be slightly more
damage created during the dry cycles on the IH nadtinan the 0.38 Cu hypereutectoid material.

After sectioning the material to the center linghaf running surface and polishing, the depth of
the cracks could easily be observed. MicrographbefH samples are shown in Figure 4.24, and
micrographs of the 0.38 Cu samples are shown in €iga5. For both materials, the cracks were small,
with a depth of approximately 5n, for the samples ran for 480 cycles. After 4,00€les/both materials
displayed much greater damage. Cracks extend iatedaimple to a depth of approximately 100 to
200 m. The damage is similar between the two materiatswthey are subjected to the same amount of
dry cycles. Etched micrographs for the IH matenialgshown in Figure 4.26 and for the 0.38 Cu material

are shown in Figure 4.27. Heavy deformation was mesenear the surface of the samples.
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(@) (b)

Figure 4.22 ESEM micrographs of the surface of thenHibricated RSCF samples after 480 (a) and
4,000 (b) dry cycles. Running surfaces are aligrextcally.

@) (b)

Figure 4.23 ESEM micrographs of the surface of tB8 Cu unlubricated RSCF samples after 480
(a) and 4,000 (b) dry cycles. Running surfacesabigaed vertically,
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(b)

(€)

Figure 4.24 LOM micrographs of the IH sample afted 48 (low magnification) (b) (high
magnification) and 4,000 (c) dry cycles, as polished
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(@)

(b)

(©)

Figure 4.25 LOM micrographs of the 0.38 Cu sampleraf80 (a) (low magnification) (b) (high
magnification) and 4,000 (c) dry cycles, as polished
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(a) (b)
Figure 4.26 LOM micrographs of etched IH samples &8® (a) and 4,000 (b) dry cycles.

(a) (b)
Figure 4.27 LOM micrographs of etched 0.38 Cu samgifies 480 (a) and 4,000 (b) dry cycles.

Figure 4.28 shows the location of the 0.38 Cu &htkbkt conditions on the shakedown diagram
for the dry cycles. Both materials are within th&chetting portion of the diagram. The shakedown

diagram suggests the accumulation of deformation asobyserved.
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Figure 4.28 Location of the IH and 0.38 Cu testditons on the shakedown diagram for the dry
cycles of the preliminary dry-lubricated RSCF tegti
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After the initiation of damage and cracks with timg dycles, lubrication was added to the
samples. The application of lubricant was introduiereduce friction and wear as well as provide a
medium to propagate cracks through the hydrostatihbiamesm discussed in the literature review
Section 2.4 and shown in Figure 2.20. Figure 48\ the location on the shakedown diagram for the
0.38 Cu and IH conditions for the dry and TOR loated cycles. Figure 4.29 shows that as the TOR
lubricant is added, the materials move out of thehigtting region and into the elastic shakedownoregi

The material should no longer continue to accumwafermation in the same way the wear testing did.
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Figure 4.29 Location of the IH and 0.38 Cu testdittmns on the shakedown diagram for the dry
(right) and TOR lubricated cycles (left) of the lpreénary dry-lubricated RSCF testing.
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A 500 cycle dry segment was chosen for the iniéatd as small cracks were observed in the
comparable 480 cycle sample. The majority of thelkclkangth would be created through the cyclic
hydrostatic mechanism that lies at the heart ofgbision of the preliminary RSCF study once
lubrication is applied. Initial tests were performeith TOR as the lubricant after the 500 dry cycle.
However, these tests were unable to generate iguifficracks to be observed with the eddy currertigro
in the 50,000 cycle time frame that was seen irglitee. The number of dry cycles was increased to
1,000, then to 2,000, and then 4,000 while stitlereating significant cracks to trigger the eddyrent
gate. The lubricant was then switched to watetemmniaintaining the 4,000 cycle dry period. Figurgd4
shows the location on the shakedown diagram fo01B& Cu and IH conditions for the dry and water
lubricated cycles. Lubrication with water moves thaterial into the elastic shakedown portion of the
diagram similarly to the TOR, however the resulttheftest were very different. With the applicatan
water, the samples ran under the lubricated comditicen suddenly the surface of the sample broke awa
leaving a rough exterior on the sample. A photogi@the dry-lubricated test samples after the test i
shown in Figure 4.31. The photograph shows thelr@augface apparent after the spalling of the material.
The metallic flakes caused a spike in the eddyecuinreading and tripped the oscilloscope gate.

A graph of the coefficient of traction for the dapd water lubricated portion is shown in
Figure 4.32. During the dry-lubricated testings toefficient of traction starts off very high dugithe
dry portion, above 0.5. After the first 500 or seles at force, the coefficient of traction decesa
around 0.45 while still not using lubricant. Theedemse may be caused by the creation of third body

particles or the conformance of local asperities.
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Figure 4.30 Location of the IH and 0.38 Cu testditbons on the shakedown diagram for the dry
(right) and water lubricated cycles (left) of thelpminary dry-lubricated RSCF testing.
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Figure 4.31 Photograph of the running surface @88 Cu dry-lubricated sample using water during
the lubricated portion.

O.E T I T I T I T I T

0.5 o —
c Application of Water
2 - ! .
g
= 0.4f -
5 | 1
=
(0]
© 0.3 -
T
o - -
&)

0.2 -

\ -

0. 1 1 l 1 l 1 l 1 l 1
0 2000 4000 6000 8000 1000(
Cycles

Figure 4.32 Coefficient of traction as a functidrcycles for a 0.38 Cu preliminary RSCF dry-
lubricated tests.

After sectioning the samples to the center line, ogiaphs revealed the cracks initially formed
during the dry cycles, extended into the sampledahged direction. The cracks initially ran at eyve
shallow angle; however, after completion of the, it cracks ran at a steep angle at the surfaoeebef
curving and running in the opposite direction. A ragnaph of the dry lubricated samples after tessng i

shown in Figure 4.33.

65



Figure 4.33 LOM micrograph of a 0.38 Cu dry-lubrathsample using water during the lubricated
portion.

The results of the preliminary dry-lubricated RSE§ting are shown in Figure 4.34 for the tests
with 4,000 dry cycles and using water as the l@#micThe number of cycles to failure includes tia®a,
initial dry cycles. The 0.38 Cu material displayedter RSCF resistance during the dry-lubricated
preliminary RSCF testing.

g
i - IHO @ 0.38Cu -
o

100 1 | 1 | 1 | 1
0 4000 8000 12000

Nf (Number of Cycles to Failure)

Figure 4.34 Maximum Hertzian contact pressure asetifon of number of cycles to failure,
including the 4,000 dry cycles, during the prelinmindry-lubricated testing.
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4.2.2 Fully Lubricated Preliminary RCSF Testing

Initial tests were performed using TOR as a lubtiearder a 1 pct slip and 2200 MPa. The 2200
MPa was estimated from Clayton and Su’s data shawigure 2.23 and the calculated shear yield
strength of the 0.38 Cu steel. After the initiatsedid not produce RSCF cracks using 500,000 sydea
runout limit, the contact pressure was increasétb@ and then 2800 MPa. Even at 2800 MPa, the
system was not able to initiate and grow cracksigger the eddy current gate. The slip ratio wasth
increased to 20 pct as seen in a similar study framuvhotcet al. [39]. Once the slip ratio was
increased, the contact patch turned to a blue/puqbr indicating an increase in temperature. The
increase in temperature caused the TOR to burmdftlze coefficient of traction to increase causing
severe surface damage. The speed of the testinglavasd to 400 and then 300 rpm and the drip interval
decreased from 500 s to 60 s to help dissipatedaedneated through the plastic deformation.

Once the surface heat was dissipated at a rataltbated the TOR to maintain its lubricating
characteristics, the test showed little to no vezat created large surface breaking cracks that @ésten
into the samples far enough to trigger the eddyeciigate.

Two samples of each of the IH and 0.38 Cu materiaéwen at the final 20 pct slip and
2800 MPa settings. The surface of an IH, fully loated sample is shown in Figure 4.35, and the sairfac
of a 0.38 Cu, fully lubricated sample is shown igu¥e 4.36. Each of the samples showed a dark band
along the running surface as a result of the hea¢i@tion. A large surface breaking crack careea in
the center of Figure 4.35. The results of the tastsshown graphically in Figure 4.37 and tabulated
Table 4.2. The 0.38 Cu material had a longer RSfeRHan the IH material.

Figure 4.35 Fully TOR lubricated preliminary RSClmngde of the IH material after testing.

Figure 4.36 Fully TOR lubricated preliminary RSClmngde of the 0.38 Cu material after testing.
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Figure 4.37 Maximum Hertzian contact pressure asetifon of number of cycles to failure during
the preliminary TOR fully lubricated testing.

Table 4.2 Fully Lubricated Preliminary RSCF Results
Alloy Initial Po (MPa) N R‘\J,Cirgt”hg(fn‘i:)ace Estimated Conformal @MPa)
0.38-Cu 2,800 484,447 3.2 2,618
0.38-Cu 2,800 378,459 3.3 2,597
IH-PRSCF 2,800 119,873 3.8 2,394
IH-PRSCF 2,800 120,976 3.8 2,387

The high contact pressures caused the rail samplenform to the harder wheel surrogate. The
plastic deformation at the surface of the samplegéd the sample geometry as evidenced by optical
profilometry performed on the samples. Figure 4.38wsha 2D optical profilometer profile from one of
the IH fully lubricated preliminary RSCF sampleseTprofile shows a change from the 50 mm crown at
the contact area. The contact area is flatter shtbulders at the edge. The distance between these
shoulders was measured for each of the samplesitluth® final settings and the results are displaged
Table 4.2. The contact width was larger for thenigterial. This is to be expected as the materisofier
and should deform to a greater extent. However,usecthe materials deformed differently during the
test, the materials were subjected to differentadnistl contact pressures during testing. The lcadpte
diameters, and flat surface of the wheel were kepstant while the crown radius of the rail sample was

varied until the measured contact width and caledlabntact widths were the same. The calculated
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pressure is labeled as the conformal contact pressut is listed in Table 4.2. The 0.38 Cu rail bithd
a longer RSCF life than the softer IH material etr@ugh it was subjected to a higher sustained cbntac

pressure.

Figure 4.38 2D profilometry data for an IH preliraiy fully lubricated RSCF sample.

In summary, both RSCF testing methodologies wereldapd distinguishing between the IH rail

and 0.38 Cu hypereutectoid rail.

4.3 Primary Rolling-Sliding Contact Fatigue Testing

The fully lubricated method using TOR as a lubrioaas chosen for the primary RSCF testing
with the three levels of copper in the hypereutéctail for a few reasons. First, if any effects whre
arise from the precipitation of copper, it wouldrhere likely to appear in the fully lubricated testsere
subsurface deformation occurs and subsurface nigridatpossible. Subsurface initiated defects have
been shown to stem from non-metallic inclusions @salt of differences in moduli. Large copper
precipitates may act similar in lubricated tests.dBdcthe fully lubricated preliminary tests creategda
RSCF cracks on a smooth surface that are easilyleiahd examinable after the test. Third, the
preliminary testing of the fully lubricated samps®wed a greater separation between the IH and 0.38
Cu materials than the dry-lubricated tests.

The tests were run to failure or a 1,000,000 cyateut as described in the Experimental
Procedure section. The results are shown in Figl8@ as RSCF life or number of cycles to failure
versus the calculated maximum Hertzian contact presBuifor the initial geometry. The data are shown
with the pressure plotted on the Y axis and the rerrobcycles to failure on the X axis as is custoitin w

plotting fatigue testing data.
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The data show a general increase in RSCF life frmiH material to the hypereutectoid rail.
The data also shows an increase in RSCF life withelasing copper content of the hypereutectoid rail.
However, some overlap in the data exists.

Measurements for the contact widths show an incrieasentact width with increasing contact
pressure and decreasing strength of the materialc®htact widths are shown for the different materials
in Figure 4.40 along with the calculated contaditivifor purely elastic deformation. The contact Wit
calculated using the method described in AppendixrAall cases the contact width is greater than th
expected width for purely elastic deformation indiiog that plastic flow occurred and the contact

pressure experienced by the sample is less thanitia calculated value.

Figure 4.39 RSCEF life as a function of initial maxim contact pressureg.Ahe IH material is
depicted by grey circles, the 0.07 Cu by red triesghe 0.38 Cu by green squares, and
the 0.85 Cu by blue diamonds. 1,000,000 cycle ruisodépicted by an arrow. 1 sample
of 0.85 Cu and 2 samples of 0.38 Cu achieved ruaio2800 MPa and are superimposed
on the graph.golor image — see PDF copy)
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Figure 4.40 Contact patch width as a function dfahcontact pressure for the different materials.
The IH material is depicted by grey circles, the7QQl by red triangles, the 0.38 Cu by
green squares, and the 0.85 Cu by blue diamooadlsr (image — see PDF copy)

The conformal contact pressures were calculateddon sample as described earlier to
determine the contact pressure the samples wejectedh to after the plastic deformation occurs.irdet
lapse video was used to verify that the plastiodeétion and increased contact width occur earlén t
test. Still frames from the video are shown in Figul for the IH tested at 3400 MPa. The time lapse
shows the widening of the contact width within finst 10,000 cycles. The time lapse video also show
the darkening of the running surface as heat buid®ith further cycles. The conformal contact
pressure may therefor better represent the contassyre the material is subjected to for the majofity
the test. The RSCF fatigue life is plotted agaihstconformal contact pressure in Figure 4.42. Ginee
plastic deformation is accounted for, the same patitmcreasing RSCF life of the hypereutectoid ralil
compared to the IH rail and increasing RSCF lifehiriicreasing copper content of the hypereutectald r
appears. The difference between the IH and therbypectoid rail is more clear as the lower strength IH
material experienced a lower sustained conformalambipressure albeit some overlap between the

materials still exists.
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(a) ~ 0 Load Applied (b) ~ % of Load Applied

(c) Full load ~ 0 cycles (d) ~1,000 Cycles
(e) ~ 5,000 cycles ® ~ 10,000 Cycles
(9) ~25,000 Cycles (h)  ~45,000 Cycles
Figure 4.41 Still frames from a time lapse video ef phimary RSCF testing dfie IH material teste
at 3,400 MPa.
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Figure 4.42 RSCEF life as a function of conformal maxin contact pressureg Bnormar The IH
material is depicted by grey circles, the 0.07 Cudajtriangles, the 0.38 Cu by green
squares, and the 0.85 Cu by blue diamonds. 1,00@yae runout is depicted by an
arrow. €olor image — see PDF copy)

The results were normalized by the shear yield gtheof the different materials and the obtained
values are shown in Figure 4.43. The results formareower band similar to those seen in the study by
Clayton and Su [28], however their study, showniguFe 2.23, shows similar RSCF lives at much lower
contact pressures. They used a sample without aneidvadius and their cylindrical samples would
result in far less change in sustained contacspresas a result of plastic deformation. Normalizirey
conformal contact pressure would be a better congrattsthis prior work. The RSCF life is plotted
against the normalized conformal contact pressukéguare 4.44. After normalizing the conformal
contact pressures by the shear yield strengthethdts show a greater decrease in RSCF life with
increasing pressure than observed in the initiaiadized pressure results. However, the normalized
conformal contact pressure results still show adoRSCF life for a given normalized pressure thah tha
of Clayton and Su [28]. This is likely a result tifht differences in the testing design. The first
difference is the use of TOR as the lubricant comgbam water. The TOR has a coefficient of traction of
approximately 0.1 while water has a coefficientrattion of approximately 0.15. The second key
difference is the use of crowned samples allowirgstimples to enter the plastic shakedown portion of

the shakedown diagram in comparison to cylindrieahgles that enter the ratchetting regime.
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Figure 4.43 RSCEF life as a function of maximum conpaessure normalized by the shear yield
strength of the material. 1,000,000 cycle runouateigicted by arrows.
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Figure 4.44 RSCEF life as a function of maximum confaroontact pressure normalized by the shear
yield strength of the material. 1,000,000 cycle uitris depicted by arrows.
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As previously mentioned, most of the 0.85 Cu mateverke tested with a decreased drip interval
to prevent the TOR from burning off, increasing toefficient of traction and gouging the surface. One
sample of each of the other materials was testedthatidecreased drip interval at a contact pressure of
3,000 MPa. The samples using the lower drip intesvalshown with closed symbols in Figure 4.45.
There does not appear to be a beneficial resporisereasing the lubrication beyond that necessary t
maintain a thin film and low coefficient of tractioh seems that the 0.85 Cu material needs the inaease

lubrication as a result of increased heat builduing the cyclic deformation that occurred.
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Figure 4.45 RSCEF life as a function of conformal maxm contact pressure. The IH material is
depicted by grey circles, the 0.07 Cu by red tresigthe 0.38 Cu by green squares, and
the 0.85 Cu by blue diamonds. Closed symbols représsting performed with a 20 s
drip interval. 1,000,000 cycle runout is depictgdaln arrow. ¢olor image — see PDF

copy)

Examination of the rail RSCF samples’ surfaces shoaks running across the contact width.
The surface of one of the 0.07 Cu samples is shovdigure 4.46. The contact area shows the dark band
running across the sample as was observed durirfgltéubricated preliminary RSCF testing. Again,

the samples show little to no wear.
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Figure 4.46 Photograph of the contact area of a G sample tested at 3200 MPa Hertzian contact
pressure.

After sectioning the samples, several cracks caseba extending from the surface into the
sample. An example of the small cracks is showngute 4.47. The majority of cracks are small, surface
breaking cracks and run at an angle of approximdtglgiegrees to the surface of the sample. Alonky wit
the small cracks, less frequent larger cracks wieserved as displayed in Figure 4.48, and a shiét to
shallower angle can often be seen in longer cratksdepth of approximately 200-306. Large cracks
were also frequently observed branching back tetintace of the sample allowing material to break off
during the sectioning process. A few subsurfaceksravere observed in the material as shown in
Figure 4.49. However, subsurface cracks were rataray be a portion of a crack that initiated at the
surface off plane of that observed in the microgr&lrface initiated cracks were unexpected with the

low coefficient of traction suggesting maximum sh&taesses below the surface.

Figure 4.47 LOM micrograph of small surface brealdragcks in a 0.07 Cu RSCF sample.
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Figure 4.48 LOM micrograph of large surface breakiracks in a 0.07 Cu RSCF sample.

Figure 4.49 LOM micrograph of non-surface breakirarks in a 0.07 Cu RSCF sample.

The length and depth of the cracks were measuradfmus samples and, histograms for
contact pressures of 2800 MPa, 3200 MPa, and 3428 &fe shown in Figure 4.50 comparing the
average number of cracks observed at given len@ittes2800 MPa samples showed a larger quantity of
small cracks than the samples subjected to highé¢aciopressures. The 3200 MPa samples showed a
larger quantity of small cracks than the 3400 MRames. It is unclear why the higher contact forces
created fewer small cracks. Histograms for the 286@, 3200 MPa, and 3400 MPa contact pressures
are shown in Figure 4.51 comparing the average nuofl@acks observed at given angles to the surface.
The average crack angle measured was 43.6° foi8@ KMPa samples, 42.1° for the 3200 MPa samples,
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and 44.8° for the 3400 MPa samples. No clear trarate observed in the crack angles as a function of

contact pressure.
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Figure 4.51 Histograms of the crack angle of RSChpes for 2800 MPa contact pressure (a), 3200
MPa contact pressure (b), and 3400 MPa contacsyregc) for all rail steels.

A histogram for each of the materials is shown guFé 4.52 comparing the average number of
cracks observed at given lengths. The number ofl smealks observed decreases with increasing copper
content and strength of the hypereutectoid rail nedse However, the weakest IH material produced few
small cracks. The correlation between the numbematdlscracks observed and the material type is not
well understood. A histogram for each of the matsiimkshown in Figure 4.53 comparing the average
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number of cracks observed at given angles to tifacg The average crack angle measured was 39.6 for
the IH samples, 42.5° for the 0.07 Cu samples, 4érahe 0.38 Cu samples and 45.9° for the 0.85 Cu

samples. It appears that the angle of the crackases with increasing strength of the material.
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Figure 4.53 Histograms of the angle of RSCF cracksghie IH (a), 0.07 Cu (b), 0.38 Cu (c), and 0.85
Cu (d) materials for 2800, 3200, and 3400 MPa comassures.

Figure 4.54 shows an etched micrograph of one ofHHRSCF samples after testing. A small
narrow band of deformation can be seen at the sudhthe sample running below the surface to a depth
of approximately 10 m. Below this band is an undeformed area, and fudhlesurface, another band of
deformed material can be observed. Figure 4.55ihigis| the different areas of deformation observed.

However, the material in the subsurface deformatiowl lzppears different from the deformed material
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seen during the wear testing. The material in tharwamples had a defined flow direction. The
subsurface deformation in the RSCF samples showslilesgionality. This is to be expected from the
closed hysteresis loop that occurs after a small abmfunitial plastic deformation in the plastic
shakedown regime. The closed hysteresis loop wipdrt deformation and changes in the
microstructure that would create the differencestahing response observed. Although, without the
accumulation of deformation in one direction, thenmstructural constituents will not elongate to the
high aspect ratio elements that were observed astidmal in the wear samples.

After etching, the change in direction of the créckevealed to occur at the subsurface band of
deformation. It is not clear why the crack behaviéierntly in this band.

Figure 4.54 LOM micrograph of the IH RSCF samplec@sit 3200 MPa etched with picral.

Figure 4.55 LOM micrograph of the IH RSCF sampleg@stt 3200 MPa etched with picral with the
different regions of deformation displayed.

82



The etched RSCF samples were examined more closélyheituse of an FESEM. Figure 4.56
shows an LOM micrograph of the etched 0.38 Cu RSDipte tested at 3400 MPa with the approximate
location of several FESEM micrographs taken from shaimple shown in later figures. Figure 4.57 shows
a micrograph taken 10m from the surface in the surface deformation bdndhis band, the pearlite
lamellae bend and start to run parallel to the sert# the material, which would be along the top of
Figure 4.57. At a depth of 50n, as shown in Figure 4.58, there is no observadfierchation or change
to the microstructure. At a depth of 106, as shown in Figure 4.59, the pearlite appears todinly
lamellar but a few areas that may contain a small atafuseformed pearlite where the lamellae are not
as straight as those observed in the undeformedialatetra depth of 200m, as shown in Figure 4.60,
the pearlite appears heavily deformed with most efpiarlite lamellae being curved or fractured. At a
depth of 300 m, as shown in Figure 4.61, some of the pearlite lamealre curved and fractured
signaling some deformation occurred, however therdedtion at 300 m appears to be less than that at
200 m. At a 500 m depth, as shown in Figure 4.62, the pearlite agjrears undeformed. The pearlite
lamellae are straight as expected in the hot rgiteduct. Figure 4.63 shows a micrograph of a sample of
the 0.85 Cu material tested at 2800 MPa. Thisdstiongest material tested at one of the lowesacbnt
pressures. While the microstructure does appearrdeth it does not appear to have as much

deformation as the microstructure of Figure 4.60.

Figure 4.57 |
Figure 4.58 =
|
Figure 4.59 o
Figure 4.60 =]
Figure 4.61 =]
500 m - Figure 4.62 o

Figure 4.56 LOM micrograph of the 0.38 Cu RSCF sampsted at 3400 MPa etched with picral.
The approximate location of the following FESEM imagee marked.
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Figure 4.57 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 10n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56

Figure 4.58 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 5am from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56
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Figure 4.59 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 100n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56

Figure 4.60 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 200n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56
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Figure 4.61 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 300n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56

Figure 4.62 FESEM micrograph of the 0.38 Cu, 340@GNRSCF sample etched with picral. The
center is approximately 500n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56
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Figure 4.63 FESEM micrograph of the 0.85 Cu, 280&NRSCF sample etched with picral. The
center is approximately 200n from the running surface. Micrograph orientatiothis
same as shown in Figure 4.56

Microhardness testing was performed on one RSCF sanfijglach alloy tested at 3200 MPa. The
hardness data are shown in Figure 4.64 as a funatidepth from the surface. The results contain some
scatter as the result of the small force required@asuring material close to the surface of the sample.
The hardness increased away from the surface umexanum at approximately 200-30éh away from
the surface. After this the hardness decreasehddiuaway from the surface until leveling out at
approximately 500 m. The microhardness was not able to test matertakiisurface deformation band,
but beyond that the hardness data correlates vithlithhe deformation of the pearlite structure obseive
the FESEM micrographs. The hardness reaches a maxanalbout 250 m near the maximum
deformation observed in the FESEM micrographs ap#hdaf 200 m. The hardness is lowest at 50
and beyond approximately 50@n where little to no deformation was observed inRESEM

micrographs.
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Figure 4.64 Vickers hardness as a function of destdfrom the running surface for the RSCF samples
with a B of 3,200 MPa.

In summary, RSCF life and crack behavior were infaeal by the steel strength and Cu content.
All of the rail steels tested displayed similar fitageformation and work hardening characteristiearn

and below the running surface.

4.4 Atom Probe Tomography

APT was used to try to determine the location ofdbygper in the steel. FESEM was unable to
resolve any copper precipitates. One APT samplleen®.07 Cu, two samples of the 0.38 Cu, and one
sample of the 0.85 Cu material were produced.

Point density reconstructions for carbon and coppershown for the 0.07 Cu hypereutectoid
steel in Figure 4.65, the 0.38 Cu hypereutect@d|sh Figure 4.66 and Figure 4.67, and the 0.85 Cu
hypereutectoid steel in Figure 4.68. The pointsitgrreconstructions use a display rate of 50 @eph&
of ions are displayed on the reconstruction, fercdarbon and a display rate of 75 pct for the coppe
These display rates are able to show enough iosisaw areas of relatively high concentration withou
completely obscuring the reconstruction. The highceatration of each of the alloys in the center ef th
sample is an artifact and the result of higher bemlgd noise in this region. In each of the carboimtp
density reconstructions, layers of high concerdratiof carbon corresponding to cementite lamellae are
observed. The ILS is approximately 100 nm as oleskfor the as rolled material in FESEM images and

prior measurements from Eavenson shown in Sectionl@.the areas corresponding to cementite, there
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is a lower concentration of copper ions in the copmént density reconstructions. Near the locatibn
the cementite lamellae, a few small areas of highgp@oconcentration are observed in the 0.38 wt pct
Cu steel. A greater number of these areas of highwer concentration are observed near the cementite
lamellae of the 0.85 wt pct Cu steel. Expectedbyingrease in the overall density of the copper isns
observed in the higher copper content steels. pbitg density reconstruction for the other elemergs a
shown in Appendix B.

The isoconcentration surfaces for 15 atomic pctaadnd 1.5 atomic pct copper are shown in
Figure 4.69 for the 0.07 wt pct Cu hypereutectoésls Two views are provided to allow visibility o
each side of the cementite lamellae. The isocond@ntirsurfaces for the first sample from the 0.38 wt
pct Cu steel are shown in Figure 4.70 and the sesample from the 0.38 wt pct Cu steel is shown in
Figure 4.71. The results for the 0.85 wt pct Gekare shown in Figure 4.72. The isoconcentration
surfaces show that there are no areas of high caopeentration, greater than 1.5 atomic pct, in0te&g
wt pct Cu steel. A few areas of high concentratiomobserved in the 0.38 wt pct Cu steel. Thesasa
appear in the ferrite at the ferrite-cementite irteefand are likely formed at the
austenite-ferrite-cementite triple point created miyithe austenite to pearlite transformation. In tké 0
wt pct Cu steel there are several areas next tfethie cementite with copper concentrations grettan
1.5 atomic pct. There may also be a few small aregeeater than 1.5 pct within the bulk of the ferrite

lamellae.

(a) C (b) Cu

Figure 4.65 Point density reconstructions for (ayith a 50 pct display rate and (b) Cu with a 75 pct
display rate for the 0.07 Cu rail steel.
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(@ C (b) Cu

Figure 4.66 Point density reconstructions for (ayith a 50 pct display rate and (b) Cu with a 75 pct
display rate for the first sample of 0.38 Cu ragledt

(@ C (b) Cu

Figure 4.67 Point density reconstructions for (ayit a 50 pct display rate and (b) Cu with a 75 pct
display rate for the second sample of 0.38 Cu tedls
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(a) C (b) Cu

Figure 4.68 Point density reconstructions for (ayith a 50 pct display rate and (b) Cu with a 75 pct
display rate for the 0.85 Cu rail steel.

(@) (b)

Figure 4.69 Two views of the 15 atomic pct C (maddonthe 0.07 wt pct Cu rail steel. No 1.5
atomic pct Cu surfaces were observedldr image — see PDF copy)
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(a) (b)

Figure 4.70 Two views of the 15 atomic pct C (majaamd 1.5 atomic pct Cu (orange) for the first
sample of the 0.38 wt pct Cu rail steeblpr image — see PDF copy)

(a) (b)

Figure 4.71 Two views of the 15 atomic pct C (majaamd 1.5 atomic pct Cu (orange) for the
second sample of the 0.38 wt pct Cu rail steglof image — see PDF copy)
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(a) (b)

Figure 4.72 Two views of the 15 atomic pct C (majaamd 1.5 atomic pct Cu (orange) for the 0.85
wt pct Cu rail steel.golor image — see PDF copy)

Compositional histograms were created for the Er§ib at pct C isosurface in each of the
samples and are shown in Figure 4.73 for Cu, whergositive numbers for distance axis are into the
isosurface representing the cementite lamellae vidaregative number for distance axis are outef th
isosurface representing distance into the feraiteellae. The Cu partitions away from the cementite and
into the ferrite. The 0.85 Cu sample and the 6r88 Cu sample show a peak just outside the cementite
isosurface that are probably the result of the leighcentration Cu clusters observed in Figure 4nD a
Figure 4.72. Compositional histograms about thatlict C isosurface for other elements are shown in
Appendix B.

A compositional histogram was created for 19 oflfeatomic pct Cu isosurfaces from the 0.85
Cu sample and is shown in Figure 4.74. The Cuetdmicreases within the particle up to a maximum
of about 27 atomic pct at a depth of 3.125 nm. Nealflof the other ions observed within the 1.5 Cu
isosurface were Fe ions. It was not uncommon forlgatlusters of this size to be less than 100 pct

Cu in the literature examined in Section 2.1.
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Figure 4.73 Cu concentration as a function of tistadce from the 15 atomic pct C isosurface.
Negative distance on the x axis represents distaweg from the interface and into the
ferrite lamellae, while positive distance on thexisaepresents distance into the
cementite lamellae.
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Figure 4.74 Cu concentration as a function of tiseadce from the 1.5 atomic pct Cu isosurface.
Negative distance on the x axis represents distaweg from the interface and into the
ferrite lamellae, while positive distance on thexisaepresents distance into the
cementite lamellae.
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In summary, APT revealed Cu rejection from cemeuatite small Cu-rich regions on the ferrite
side of the ferrite/cementite interface; the regiarsslikely Fe-Cu clusters. The number of clusters
observed tended to increase with the Cu contetfiteo$teel. The small clusters are expected to peovid
some degree of precipitation hardening, which witrease the strength of high Cu steels in addition

any contribution of Cu to hardenability and ILS nefinent.

45 Phase Diagrams

Expected phase diagrams were calculated to compaieetiavior of the Cu observed during
APT with the expected equilibrium conditions. Thegh diagram for an Fe-Cu system calculated using
Thermo-Calc is shown in Figure 4.75 and the lowpawoortion is magnified in Figure 4.76. Copper has
limited solubility in Fe. The solubility of coppeedreases with decreasing temperature below
approximately 1400 °C. There is also a significadrdase in the solubility of copper in the ferriteggha
compared to the austenite phase. However, at theecdgvels examined in this study, the copper would
remain in solution until after transformation to fegriUnder equilibrium conditions the copper would
precipitate at lower temperatures.

The addition of C at the 0.93 wt pct level redutessolubility of copper. The phase diagram for
the Fe-Cu system with 0.93 wt pct C is shown in Fégi77. The solubility of copper in the austenite
phase is greater than any of the copper levels eahin this study. Therefore, it would not be expdc
to see precipitation of copper at the prior auséegiiain boundaries. However, with the 0.93 wt@ct
addition, the maximum solubility of copper at temperas just below the eutectoid temperature in ferrite
is approximately 0.75 wt pct. This means that atlégitim conditions the 0.38 wt pct Cu and 0.07 wt
pct Cu material would remain in solution in the fierimmediately after transformation and only
precipitate upon further cooling as the solubifitsther decreases. This would leave a relativelyourmi
precipitation of copper within the ferrite. The D&t pct Cu material should precipitate some copper
during the austenite to pearlite transformationsT#ilikely to occur at the austenite/ferrite/cementite
triple point, resulting in copper precipitatestat ferrite cementite interface. Upon further coolitig,
solubility further decreases, and these copperigtates will grow while others may form in the ferrite
away from the interface.

The other main alloying elements of Mn, and Si, usdtie rail steels had little impact on the
solubility of copper. A Fe-Cu phase diagram withiddds of C (0.93 wt pct), Mn (1.02 wt pct), and Si
(0.38 wt pct) at levels measured in the 0.85 witacis shown in Figure 4.78 and displays very similar
copper solubility as the Fe-Cu-0.85 C wt pct prdiagram.

The phase diagrams only show what would happenrwegiélibrium conditions and the results

observed through APT vary from these prediction® il is subjected to accelerated cooling durirg t
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head hardening process. As a result, the austenitearlite transformation occurs at a lower tempegatu
than the equilibrium temperature, where a decreaseilint of copper is soluble in the ferrite. This would
increase the amount of precipitation during transféionaand the amount of precipitation observable at
the ferrite/cementite interface. This explainsdegelopment of Cu clusters at the ferrite/cementite
interface observed in the 0.38 Cu APT samples tloaldwnot be expected under perfect equilibrium
conditions. The increased cooling rate may alsoadtee precipitation in the ferrite and explain wdty

few Cu clusters were observed in the ferrite dutirgAPT as well as the less than 100 pct Cu

concentration observed within the clusters.

Figure 4.75 Predicted Fe-Cu phase diagram.
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Figure 4.76 Predicted Fe-Cu phase diagram for Owbict Cu.

Figure 4.77 Fe-Cu-0.93 wt pct C phase diagram tor®wt pct Cu.
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Figure 4.78 Fe-Cu 0.93 C, 1.02 Mn, 0.38 Si wt gge diagram for 0 to 5 wt pct Cu.
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CONCLUSIONS

Eavenson showed that increasing copper contenjparbutectoid rail steels increased strength,
partially through an increase in hardenability dedreases in ILS [7].

In the present study unlubricated wear testing eeaslucted on hypereutectoid head hardened
rail steels containing 0.07, 0.38, and 0.85 wtQaet Unlubricated twin disc wear testing showed an
increased wear rate during the first 1,000 cyckfere reaching a steady state wear rate. A slight
decrease in steady state wear rate was observied dunlubricated twin disc wear testing with incliegs
copper content. The wear samples showed a large ambdeformation near the surface of the sample.
The large amount of deformation created small craeles the surface causing small slivers and platelets
to flake off the sample.

Preliminary RSCF testing was conducted using th@ Q18 hypereutectoid steel and an IH ralil
steel to examine two types of RSCF testing observéterature, a dry-lubricated method and a fully
lubricated method. Settings and conditions were figatlio achieve RSCF failure in a period similar to
that observed in literature. In both the dry-lubted and fully lubricated preliminary RSCF testitig
0.38 Cu hypereutectoid material had a longer RSfeRHan the IH material. The results of the
preliminary RSCF testing led to the selection @f fihlly lubricated method for the primary RSCF testing.

Primary RSCF testing was conducted with the 0.070&38 Cu, 0.85 Cu hypereutectoid rail and
an IH rail. The results form bands with the highteersgth hypereutectoid rail steels having a longer
RSCEF life than the IH rail steel. A longer RSCIe kfras also observed with increasing copper content i
the hypereutectoid rail. The calculation for thatFiean contact pressure assumes only elastic
deformation. Plastic deformation was observed anddahéact pressure was recalculated based off the
final specimen geometry. The results showed th#tesopper content and strength increased, the
material resisted deformation and was subjectechtgleer conformal contact stress. While some overlap
exists, the higher copper hypereutectoid steekhladiger RSCF life at similar conformal contact
pressures. The results were normalized by the simdrstrength of the material, and the results fer th
three hypereutectoid rail and IH rail formed oneroarband indicating the increase in RSCF life is a
function of the increase in strength. Cracks wewmdbto be mainly surface breaking, and close to a 45
angle from the running surface. A band of defornmati@s observed at the surface and another band was
observed below the surface with undeformed matee@den the bands. The surface deformation was
unexpected from the shakedown diagram at the lowficeft of traction present with the use of the
TOR lubricant.

Equilibrium phase diagrams suggest the precipitaifaopper rich particles accounting for a

portion of the strength increase as a result dfipitation hardening. APT results show clustersighér
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concentration of copper in the ferrite lamellae nbarferrite/cementite interface in the 0.38 and @85
pct Cu steels. The clusters were not found todfiedtt copper as suggested by the phase diagram.
These clusters may still contribute to the increastrength seen in Eavenson’s work.

No detrimental effects were observed in the wearRBGF behavior of the hypereutectoid rail
steels with increasing Cu content up to the 0.8pattCu investigated in this study. Cu has beemvsho

as an effective mechanism in the strengthening . rai
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APPENDIX A: HERTZIAN CONTACT STRESS CALCULATIONS

Al Calculation of Hertzian Contact Pressures

Maximum Hertzian contact pressure was calculatedgUsirmulas based on those available in
Roark’s Formulas for Stress and Straif @d.[44]. Properties of the rail sample and material are
represented by a subscript R and the wheel samglenaterial are represented by a subscript W. A
modulus of elasticity, E, of 207 GPa is used fohldbe rail and wheel material. A Poisson’s ratioof
0.28 is used for both the rail and wheel materibk €oefficient is calculated using the formula in
equation (A.1).

(A1)

A.1.1 Calculation for Cylinder on Cylinder Testing

Calculation of the contact stresses for cylindecyimder testing, such as that used in the wear
testing and the preliminary dry-lubricated RSCFitgstwas performed using formulas based on those
available inRoark’s Formulas for Stress and Strafh @d.Table 14.1 case 2 [44].

The coefficient was calculated using the diameterspf the rail and wheel samples using the

formula in equation (A.2)
(A.2)

The maximum Hertzian contact pressure,was then calculated using the formula in equation
(A.3) where is the load, is the line length of the cylindrical contact, a&hé coefficient and

calculated in equation (A.1) and equation (A.2).

(A.3)

The width of the rectangular contact pathcan be calculated using equation (A.4).

(A.4)



A.1.2 Calculation for Crowned Samples on Cylindestirey

Calculation of the contact stresses for the crowszdples on a cylinder testing, such as that
used in the fully lubricated preliminary RSCF tegtand primary RSCF testing was performed using
formulas based on those availabldRimark’s Formulas for Stress and Straifi §d. Table 14.1 case 4
[44].

The coefficient was calculated for the rail and wheel samplesgugie minimum radius of

curvature, , and maximum radius of curvature, for the wheel and rail samples using the formula in

equation (A.5)— is set equal to 0 for the calculation of the @lection of the cylindrical specimen.

(A.5)

The cosine of was calculated by the formula shown in equatio®)Asing the coefficient
calculated in equation (A.5), the radii of curvatuared the angle between the planes of the maximum

radius of curvature of each sample,

(A.6)

The cosine of from equation (A.6) is used to determine the coiffits , , and by using

Table A.1. Linear interpolation was used for valoésosine of between those given in the table.

Table A.1 Variables for Calculations of Contact$3@e, Area, and Displacement

cos()

0.00 1.00 1.00 0.750
0.10 1.070 0.936 0.748
0.20 1.150 0.878 0.743
0.30 1.242 0.822 0.734
0.40 1.351 0.769 0.721
0.50 1.486 0.717 0.703
0.60 1.661 0.664 0.678
0.70 1.905 0.608 0.644
0.75 2.072 0.578 0.622
0.80 2.292 0.544 0.594
0.85 2.600 0.507 0.559
0.90 3.093 0.461 0.510
0.92 3.396 0.438 0.484
0.94 3.824 0.412 0.452
0.96 4,508 0.378 0.410
0.98 5.937 0.328 0.345
0.99 7.774 0.287 0.288

The major semiaxis, and minor semiaxis,, of the elliptical contact patch were calculatsthy

equation (A.7) and equation (A.8) respectively. &tpn (A.6) and equation (A.7) were used in the
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calculation of a conformal contact radius and pnesby modifying  until the measured value of the
contact width was equal to .
(A.7)

(A.8)

The maximum Hertzian contact pressure,was determined using equation (A.9) wheris the
load. The conformal contact pressure was also tmiusing equation (A.9), but with the use of the
coefficient determined using the conformal contadius

(A.9)

The approach of each body, can be calculated by using equation (A.10).

o (A.10)
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APPENDIX B: ADDITIONAL ATOM PROBE TOMOGRAPHY DATA

B.1 Point Density Reconstructions

Point density reconstructions were created for&eMn, Si, Cr, Cu, V, and FeO ions. The
reconstructions for the 0.07 Cu sample are showimgur€ B.1, the first sample of the 0.38 Cu material
shown in Figure B.2, the second sample of the O1B&&terial are shown in Figure B.3, and the 0.85 Cu
sample are shown in Figure B.4. The point densitpmnstructions were created using a display rate of
0.3 pct for Fe, 50 pct for C, 25 pct for Mn, 80 fat Cr, 100 pct for V, 40 pct for Si, 75 pct for Gand
90 pct for FeO. The FeO point density shows soigatsbxidation that occurs on the surface of the APT
sample in the small time frame from FIB milling to placemeithin the vacuum chamber of the APT
unit. Due to the overlap between,®& and Cu peaks on the mass/charge spectrum, an erroneous high
concentration of Cu is observed in these areagidation. Overlap may occur between other FeO ions
making the data less reliable in the oxidized aréagach point density reconstruction, there aresanéa
high C concentration that represent the cementitellae. A high concentration of Mn and Cr can also
be observed in these areas in all the materialsestigg the selective partitioning of Mn and Crhe t
cementite phase. A low concentration of Si and &ulie observed in the areas of high C concentration

in all materials suggesting the selective partitigndf Si and Cu to the ferrite phase.

B.2 Compositional Histograms

Compositional histograms were created about thatdmic pct C isosurfaces discussed in
Section 3.5.3 with the same 50,000 ion count thidsioo the 0.07 Cu APT sample, the first 0.38 Cu
APT sample, and the 0.85 Cu APT sample. The comgpuaithistograms are shown for C in Figure B.5,
Mn in Figure B.6, Si in Figure B.7, Cr in Figure83Cu in Figure B.9, and V in Figure B.10. The
compositional histograms verify the partitioning atveel with the point density reconstructions and
further quantify the partitioning of the element®abthe cementite/ferrite boundary with positive
distances being into the cementite and negativardists being into the ferrite. The V compositional
histogram shows that the V patrtitions slightly te tementite phase, however due to the low bulk V in

the materials, the results contain a lot of scatter likely do not have the accuracy of other elements
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(a) Fe (b) C (c) Mn (d) Si

(e) Cr (f) Cu (9 Vv (h) FeO

Figure B.1 Point density reconstructions for (a) & C, (c) Mn (d) Si, (e) Cr, (f) Cu, (g) V, and (
FeO for the 0.07 Cu rail steel.
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(a) Fe (b) C (c) Mn (d) Si

(e) Cr (f) Cu (9 Vv (h) FeO

Figure B.2 Point density reconstructions for (a) Fe, (b) G Mo, (d) Si, (e) Cr, (f) Cu, (g) V, and (
FeO for the first sample of the 0.38 Cu rail steel.
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(a) Fe (b) C (©) Mn (d) Si

(e) Cr (f) Cu (9 Vv (h) FeO

Figure B.3 Point density reconstructions for (a) Fe, (b) G Mo, (d) Si, (e) Cr, (f) Cu, (g) V, and (
FeO for the second sample of the 0.38 Cu rail steel.
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(a) Fe (b) C (©) Mn (d) Si

(e) Cr (f) Cu (9 Vv (h) FeO

Figure B.4 Point density reconstructions for (a) Fe, (b) G Mo, (d) Si, (e) Cr, (f) Cu, (g) V, and (
FeO for the 0.85 Cu rail steel.
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Figure B.5 Compositional histogram showing C comraion as a function of the distance from the
15 atomic pct C isosurface. Positive distancetistine isosurface while negative
distance is outside the isosurfaalér image — see PDF copy)
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Figure B.6 Compositional histogram showing Mn caonicaion as a function of the distance from
the 15 atomic pct C isosurface. Positive distangrto the isosurface while negative
distance is outside the isosurfaalér image — see PDF copy)

112



Figure B.7

Cr Concentration, Atomic Pct

Figure B.8
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Figure B.9 Compositional histogram showing Cu concentration &sction of the distance from 1
15 atomic pct C isosurface. Positive distancettstime isosurface while negative
distance is outside the isosurfaamlér image — see PDF copy)
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Figure B.10  Compositional histogram showing V canication as a function of the distance from the
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114



