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ABSTRACT 

The effects of copper content on the wear and rolling contact fatigue (RCF), specifically 

rolling-sliding contact fatigue (RSCF), of hypereutectoid rail steels were evaluated.  Steel from three 

heats of head hardened, hypereutectoid rails with copper levels of 0.07, 0.38, and 0.85 wt pct were 

selected for the study.  All of the material was industrially produced through electric arc steelmaking at 

EVRAZ, Pueblo.  

Wear behavior was evaluated through the use of twin disc testing for the three hypereutectoid rail 

steels. The samples were measured at specific intervals.  A high wear rate was observed during the first 

1,000 cycles after which a linear steady state wear rate was observed. A small decrease in the steady state 

wear rate was observed with increasing copper content and increasing strength. 

Preliminary RSCF testing was performed using the 0.38 wt pct Cu rail steel and an intermediate 

hardness rail steel to evaluate two RCF testing methods reviewed in literature, a fully lubricated method 

and a dry-lubricated method where dry cycles were used to initiate damage and the lubrication was added 

to propagate the cracks through a hydrostatic mechanism.  In both cases the 0.38 Cu hypereutectoid 

material outperformed the intermediate hardness rail steel.  The fully lubricated method was chosen for 

the primary RSCF testing. 

The primary RSCF testing was performed with the three hypereutectoid rail steels and an 

intermediate hardness steel as a reference.  A longer RSCF life was observed for the hypereutectoid rail 

than the intermediate hardness, as well as an increase in RSCF life with increasing copper content within 

the hypereutectoid steels. 

Atom probe tomography was used to investigate the location of the copper within the 

hypereutectoid rail steels, and clusters of higher copper concentration within the ferrite at the 

ferrite/cementite interface were observed.   
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 INTRODUCTION 

1.1 Background 

Rail manufactured in the United States is produced by means of electric arc furnaces (EAF). 

These EAF’s rely primarily on steel scrap as the major input. The use of scrap steel results in the presence 

of an elevated amounts of tramp elements, including copper (Cu), tin (Sn), and nickel (Ni). These tramp 

elements are difficult and uneconomical to remove during the steel making process [1]. The level of these 

tramp elements increases with each recycling process [2] unless the scrap is diluted with products from 

primary steelmaking operations, such as pig iron or directly reduced iron (DRI).  

Wear and rolling contact fatigue (RCF) are major economical and safety concerns for railroads. 

Wear leads to unacceptable geometrical configurations that require the rail to be reground to the 

appropriate shape or replaced. Wear is the main cause of rail replacement in North American heavy haul 

rail lines [3]. RCF can create both surface and subsurface initiated cracks leading to a large variety of 

defects including shelling, spalling, and head checks [4], with the possibility of rail fracture and 

derailment [3]. RCF is generalized within the railroad industry and not differentiated between RCF from 

pure rolling and RCF from a combination of rolling and sliding referred to as rolling/sliding contact 

fatigue (RSCF). 

Railroads have implemented preventative grinding and lubrication maintenance programs in an 

effort to limit rail wear and RCF damage and improve the life of the rail [3, 5]. Significant improvements 

to rail properties through chemistry and processing optimization including head hardening and cleaner 

steelmaking practices have also been made in an effort to minimize wear and RCF [6]. 

1.2 Scope 

This project was designed to investigate the effects of varying residual copper levels on the wear 

and RCF behavior of rail. Wear and RSCF were examined through experiments with sub-sized twin disc 

testing. Any effects observed as a result of the presence of copper was further examined to understand the 

underlying mechanisms. The study focuses on three heats of hypereutectoid rail with copper contents 

ranging from 0.07 over 0.38 to 0.85 wt pct. All of the material was produced through industrial processes 

at EVRAZ, Pueblo using the same processing parameters for all heats. 

The project consists of unlubricated (dry) wear testing and lubricated RSCF testing. Prior to the 

design of the RSCF testing, a preliminary RSCF testing project was completed examining two different 

types of RCF testing reported in literature. Light optical microscopy, electron microscopy, and atom 
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probe tomography (APT) were used in conjunction with data on mechanical properties from Eavenson’s 

earlier thesis to understand the observed trends [7].  
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 LITERATURE REVIEW 

This chapter presents background information and reviews previous research relevant to the 

project. This review includes the effect of copper in steels, specifically on the microstructural evolution 

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

2.1 Effects of Copper on Microstructural Evolution and Mechanical Properties of Steels 

This section provides a review of the effects of copper on steel.  The section examines the effects 

upon microstructural evolution and then on resulting mechanical properties. 

2.1.1 Effects of Copper on Microstructural Evolution 

Copper creates a wide range of beneficial and potentially detrimental effects in steels. Copper is 

used to increase the corrosion resistance of weathering steels, improve hardenability, strengthen through 

precipitation hardening, and stabilize austenite in some stainless steels [8]. However, copper is generally 

regarded as deleterious because of its association with hot shortness [8]. Hot shortness is caused by 

selective oxidation of iron and rejection of copper to the steel/oxide interface. A copper rich liquid phase 

is formed and penetrates grain boundaries. The liquid phase is unable to withstand shear forces imparted 

upon the material during the forming process [9]. Alloying and processing, including temperature and 

atmosphere, have been shown to have a large effect in minimizing the effects of copper on hot shortness 

[9, 10]. These conditions would need to be identified and controlled by mill personnel in the processing of 

any high residual copper material.  The present examination will be limited to the effects of copper 

present within eutectoid and hypereutectoid pearlitic steels. 

Eavenson examined many of the effects of copper on the metallurgical, mechanical and fracture 

properties of six hypereutectoid rail steels including the steels used in this study [7]. The chemical 

compositions of the alloys evaluated in Eavenson’s work are shown in Table 2.1, each alloy is designated 

by its nominal copper content. 

Table 2.1 Chemical Compositions of Selected Alloys (wt pct) [7]. 

Alloy C Mn P S Si Cu Ni Cr Mo Ti N H (ppm) 

7 Cu 0.93 1.02 0.007 0.012 0.38 0.07 0.04 0.23 0.007 0.007 0.0060 0.8 

11 Cu 0.94 1.02 0.007 0.007 0.37 0.11 0.05 0.23 0.012 0.007 0.0071 0.9 

22 Cu 0.91 1.02 0.010 0.011 0.36 0.22 0.07 0.24 0.017 0.008 0.0108 1.5 

29 Cu 0.92 1.03 0.009 0.009 0.34 0.29 0.09 0.24 0.018 0.009 0.0082 1.4 

38 Cu 0.93 1.01 0.012 0.010 0.33 0.38 0.08 0.22 0.018 0.010 0.0109 0.9 

85 Cu 0.93 1.05 0.013 0.009 0.32 0.85 0.07 0.21 0.019 0.010 0.0081 1.0 
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Several studies have shown that the presence of copper retards the transformation from austenite 

to ferrite and pearlite [11, 12]. Eavenson also noticed an increase in hardenability with increasing copper 

levels by performing Jominy tests [7]. The hardenability curves from the Jominy tests for the six alloys 

presented in Table 2.1 are shown in Figure 2.1.  Since the alloys have similar carbon contents, the 

hardness values of all the alloys are fairly similar near the quenched end where a fully martensitic 

microstructure is formed. The hardness remains relatively constant until the cooling rate is decreased 

enough that a pearlitic microstructure replaces the martensitic microstructure. The hardness decreases 

until it levels off again when the microstructure becomes fully pearlitic. Eavenson used the point where 

the material decreased below 60 HRC as a way of defining the transition. The 0.07 wt pct Cu alloy 

transitioned below 60 Rockwell hardness C scale (HRC) at a distance of 8 mm from the quenched end 

while the 0.85 wt pct Cu material transitioned below 60 HRC at a distance of 11.2 mm. 

 
Figure 2.1 Hardenability curves for six Cu containing hypereutectoid steels [7]. 

Murakami et al. [11] examined the isothermal transformation of hypereutectoid steels with 

copper levels of up to 3 wt pct. They reported a decrease in interlamellar spacing (ILS) as the isothermal 

transformation temperature decreased, as expected. However, they also noticed no change in ILS as a 

result of copper alloying. Fourlaris et al. [12] similarly investigated steels containing 3 and 6 wt pct 

copper and observed a slight increase in ILS with increasing copper content for isothermal 

transformations near the eutectoid temperature. The larger spacing was attributed to a decrease in the 
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pearlite growth rate [12]. Eavenson’s ILS study showed a decrease from an average ILS of approximately 

103 nm with the 0.07 wt pct Cu rail to 93 nm in the 0.85 wt pct Cu rail [7]. It is important to note that 

while processing parameters within the head hardening process were kept constant, the head hardening 

process is not an isothermal transformation and transformation may occur at different temperatures as a 

result of varying hardenability. This is likely the reason for the difference between the results observed 

with the rail steels and the behaviors reported in previous literature. The increased hardenability likely 

allowed the transformation of the 0.85 wt pct Cu steel to occur at a lower temperature, creating a smaller 

ILS. Precipitation strengthening by copper particles is one of the most widely known benefits of copper in 

steel. However, the precipitation is complex, and numerous studies have been conducted on different 

portions of the precipitation phenomenon [11, 12, 13, 14, 15, 16].  

Because of the more abundant use of copper for precipitation strengthening in low carbon steels, 

copper precipitation in the ferrite phase has been studied to a greater extent than other phases common to 

steel. Several studies have shown the presence of copper rich, body centered cubic (BCC) clusters 

occurring at the initial stage of aging [13, 14, 15]. The BCC clusters may be comprised of up to 50 pct 

iron for sizes up to about 2.5 nm [13, 15]. The BCC clusters then transition to a semi-coherent 9R 

structure [14, 15]. Takahashi et al. suggest that the transformation from BCC to 9R occurs when the BCC 

clusters reach a critical size of 4 to 5 nm [14] while Gagliano and Fine recognize this critical size as 

between 4 and 12 nm [15]. After reaching approximately 18 nm, the semi-coherent phase transitions to a 

face centered cubic (FCC) precipitate [14]. The FCC precipitates have a Kurdjumov-Sachs or 

Nishiyama-Wasserman orientation relationship with the BCC ferrite [13]. Copper precipitation can occur 

during the transformation from austenite or after the transformation during aging. The precipitates formed 

during transformation usually appear larger and in sheets or rows [13]. Figure 2.2 shows a bright field 

transmission electron microscope (TEM) micrograph of a 1.19 wt pct C steel with a 2.37 wt pct Cu 

addition isothermally transformed at 670 °C for 1.5 h [13]. The corresponding dark field image 

illuminating copper precipitates in the pearlitic ferrite is shown in Figure 2.3 [13]. 
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Figure 2.2 Bright field TEM micrograph of a 1.19 wt pct 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 copper precipitates in the pearlitic ferrite of a 

1.19 wt pct C, 2.37 wt pct Cu steel isothermally transformed at 670 °C for 1.5 h [13]. 

Chairuangsri and Edmonds [13] examined the precipitation of copper in pearlite in hypereutectoid 

steels. Along with interphase and random precipitation in the pearlitic ferrite lamellae, precipitation was 

observed in the cementite lamellae and at the ferrite-cementite interface [13]. Figure 2.4 shows the dark 

field image illuminating copper precipitates at the ferrite-cementite interface corresponding to the bright 

field image in Figure 2.2 [13]. Precipitation at the ferrite-cementite interface is a result of precipitation at 

the ferrite-cementite-austenite triple junction during the phase transformation [13]. This triple point is the 
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favored site for precipitation [13]. Figure 2.5 shows a dark field TEM micrograph illuminating the copper 

precipitates in the cementite phase of a 1.25 wt pct C steel with a 1.47 wt pct Cu addition isothermally 

transformed at 670 °C for 1.5 h [13]. The copper precipitates found in cementite were finer than those in 

the ferrite and at the ferrite-cementite interface [13]. 

 
Figure 2.4 Dark field TEM micrograph illuminating copper precipitates at the ferrite-cementite 

interface of a 1.19 wt pct C, 2.37 wt pct Cu steel isothermally transformed at 670 °C 

for 1.5 h [13]. 

 

 
Figure 2.5 Dark field TEM micrograph illuminating copper precipitates in the pearlitic cementite 

of a 1.25 wt pct C, 1.45 wt pct Cu steel isothermally transformed at 670 °C for 1.5 h 

[13]. 
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2.1.2 Effects of Copper on Mechanical Properties 

 Murakami et al. showed an increase of 250 – 330 MPa yield strength of a eutectoid steel with the 

addition of 2 wt pct copper isothermally transformed at 550 °C for 300 s. However, the change with an 

addition of 1 wt pct copper was very limited [11]. An increase in both yield and ultimate tensile strengths 

were observed by Khalid et al. in eutectoid steels with an increase in copper content from 0.5 to 1.5 wt 

pct with accelerated cooling rates [16]. The 0.5 Cu wt pct steel was cooled at 2.48 °C/s and the 1.5 Cu wt 

pct steel was cooled at a slower rate of 1.33 °C/s to prevent the formation of martensite in each alloy. The 

increase in yield and tensile strength was less than 100 MPa [16]. 

Figure 2.6. shows Eavenson’s result for tensile and yield strength as a function of copper content.  

Eavenson showed both an increase in tensile strength as well as yield strength with increasing copper 

content in the industrially produced hypereutectoid rail used in this study [7]. He attributed a portion of 

the strength increase to the decrease in ILS and the associated Hall-Petch relationship, however the 

increase in strength was greater than expected from other literature, and he recognized that another factor, 

possibly precipitation strengthening, was also at work [7]. Figure 2.7 shows the hardness of the rail as a 

function of depth from the surface of the head. As expected, the hardness also increased with increasing 

copper content [7].  

 
Figure 2.6 Ultimate tensile and 0.2 pct offset yield strength as a function of copper content for 

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

represent one standard deviation from the arithmetic mean [7]. 

2.2 Contact Mechanics and Shakedown Limit 

Wear and RCF are both a function of the cyclic stress created during contact between the wheel 

and rail. Table 2.2 shows the calculated contact pressure for varying wheel and rail radii [17]. Figure 2.8 

shows a schematic of the wheel/rail interface with the common nomenclature used to describe the 

different parts of the wheel and rail. The contact pressures fluctuate dramatically as the contact conditions 

change. These stresses listed do not account for any dynamic loads created by track curvature or 

corrugations and would further increase the range of stresses experienced in the rail/wheel system. Even 

without the dynamic forces, the stress levels reach into the gigapascal range. 

2.2.1 Normal Contact of Elastic Solids 

Hertz developed his theory of elastic contact while studying optical interference fringes between two 

glass lenses and the elastic deformation of the surfaces of the lenses due to the contact pressure between 

them [18]. Hertz simplified the involved bodies into an elastic half-space loaded over an elliptical region 

of a plane surface [18] and made the following assumptions [18]:  

1) The surfaces are non-conforming and continuous. 

2) The strains are small. 
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3) Each solid can be considered as an elastic half-space where 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 function of wheel radius, wheel load, and wheel and 

rail transverse radii. Adapted from Magel et al.  [19]. 

Location 

Transverse 

Rail Radius 

(mm) 

Transverse 

Wheel Radius 

(mm) 

Longitudinal 

Wheel Radius 

(mm) 

Wheel Load 

(tonnes) 

Maximum 

Contact 

Pressure, P0 

(MPa) 

Rail Crown 

200 -300 

480 18 1130 

240 18 1438 

240 9 1141 

75 -100 

480 18 1428 

240 18 1794 

240 9 1424 

100 -300 

480 18 1819 

240 18 2267 

240 9 1629 

200 infinity 

480 18 1645 

240 18 2053 

240 9 1629 

Rail Shoulder 

32 -38 

480 18 1637 

240 18 2043 

240 9 1622 

32 -44 

480 18 1984 

240 18 2469 

240 9 1960 

Flange Root 8 -9.5 

480 18 2678 

240 18 3317 

240 9 2632 

False Flange 300 50 

480 18 2845 

240 18 3520 

240 9 2794 
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Figure 2.8 Schematic of the wheel/rail interface with common nomenclature. 

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

radius, � . Hertz found the pressure distribution to be given by the equation: 
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(2.1) 

 

using cylindrical polar coordinates, where � is the pressure at a given position, �
�

 is the maximum 

Hertzian pressure, and � is the radial distance [18]. Figure 2.9 shows the stress distribution for the surface 

of a circular contact area in comparison to uniform pressure [18]. For the general case, the pressure can be 

written as 
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where � and � are Cartesian coordinates and � and  are semi-axes of contact [18].  

The total load, �, is then given by the equation:  
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 The calculation of the semi-axes of contact involve complex elliptical integrals, and are often 

tabulated for use in engineering. Appendix A provides further detail on the calculation of semi-axes and 

Hertzian contact stresses. 

 
Figure 2.9 A comparison of the stress distributions at the surface for (left) uniform pressure and 

(right) Hertzian pressure for a circular contact area with radius � [18]. 

 In the absence of friction, maximum shear stresses occur below the surface of the material on the 

axis of symmetry. Figure 2.10 shows the distribution of stress below the surface and a contour plot of the 

principal shear stress for contact of cylinders [18] where � is the half contact width and � is the depth 

below the surface. The coordinate system is set up with the y axis parallel to the axis of the cylinder, the z 

axis running through the line of symmetry. Table 2.3 shows the depth and magnitude of the maximum 

shear stress as a function of the shape of the contact patch from contact of cylinders (
�

�

� 0) to a circular 

contact area from a point contact (
�

�

� 1) for material with a Poisson’s Ratio of 0.30 [18]. The intensity of 

the maximum shear stress varies slightly. However, the depth of maximum shear stress varies greatly with 

contact patch dimensions. 
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Figure 2.10 (a) Subsurface stresses along the axis of symmetry and (b) principal shear stress 

contour plot for contact of cylinders [18]. 

 

Table 2.3 Maximum Shear Stress Location and Intensity as a 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 
 

2.2.2 Inelastic Bodies 

If the elastic limit of one or both of the bodies in contact is surpassed, plastic yielding will occur. 

There are two generally accepted yield criteria. The Von Mises’ shear strain energy criterion and Tresca’s 

maximum shear stress criterion. Von Mises’ yield criterion states that yielding will occur when the second 

invariant of the stress deviator, �
�

, exceeds a critical value. Von Mises’ criterion is shown in (2.4) [18]. 
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(2.4) 

 

where   is the yield stress of the material in simple shear and ! is the yield stress of the material in simple 

tension. Tresca’s yield criterion states that yielding will occur when the maximum yield stress exceeds a 

critical value. Tresca’s criterion is shown in (2.5) [18]. 
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 Johnson supports the use of Von Mises’ criterion on metals as the result of refined experiments 

but suggests the difference between the two criteria is small in comparison to differences in material yield 

strengths and Tresca’s criterion may be used when algebraically simpler [18]. 

Johnson, using a Poisson’s ratio of 0.30, calculates that first yielding occurs in contact of 

cylinders at a maximum contact pressure of �
�

�

, 

 �

�

�

= 3.3� = 1.67 � 
(2.6) 

 

for Tresca’s criterion and  

 �

�

�

= 3.1� = 1.79 � 
(2.7) 

 

for Von Mises’ criterion, and calculated that first yielding occurs in a round contact patch at  

 �

�

�

= 3.2� = 1.60 � 
(2.8) 

 

for Tresca’s criterion and  

 �

�

�

= 2.8� = 1.60 � 
(2.9) 

 

for Von Mises’ criterion [18]. 

2.2.3 Friction and Sliding 

The size and shape of the contact area are unaffected by the tangential forces as long as the two 

bodies in contact have the same elastic properties: elastic modulus, Poisson’s ratio, and shear modulus 

[18].  

Coulomb’s law of sliding friction states that the tangential frictional force, 	, is related to the 

normal force, P, by the coefficient of kinetic friction, 
. It is usually assumed that the law applies at the 

elementary level of the interface of smooth, non-conforming surfaces, or surfaces separated by a thin 

lubricating film. Therefore, the tangential traction, q, is proportional to the normal stress, p [18], as: 
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(2.10) 

 

where | | represents the absolute value or magnitude of the corresponding stress or force.  The 

introduction of tangential frictional force creates both normal and shear stresses on the material with the 

direct stress reaching a maximum compressive stress at the leading edge of the contact area and a 
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maximum tensile stress at the trailing edge of the contact area [18]. Figure 2.11 shows the surface stress 

resulting from the frictional traction for cylindrical contact in full slip [18]. The coordinate system is the 

same as before, with the y axis parallel to the cylindrical axis and the z axis along the plane of symmetry. 

These stresses combine with the stresses resulting from the normal Hertzian contact.  

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

Figure 2.12 shows a principal shear stress contour plot for cylindrical contact with a coefficient of 

traction, "/�, of 0.2. Comparing the contour plots for a frictionless condition in Figure 2.10 (b) and a 

condition with friction in Figure 2.12, the point of maximum shear stress moves toward the surface with 

increasing friction coefficient. The point of maximum shear stress reaches the surface at a coefficient of 

friction of 0.25 for Tresca’s criterion and 0.3 for Von Mises’ criterion [18]. The point of maximum shear 

also moves away from the line of symmetry towards the trailing edge of the contact patch with increasing 

friction. 
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Figure 2.12 Principal shear stress contour plot for contact of cylinders in full slip with a coefficient 

of traction of 0.2 [18] 

At a tractional force below the critical value, " # $�, the two bodies will not slide. However, as 

long as a tractional force is present, a portion of the contact area will slip, resulting in a stick portion and 

slip portions of the contact patch. The slip portions are located toward the outside of the contact patch. 

The size of this slip area will increase with increasing tractional force until the entire contact patch is in 

slip [18]. 

2.2.4 Rolling 

During rolling or rolling sliding contact, the two bodies will experience much of the same forces 

as described during the Hertzian and sliding contact. In the absence of friction, initial yielding occurs on 

the line of symmetry as discussed in Section 2.2.2. With tractive friction, the point of first yield occurs 

closer to the surface, slightly off the line of symmetry and at a lower normal force. If the load is lower 

than the critical limit for initial yielding, the material will undergo an elastic hysteresis as shown in Figure 

2.13 (a). 



17 

 

  
Figure 2.13 Cyclic loading hysteresis for (a) elastic, (b) elastic shakedown, (c) plastic shakedown, 

and (d) ratchetting [20]. 

Bodies in rolling contact interactions are subjected to multiple passes. After first yield, the 

deformed body develops residual stresses that oppose further deformation. At this point deformation is 

governed by orthogonal shear stresses that cannot be reduced by residual stresses [18]. Figure 2.14 shows 

a schematic of the bodies during rolling. In the schematic, residual �
�

 forces have been created that 

oppose deformation at element C. The deformation is now controlled by the opposite orthogonal shear 

stresses at elements B and D [18]. The magnitudes of the orthogonal shear stresses are equal in friction 

free rolling. As friction increases, the magnitudes vary by a greater extent. If the force on the bodies is 

such that the conditions for first yield are met, but not large enough for continued plastic deformation 

from the orthogonal shear stress, further rolling cycles will result in only elastic behavior. This process is 

known as elastic shakedown. The hysteresis curve is shown in Figure 2.13 (b) [18]. Johnson calculates the 

limit for elastic shakedown for a round contact patch with no friction as  

 �

�

��

= 4.7� 
(2.11) 

 

assuming the Von Mises’ yield criterion [18]. This is substantially higher than the 2.8k necessary to create 

first yield. The load necessary to achieve the pressure is 4.7 times as large as that to create first yield [18].  

Strain hardening of the material and plastic deformation of the surface add further complexity to 

the calculation of the shakedown limit. Strain hardening increases the shear yield stress of the material 
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causing a larger load and stress necessary to exceed the elastic shake down limit. Plastic deformation at 

the surface will create a conforming groove, increasing the load necessary to achieve the same contact 

pressure.  

Figure 2.14 Schematic of deformation during a cycle of rolling contact. The material experiences 

(B) shear, (C) compression as a result of developed residual stresses and (D) reverse 

shear. [18] 

Beyond the elastic shakedown limit, two possibilities exist, alternating plasticity, also known as 

plastic shakedown, and incremental strain accumulation, also known as ratchetting [21]. The cyclic 

loading hysteresis for plastic shakedown and ratchetting are shown in Figure 2.13 (c) and (d) respectively. 

In the case of line contact, residual shear stresses are unable to develop and plastic shakedown occurs 

only under a specific small frictional traction. However, in the case of point contact, some residual shear 

stresses are able to form and plastic shakedown occurs under a wider range of circumstances [21].  

Figure 2.15 shows a shakedown diagram for a round contact patch. The diagram shows cyclic 

loading behavior as a function of a normalized contact pressure and traction coefficient.  The traction 

coefficient is equal to the tangential force divided by the normally applied load.  The shakedown diagram 

uses calculations based off of Melan’s theorem that states, “if any time-independent distribution of 

residual stresses can be found which, together with the elastic stresses due to load, constitutes a system of 

stresses within the elastic limit, then the system will shakedown. [18]” The diagram can be used as an 

estimate for the cyclic behavior of the material.  The effects of the shape of the contact patch on the cyclic 

loading behavior can be seen in Figure 2.16 where a is the longitudinal length and b is the transverse 
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length of the elliptical contact patch. The diagram shows very little change with respect to the contact 

patch geometry, and the use of a shakedown diagram for a round contact patch will be a suitable estimate 

for the study. 

  
Figure 2.15 Shakedown diagram for a round contact patch [21]. 
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Figure 2.16 Shakedown limits for varying elliptical contact profiles with a traction coefficient of 

0.1. a represents the transverse length and b represents the longitudinal length of the 

elliptical contact patch  [21]. 
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2.3 Wear 

Wear is defined as the progressive loss of material from the surface of a body occurring as a 

result of relative motion at the surface [22]. Wear debris in sliding, rolling, and eroding components is 

formed in thinned platelets [23]. These platelets are formed by two main mechanisms, 1) the extrusion of 

material from below the contact into thin slivers which subsequently break and 2) fracture of a thin 

subsurface layer [23]. Both of these mechanisms are generated by plastic ratchetting of a thin subsurface 

layer [23]. Plastic flow of the material occurs at forces below the calculated values for plastic ratchetting. 

The main reason for the difference is the presence of surface asperities in the real material. These surface 

asperities cause local areas of increased stress [23, 24]. The introduction of natural third bodies, from the 

wheel and rail, and artificial third bodies, from other sources, in the contact surface also has a large 

impact on adhesion [25]. 

Rail experiences a wide variety of environments and conditions in service such as different 

wheel/rail profiles, speeds, acceleration and braking forces, car weights, and increased forces in turns. As 

such, no single simulative laboratory test can predict the wear rates of varying rail in service. Laboratory 

tests, however, have helped to identify several key characteristics that impact the wear behavior of the 

materials. The hardness is the material property most widely used to describe wear characteristics [6, 26], 

with a strong correlation showing increasing wear resistance with increasing hardness.  

Figure 2.17 shows results from Deters and Proksch’s twin roller wear tests as a function of 

creep [26]. Creep is the difference between the tangential velocity of the two surfaces and is also referred 

to as the slip ratio. The results present the wear loss, as a volume, as well as the surface hardness for the 

two discs across a wide range of creep ratios including both rail driven and wheel driven conditions.  

These results show an increase in wear rates with increasing creep between the wheel and the rail up to 

the 1.5 pct tested. The study also showed a greater amount of wear in the wheel when the rail is driving 

and the wheel is driven compared to when the wheel is driving and the rail is driven. A greater amount of 

wear was observed in the rail when the wheel is driving and the rail is driven except for the point at 1.5 

pct slip [26]. They also show with increasing contact stresses, wear rates increased proportionally. 

Furthermore, they found an increase in wear rates with decreasing the tangential speed of the wheel and 

rail [26]. Deter and Proksch also showed that alternating the direction of rolling substantially decreases 

the wear rate in the driven rail samples [26]. Micrographs show when the rolling direction is reversed, the 

strain accumulation occurs in the other direction and 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 

RCF is the initiation and propagation of cracks as material is subjected to repeated cyclic stresses 

as the wheel rolls along the rail. As expressed with wear, rail experiences a wide variety of contact 

conditions, and therefore experiences a wide variety of RCF damage. Most RCF damage does display a 

few similarities. Namely the sharp increase in hardness caused by work hardening in the wheel rail 

contact area, and the occurrence of RCF cracks in areas of low wear [27]. However, RCF damage 

observed in rail is generally divided into two categories, surface initiated, such as head checks and 

spalling, and subsurface initiated, such as shelling [5, 27]. A photograph of an example of head checks 

initiated at the surface is shown in Figure 2.18 and a photograph of subsurface initiated shelling is shown 

in Figure 2.19. 
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Figure 2.18 A photograph of head checks, surface initiated RCF defects, observed at the gauge side 

of the head [4]. 

 

 
Figure 2.19 A photograph of shelling, subsurface initiated RCF defects, observed at the gauge side 

of the head [4]. 
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RCF surface cracks are initiated in one of two ways. The first is the accumulation of strain 

through plastic ratchetting until the fracture strain is exceeded [5, 6, 28, 29]. The fracture strain is greater 

than that observed in tensile tests as a result of the compressive stresses [5]. The second is through the 

formation of a white etching layer [27, 29]. The white etching layer is hypothesized to be a small 

martensitic region formed by thermomechanical damage [29]. 

Cracks initiating at the surface initially grow into the material at a shallow angle along the path of 

material deformation [5] as a result of cyclic Hertzian stress [17, 30]. Crack propagation is mixed mode II 

and III without the presence of a fluid [5]. During this period, crack propagation can be enhanced by the 

presence of fluid [5, 17, 30]. First, the fluid may decrease crack face friction, resulting in an increase in 

the mode II stress intensity factor [30]. Second, the fluid may propagate the crack by a hydrostatic press 

mechanism illustrated in Figure 2.20. The crack is opened as the wheel approaches, and the fluid becomes 

entrapped in the crack as shown in Figure 2.20 (a) As the wheel rolls over the crack,  the crack is closed, 

and the fluid is pressurized by the contact pressure; the hydrostatic pressure is transmitted to the crack 

faces and tip propagating the crack in mode I as shown in Figure 2.20 (b) [30].  The influence of the fluid 

has been supported through several findings including the necessity of a fluid for crack propagation in 

experimental tests, the correlation of crack propagation with fluid viscosity, the rare appearance of surface 

fatigue on rails in tunnels, the increased propagation of surface cracks on the driven surface as the crack is 

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

Figure 2.20 Crack propagation by hydrostatic pressure from entrapped fluid [5]. (a) As the wheel 

approaches, the crack is opened and fluid is entrapped. (b) As the wheel rolls over the 

crack the crack is closed and the hydrostatic pressure is transmitted to the crack faces 

and tip. 

At a depth of approximately 10 mm, the angle of the crack increases to approximately 70° and 

may continue to propagate until rail failure [31]. The increase in crack angle is a result of a decrease from 

the effect of surface contact stresses and an increase in the effect of bulk stresses including bending, 

residual and thermal stresses [17, 30]. 
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Several researchers have shown a “W” shaped graph of fatigue crack growth rate [30, 31, 32] as 

represented by the schematic in Figure 2.21. Phase I represents the initiation and early propagation by 

ratchetting. Phase II is contact stress driven propagation with the assistance of fluid and Phase II is the 

propagation by bulk stresses [30, 32]. The shape of the curve is dependent on the three stages and the 

factors that impact each of them [31]. Not all RCF cracks continue to propagate if the bulk stresses are 

low enough and contact stresses diminish away from the surface [31]. 

 
Figure 2.21 Schematic of surface initiated RCF crack propagation [32]. 

Subsurface initiated RCF is most common in heavy haul lines in the high rail, the elevated 

outside rail, of curves [5]. The cracks usually initiate at a depth of 3-15 mm below the surface [5]. The 

initiation of these defects is often associated with the presence of non-metallic inclusions, in particular 

aluminum oxides [5, 27]. This led to the production of silicon-killed, degassed, continuous-cast rails, and 

has led to a distinct reduction in RCF cracks as a result of metallurgical causes [27]. Subsurface initiated 

RCF cracks typically propagate parallel to the surface until reaching a critical length. At this point the 

crack may propagate down causing a complete rail break or toward the surface causing a section of 

material to fragment off of the surface such as shelling [5]. 

With the classification of RCF damage into surface and subsurface initiated classifications, two 

types of sub-sized, twin disc tests have been developed. The first is a testing method where the rail/wheel 

interface is subjected to unlubricated (dry) cycles to initiate damage on the rail surface, then a fluid 

lubricant is added to inhibit wear and assist the propagation of cracks [33, 34, 35, 36]. The second method 

is to lubricate the wheel-rail interface from the beginning of the test [37, 28, 38].  
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 Tyfour et al. examined the effects of these initial dry cycles on the fatigue life of rail steels [36] 

and their results are shown in Figure 2.22. They observed a small increase in the RCF life with the first 

100 dry cycles. However, after the first 100 dry cycles, a steep decrease was reported in the RCF life with 

increasing number of dry cycles [36]. Tyfour et al. also observed a low coefficient of friction (COF) 

below 0.25 during the initial dry cycles and postulated that the low COF was the reason for the first 100 

cycles not deteriorating RCF life [36].  
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Figure 2.22 RCF life as a function of dry cycles before lubrication with water [36]. 

In both the dry-lubricated and fully lubricated testing methods, contact pressure plays a 

substantial role in the RCF life. RCF life decreases with increasing Hertzian contact pressure [37, 34, 36, 

28, 38].  

Both Beynon et al. [38] and Clayton and Su [28] showed an increase in RCF life with increasing 

strength of the material in fully lubricated tests using water as the lubricant. Beynon et al.’s research 

covered a hypereutectoid rail, a standard eutectoid rail, and a head hardened (accelerated cooling) 

eutectoid steel [38]. The head hardened eutectoid had the longest RCF life with the hypoeutectoid rail 

having the shortest RCF life [38]. Clayton and Su looked evaluated a wide range of rail materials 

including hypoeutectoid rail, head hardened eutectoid rail, various alloyed rails, and experimental bainitic 

rail [28].  Their results showed the highest strength material exhibiting the longest RCF life. By 

normalizing the contact pressure to the shear yield strength of the various rail materials tested, RCF life 

resulted in a narrow band [28] as shown in Figure 2.23. Masumoto et al. showed a similar increase in 



26 

 

RCF life with an increase in strength for a pearlitic steel. However, the increase in RCF was not seen at 

high contact loads as a result of plastic deformation of crowned samples [39]. The same steel processed to 

provide a microstructure of tempered martensite, had a better bending and reverse torsion fatigue 

resistance, but did not perform better in RCF tests [39]. 

 
Figure 2.23 RCF life plotted against normalized contact pressure for fully water lubricated RCF 

tests with a 10 pct slip ratio [28].  See original reference for information on rail alloys 

presented in the legend. 

Garnham and Davis showed a tendency for RCF cracks to propagate along proeutectoid ferrite in 

dry-lubricated RCF tests as the proeutectoid ferrite is weaker than the pearlite matrix and thus experiences 

greater strain [34].  

The effect of the slip ratio is more convoluted. Clayton and Hill [37] and Clayton and Su [28] 

observed a complex relationship between RCF life and slip ratio of a twin disc RCF test fully lubricated 

with water. They observed an initially high RCF life with a 0 pct slip ratio. The RCF life decreases while 

the slip ratio was increased to 0.3 pct. However, an increase in RCF life was observed as the slip ratio was 

increased from 0.3 to 1 pct. The RCF life then decreased again from 1 to 5 pct, and increasing the slip 

ratio above 5 pct showed no change [28, 37]. Clayton and Su mention that the pattern was not 

reproducible with other research on other rail steels [28]. Masumoto et al. showed a decrease in RCF life 
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with increasing slip with slip ratios of 0, 9, and 20 pct. Overall the effect of slip ratio is not completely 

understood [28, 37]. 

2.5 Wear and RCF Interactions 

Wear and RCF are competitive mechanisms. As a result, many RCF defects emerged with 

increasing rail hardness and the use of lubrication to decrease wear [40]. First, the presence of a fluid 

lubricant has been used to decrease wear by limiting frictional forces, but has been shown to increase the 

propagation of surface RCF cracks as discussed earlier. Second, the failure processes themselves have a 

competitive nature. During the wear process a small portion of the surface layer is removed, resulting in 

the removal of a portion or the entirety of the surface initiated RCF crack [40]. The net RCF crack growth 

rate can be calculated by subtracting the surface wear rate from the crack tip advance rate [40, 41]. In 

areas of high wear, the wear rate will be greater than the RCF crack initiation rate, and no RCF cracks 

will appear [40]. At extremely low wear rates, the RCF cracks will be able to propagate until the stress 

intensity factor has diminished to a critical point where the cracks no longer propagate or in some cases 

the defect propagates through the entirety of the rail [40]. A schematic of these mechanisms is shown in 

Figure 2.24. Figure 2.24 shows the damage depth as a function of cycles for a wear prevalent condition in 

Figure 2.24 (a) and an RCF prevalent condition in Figure 2.24 (b).  The damage represents the crack 

length for RCF and the material removal for wear.  The actual crack depth is represented by the distance 

the crack has progressed minus the amount of material removed by wear. At intermediate wear rates, an 

RCF crack may form, grow to a length where the RCF crack advancement rate and wear rate are equal, 

resulting in a crack length that does not increase [40].  

Rail life is governed by both wear and RCF. The interactions of RCF and wear lead to a 

necessary amount of wear to maximize the life of the rail [30]. Grinding may be used as an artificial way 

of increasing the wear and keeping RCF growth rates low. Since the overall life of the rail is the lesser of 

the wear life and the RCF life, the greatest rail life is seen when the RCF life and wear life are equal and 

is sometimes referred to as the “magic wear rate”. Because of the rapid final fracture of RCF cracks and 

the greater difficulty of detecting and measuring RCF cracks, a wear dominated system is generally 

regarded as safer [40]. 
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Figure 2.24 Qualitative schematic showing the damage depth, Δz (wear loss, crack advancement 

depth) versus the number of cycles, N, for a condition of prevalent wear (a) and 

prevalent RCF (b) [40]. 
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 EXPERIMENTAL PROCEDURES 

This chapter describes the employed experimental procedures. The chapter is divided into the 

experimental design overview, selection of the material, wear testing, preliminary RSCF testing and 

design, primary RSCF testing, and examination of the microstructure by APT. Preliminary RSCF testing 

was conducted to evaluate the effectiveness and feasibility of two types of RCF testing observed in 

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

3.1 Experimental Material 

Hypereutectoid, head hardened steel was chosen to evaluate in the study, as rail from these steels 

is often used in areas with high wear and RCF concern such as sharp curves.  Material was chosen to keep 

other elements, especially those with large known effects on wear or RCF such as carbon, as similar as 

possible within the industrially produced material.  The Cu levels obtained for the project represent a 

wide range with the maximum over double the current 0.40 wt pct standard for American rails. 

Steel from three heats of hypereutectoid premium rail was selected for this study. The three heats 

were selected to minimize the difference in other alloying and residual elements. One heat of intermediate 

hardness rail was used in the preliminary RSCF study, identified as IH-PRSCF, and one heat in the 

primary RSCF study, identified as IH-RSCF as a reference for the feasibility of the tests. All of the 

material was industrially produced at EVRAZ, Pueblo by means of EAF steelmaking, continuous casting, 

reheating in a natural gas fired, walking beam furnace, rolling into 136# RE [42] section rail, head 

hardening through a proprietary process, and roller straightening. Chemical compositions of the steels and 

material designations used in this study are listed in Table 3.1. The corresponding mechanical properties 

are shown in Table 3.2. 

A separate heat of IH rail was selected for use as the wheel samples in the unlubricated wear and 

dry-lubricated preliminary RSCF testing. The material was selected to have a composition, 

microstructure, and hardness similar to railroad wheels used in North America. The IH rail used to 

represent the wheels is approximately 0.78 wt pct C and approximately 365 Brinell hardness (HB). 

Quench and tempered 4140 bar was used as the wheel in the fully lubricated RSCF tests and is described 

in more detail in the preliminary RSCF testing section. 
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Table 3.1 Chemical Compositions of Selected Alloys (wt pct) 

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 Strength (MPa) 
Ultimate Tensile 

Strength (MPa) 

Shear Yield Strength, k 

(MPa) 

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 the wear behavior between the various Cu 

levels within the hypereutectoid rails.  The goal of the wear tests was to create tiny slivers and flakes from 

the surface of the wear samples.  This is accomplished by having a relatively high coefficient of traction. 

As the wear tests do not require high contact pressures, a cylindrical sample can be used. A high slip rate 

helps to accelerate the wear of the samples and provide measurable results within a reasonable time 

frame. 

3.2.1 Wear Specimen Preparation 

The head of the rail was machined down 3.05 mm from the top of the rail to create a flat surface. 

Cylindrical blanks with a diameter of 55 mm extending 51 mm down from the head of the rail into the 

web of the rail were cut using wire electrical discharge machining (EDM) for both the rail wear and wheel 
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samples. These blanks were then ground to the respective final specimen geometry. The location of the 

final wear sample in the rail can be seen in Figure 3.1. The wheel samples have the same location in the 

rail. The orientation of the samples in the rail was selected to provide the most consistent mechanical 

properties throughout the running surface of the samples and have the mechanical properties of the 

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

 
Figure 3.1 Location of the final rail wear sample in the as manufactured rail. Dimensions are 

shown in mm. 

The rail wear sample consists of a 39.5 mm diameter, 3 mm wide cylindrical running surface. The 

running surface extends from a 32.5 mm diameter 20 mm wide cylinder forming the main body of the 

sample. At the end of the sample is a 20 mm diameter shaft which holds the sample in place in the twin 

disc testing machine. The geometry of the rail wear sample is shown in Figure 3.2. 

 
Figure 3.2 Geometry of the rail wear sample. All dimensions in mm.  
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The wheel sample consists of a 46.2 mm diameter 20 mm wide cylinder forming the main body 

of the sample. At the end of the sample is a 20 mm diameter shaft which holds the sample in place in the 

twin disc testing machine. The geometry of the wheel sample is shown in Figure 3.3. Both the rail wear 

and wheel samples were ground to a maximum surface roughness of 0.4 μm.  

 
Figure 3.3 Geometry of the wheel sample. All dimensions in mm.  

3.2.2 Wear Twin Disc Testing 

Specimens were wear tested using a Wazau rolling/sliding, twin disc testing machine at EVRAZ, 

Pueblo. A photograph of the machine is shown in Figure 3.4 and a schematic illustrating the significant 

components of the equipment is provided in Figure 3.5. The machine rail wear sample and wheel sample 

are oriented with the running surface lying vertically. Each sample is driven by an independent motor. 

The motor and drive spindle containing the rail specimen, labeled as “Drive 2” in Figure 3.5, are 

positioned on guides parallel to the axis of rotation. The motor and drive spindle can be moved along 

ways through the use of a threaded rod to control positioning of the rail sample on the wheel sample. The 

motor and drive spindle containing the wheel specimen, labeled as “Drive 1” in Figure 3.5, are positioned 

on guides perpendicular to the axis of rotation. A normal force is applied by a motor spindle system that 

presses a spring and load cell into the wheel drive spindle. Normal displacement is measured through the 

use of an optical laser displacement sensor. Torque is measured on the wheel drive spindle and used with 

the wheel radius to determine tangential load between the two samples.  The tangential load is used with 

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

 

 
Figure 3.5 Schematic of the Wazau twin disc testing machine.  

Prior to insertion in the test machine, both the wheel and rail sample were cleaned in an ultrasonic 

bath of ethanol for approximately 5 minutes. The samples were removed and dried by the use of 

compressed air. Sample weights were measured using a digital scale to the nearest 0.0001 g and the 

diameters of the samples were measured using a micrometer to the nearest μm. 
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The tests were performed using a normal force of 1500 N. Contact pressures were calculated 

using a modulus of elasticity of 207 GPa and a Poisson’s ratio of 0.28 for both the wheel and the rail 

samples. The maximum Hertzian stress was calculated to be 1300 MPa. Appendix A provides further 

details on the calculation of Hertzian contact stresses. The Hertzian contact pressure does not account for 

any frictional forces between the wheel and rail. The tests were performed with the rail sample running at 

106 rpm and the wheel running at 100 rpm. The slip ratio was 9.83 pct as calculated by 
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 represent the surface speeds of the wheel and rail respectively. Using this 

equation, the wheel is “driving” and the “rail” is braking when the slip ratio is positive.  

Wear tests were interrupted at 1,000; 3,000; 6,000; 10,000; 15,000; 20,000 and 25,000 cycles. 

Each time the process was interrupted the rail wear sample was removed, cleaned in an ultrasonic bath of 

ethanol, dried with compressed air, and measured for mass and diameter changes. The running surface of 

the wheel specimen was gently cleaned with a wire brush to remove an oxide layer from the surface. 

After 10,000 cycles, the samples were repositioned for the wear sample to run on a fresh portion of the 

wheel sample creating a new wear track. The creation of a new wear track was performed to prevent the 

wheel sample from starting to spall and leading to excess vibration in the machine. Six samples of each 

hypereutectoid steel were tested. 

3.2.3 Wear Sample Examination 

Profilometry was performed to examine the surface roughness of the wear samples. Four 

locations approximately 90 degrees apart at the center of the running surface were measured. The 

profilometry was performed using a 5x objective on a Wyko NT2000 optical profilometer.  

Wear samples were cut with an MSX saw into quarters. Two of the quarters were mounted 

transverse to the running surface, and two of the quarters were mounted longitudinal to the running 

surface. Figure 3.6 shows the orientation of the longitudinal and transverse samples. The longitudinal 

samples were sectioned on the centerline of the running surface prior to mounting. The samples were 

ground and polished to a smooth surface with a final polishing step of 1 μm diamond solution and 

examined using a light optical microscope (LOM) with magnifications from 50x to 1,000x. The samples 

were then etched using 4 pct picral (4 grams of picric acid in 100mL of ethanol) and reexamined in the 

LOM. 
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(a) (b) 
 

Figure 3.6 Diagram of wear samples (a) sectioned parallel or longitudinal to the running surface 

and (b) perpendicular or transverse to the running surface.  The face of the samples is 

shown by the dashed line and the samples are observed in the direction of the arrow. 

 

The etched samples were also examined using a field emission scanning electron microscope 

(FESEM) to examine finer details that were unresolvable in the LOM. The FESEM was used with a 

working distance of 10 mm and an accelerating voltage of 5 kV. 

The transverse samples were repolished using a 0.05μm colloidal silica solution in a vibromet 

polisher for 4 hours. Nano-indentation was performed with a Hysitron TI-950 Triboindenter.  

Nano-indentation was executed on the samples in a 3x25 grid with 10 μm spacing. The grid was centered 

in the width of the running surface starting 10 μm from the surface of the sample. Nano-indentation was 

performed using a medium Berkovich tip in displacement control where the depth of the indentation was 

100 nm. 

3.3 Preliminary Rolling-Sliding Contact Fatigue Testing 

This section presents the methodology used in the preliminary comparison of the two twin disc 

testing RSCF methods observed in literature, a method with a set number of dry cycles prior to the 

application of lubricant referred to a dry-lubricated and a fully lubricated method. 

During the dry-lubricated method, the goal is to initiate damage through the high coefficient of 

traction, dry cycles before the application of a lubricant.  The application of the lubricant then propagates 

the crack by the hydrostatic mechanism discussed in Section 2.4.  The necessary contact pressures are 

again relatively low and a cylindrical sample can be used.  The goal is to create damage during the dry 

cycles, but not necessarily remove it.  As a result, the slip ratio used is less than that used in the wear 

testing. 

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

limiting the coefficient of traction.  With the limited coefficient of traction, the material does not undergo 
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the ratchetting behavior and does not continually accumulate deformation in a single direction, but instead 

enters shakedown.  The material is subjected to cyclic stresses that cause the initiation and propagation of 

cracks.  Literature has shown this method requires higher contact stresses than the wear tests and the dry-

lubricated method.  A crowned sample was chosen for two reasons. First the crowned sample allows the 

application of higher contact stresses on the material without the fear of buckling from a small cylindrical 

contact width.  Second, the crowned sample creates an elliptical contact patch allowing for the necessary 

residual stresses to develop for the possibility of plastic shakedown.  The plastic shakedown regime 

allows a greater range of testing setups without experiencing the ratchetting behavior. 

3.3.1 Preliminary RSCF Specimen Preparation 

The head of the rail was machined down 3.05 mm from the top of the rail to create a flat surface. 

Cylindrical blanks with a diameter of 55 mm extending 51 mm down from the head of the rail into the 

web of the rail were cut using a vertical CNC mill resulting in a location and orientation of the samples 

similar to the wear samples observed in Figure 3.1. The blanks were then ground to the respective final 

specimen geometry of the dry-lubricated wheel sample, dry-lubricated RSCF sample and fully lubricated 

RSCF sample as described below. The fully lubricated wheel samples were created from 50.8 mm (2”) 

diameter bar stock of 4140 steel. The bars were cut into blanks 50.8 mm (2”) long. The blanks were 

austentized at 850 °C for 2 hours, quenched in agitated, room temperature water and tempered at 315 °C 

for 2.5 hours. The fully lubricated wheel samples had a hardness of 50 HRC after tempering.  

The final geometry of both the dry-lubricated and fully lubricated wheels are the same as the 

wheels used in the wear tests with geometry shown in Figure 3.3.  

The dry-lubricated rail RSCF sample consists of a 45 mm diameter cylinder with a 3.5 mm wide 

running surface. The running surface extends from a 38 mm diameter 20 mm wide cylinder forming the 

main body of the sample. At the end of the sample is a 20 mm diameter shaft which holds the sample in 

place in the twin disc testing machine. The geometry of the 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 sample. All dimensions in mm.  

The fully lubricated rail RSCF sample consists of a 49.5 mm diameter, 10 mm wide running 

surface with a 50 mm radius crown. The running surface is attached to a 41 mm diameter 10 mm wide 

cylinder forming the main body of the sample. At the end of the sample is a 20 mm diameter shaft which 

holds the sample in place in the twin disc testing machine. The geometry of the fully lubricated RSCF 

sample is shown in Figure 3.8. The running surface of all samples were ground to a maximum surface 

roughness of 0.4 μm. 

 
Figure 3.8 Geometry of the fully lubricated rail sample. All dimensions in mm. 

3.3.2 Preliminary RSCF Twin Disc Testing 

All of the preliminary RSCF testing was performed using the same Wazau rolling/sliding, twin 

disc testing machine described in Section 3.2.2 with the addition of a micro-pump to precisely apply 

lubrication and an eddy current probe to analyze crack propagation.  

For the fully lubricated tests, an industrially available top-of-rail (TOR) friction modifier was 

used. The TOR provides a consistent coefficient of friction as well as good adhesion to the sample 

surface. For the dry-lubricated tests water and TOR were used as a lubricant. 
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The micro-pump was regulated by a control system that dispensed a given volume at regular time 

intervals. The volume was set to 0.015 mL to provide one drop of the TOR per interval.  

The eddy current probe is a pencil probe type and is positioned in a stand attached to an 

adjustable 2-axis camera mount by dovetail grooves. The eddy current set up is shown in Figure 3.9. The 

probe was centered on the running surface of the test and was set to a lift off of 1.940 mm by the use of a 

gauge block. Eddy current testing was conducted at a frequency of 300 kHz. The eddy current was 

calibrated by the use of a calibration standard wheel. The wheel had a 3.5 mm wide, 45 mm diameter, 

cylindrical running surface with 3 sinker EDM notches cut at 90 ° to the surface. The eddy current system 

was calibrated and alarms were set off of the largest notch which measured 1.5 mm wide by 1 mm deep. 

The eddy current signal was recorded through a separate system logging maximum peak height during 1 s 

intervals. 

 
Figure 3.9 Photograph of the eddy current probe and set up.  

For the fully lubricated tests, pressures started at 2200 MPa maximum Hertzian contact pressure 

(2234 N force) and were increased to 2800 MPa (4607 N force) to promote cracking. Slip was initially set 

at 1 pct and increased to 20 pct to promote cracking. The tests were initially conducted at a speed of 

1,000 rpm, but was lowered to 400 rpm, and then 300 rpm to allow the dissipation of heat and prevent the 

TOR from burning off. The drip interval for the fully lubricated tests was decreased from 500 s to 60 s to 

further help the dissipation of heat. 

Eddy Current Probe 

Micro-pump 
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For the dry-lubricated tests, a load of 2511 N was used to create a maximum Hertzian contact 

pressure of 1500 MPa. The tests were performed at a slip ratio of 1 pct. A 500 dry cycle period was used 

initially and increased to 4,000 dry cycles to promote the formation of cracks. TOR was initially used as 

the lubricant; however, after unsuccessful tests, it was later changed to water to assist in the growth of 

cracks. 

Tests with 500 and 4,000 dry cycles at 1500 MPa were performed to examine the initial damage 

caused during the dry portion, prior to the addition of the fluid lubricant creating hydrostatic pressure.  

3.3.3 Preliminary RSCF Sample Examination 

Profilometry was performed on both the fully lubricated and the dry-lubricated samples. The 

profilometry was performed by stitching individual measurements across the entire running surface width. 

For metallographic analysis of crack growth, samples were machined to near centerline of the 

sample and then ground and polished to centerline. The samples were ground and polished to a smooth 

surface with a final polishing step of 1 μm diamond solution. The samples were examined in the LOM 

with magnifications from 50x to 1,000x. The samples were then 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 fully lubricated method was selected from the 

preliminary RSCF study.  Reasons for the selection of the fully lubricated method are explained in 

Section 4.3.  The goal was again to initiate and propagate cracks without the accumulation of deformation 

in a single direction associated with ratchetting.  Several contact pressures were tested in an effort to build 

curves similar to the S/N curves seen throughout tensile and bending fatigue testing.  A sharper crown 

radius on the samples was necessary to achieve the higher contact stresses within the force capability of 

the machine. 

3.4.1 Primary RSCF Specimen Preparation 

Wheels were created from 4140 steel and quench and tempered in the same manner as those used 

in the fully lubricated preliminary RSCF as discussed in Section 3.3.1 The geometry of the wheel samples 

is the same as that used in the wear and preliminary RSCF testing and is shown in Figure 3.3. After final 

grinding and prior to testing, all of the quench and tempered wheels were checked for quench cracks by 

the use of dye penetrant.  

The RSCF rail sample was machined out of the head of the rail in a similar fashion to the wear 

and preliminary RSCF samples with an orientation shown in Figure 3.10. The RSCF rail sample consists 

of a 45 mm diameter, 10 mm wide running surface with a 25 mm radius crown. The running surface is 
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attached to a 41 mm diameter 10 mm wide cylinder forming the main body of the sample. At the end of 

the sample is a 20 mm diameter shaft which holds the sample in place in the twin disc testing machine. 

The sample was ground to a maximum surface roughness of 0.4 μm. The geometry of the RSCF rail 

sample is shown in Figure 3.10. 

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

3.4.2 Primary RSCF Twin Disc Testing 

Twin disc testing was performed on the same Wazau tester described in Section 3.2.2 with the 

micro-pump and eddy current system described in Section 3.3.2. The wheel and rail RSCF samples were 

cleaned in an ultrasonic bath of acetone, followed by an ultrasonic bath of alcohol. The samples were 

dried with compressed air and the mass and diameter of the samples recorded. 

Both samples were secured into the Wazau testing machine and prelubricated with TOR to 

prevent any damage occurring from dry cycles. All of the 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 Section 3.3.2 was used with the replacement of the 

lift off gauge block. The new gauge block measured 1.965 mm. The eddy current system was calibrated 

and set to alarm off of the same 1.5 mm wide by 1.0 mm deep EDM flaw in the calibration standard. 

Tests were performed at maximum contact pressures of 3400 MPa (force of 4381 N), 3200 MPa 

(3653 N), and 2800 MPa (2457 N) with an individual test of the IH material at 2500 MPa (1742 N) to 

extend the S/N curve out to RSCF life cycles comparable to that observed in the hypereutectoid rail. At 

the beginning of the test, 5 drops (0.075 mL) of TOR were applied to form a meniscus at the beginning of 

the contact patch. After that, 1 drop (0.015 mL) was applied every 60 s until the conclusion of the test. 

During testing several of the 0.85 Cu samples failed by a different mechanism causing gouging and a loss 

of material at the surface. These tests were often accompanied by an increase in the coefficient of traction. 

The interval between drips was decreased to 20 s for the remaining 0.85 Cu samples. One sample of each 
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of the other materials was tested at 3,000 MPa with the 20 s drip rate to determine if there was a 

significant change in RSCF life with the increased lubrication. 

At the conclusion of the test, the rail sample was removed and cleaned in ultrasonic baths of 

acetone and alcohol. The sample was dried with compressed air and the sample’s mass and diameter were 

measured. The implementation of other limits was necessary during the RSCF testing in order to ensure 

the machine was not damaged in the event a sample did not behave normally. These limits included force, 

torque, and vibration. 

3.4.3 Primary RSCF sample Examination 

Samples were initially photographed with a digital camera and were then examined with a digital 

microscope. A 3D stitch was constructed across the contact patch.  The digital microscope focuses 

through a range using small steps.  At each step, the microscope software identifies the portion of the 

image that is in focus for that specific focal plane. The software then reconstructs the image. The distance 

between the two shoulders created during the RSCF testing was measured for each sample. The shoulders 

are the change in curvature at the edge of the running surface. A radius was then fit to the profile of the 

running surface between the shoulders. The distance between the shoulders and the force are used in 

calculations of the final contact pressure. An example of the 3D stitch and a measurement of the shoulders 

can be seen in Figure 3.11.  The measurement of the shoulders is shown by the blue line from arrow tip to 

arrow tip. The corresponding 2D profile is shown in Figure 3.12 with the shoulders marked as point C 

and D. The shoulders are less pronounced in higher strength samples subjected to lower contact pressures. 

In the few cases where a shoulder was indistinguishable, the sample was measured between the change in 

color observed at the contact patch.  

Rail RSCF samples were then machined to near centerline and ground and polished to the center 

of the running surface with a final polish of 1 μm diamond solution. The samples were then examined in 

the LOM at magnifications from 50x to 1,000x. Cracks were measured and characterized. The samples 

were then etched with 4 pct picral acid and reexamined in the LOM. Finer details were examined in the 

FESEM. Vickers microhardness testing was performed with a 25 g load. The microhardness testing was 

initiated 50 μm from the surface and tested every 50 μm. 
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Figure 3.11 Stitch of an RSCF rail sample created with a digital microscope. Shoulder to shoulder 

measurement is shown by the blue line.  (color image – see PDF copy) 

 

Figure 3.12 2D profile created with a digital microscope across the line in Figure 3.11.  

3.5 Atom Probe Tomography 

This section presents the methodology used in the preparation and testing of APT samples. APT 

was performed to examine the location of the copper as well 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 0.85 Cu hypereutectoid rail in the as rolled 

condition. The previous work of Dr. Miller was used as a foundation for sample preparation [43]. The 

atom probe tips were produced by sectioning an approximately 1 by 1 by 30 mm section out of the wear 

samples. The material used during the creation of the atom probe tips is from a location approximately 

10 mm from the head of the rail. The specimen was electrochemically thinned using a solution of 25 pct 

perchloric acid and 75 pct acidic acid. The acid mixture was suspended in a titanium wire ring and the 

specimen was lowered into the center of the ring. A ~ 12 V DC potential was applied between the sample 

and the ring.  The acid mixture was replenished as necessary to keep a bead of acid within the ring until 

the sample separated. The sample was cleaned with methanol and stored in a desiccator cabinet. The 

sample was then milled using a focused ion beam (FIB) microscope 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 Si system.  The system temperature was set to 

50 K and the cryochamber housing the sample during the test maintained a temperature between 55 and 

60 K. The system was run in a laser pulse mode with a laser pulse frequency of 625 kHz and a laser 

power of 60 pJ.  The voltage was started at 500 V and increased to maintain a detection rate of 2 pct, i.e. 2 

ions per 100 pulses. The test was stopped after the voltage reached 9200 V or the ion count reached 

60,000,000.  One test of the 0.85 Cu material was stopped 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 IVAS 3.6.14 software with post-processing of the 

time-of-flight data based on the applied voltage profile for each sample.  The time-of-flight data were 

converted to mass-to-charge ratio spectrums.  The mass-to-charge ratio was calibrated using the largest, 

most well defined peaks, specifically the peaks created by the 1H+, 12C2+, 12C+, 28Si2+, 56Fe2+, 56Fe1+, 63Cu+, 

and 65Cu+ isotopes.  The peaks were then assigned to the appropriate elemental and complex ions 

associated with the appropriate mass-to-charge ratio.  Point density reconstructions were created for the 

C, Cr, Cu, Fe, Mn, Si, and V elemental ions as well as the FeO molecular ion.  

 Isoconcentration surfaces were created for areas with a concentration of greater than 

15 atomic pct C to identify the cementite lamellae.  These isoconcentration surfaces take into account all 

C containing ions measured, including C2 and FeC molecular ions for example.  Increased concentrations 

of many ions were observed near the centerline of the sample and are a result of increased background 
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noise often observed in the center of the sample.  The C isoconcentration surfaces apparent in the center 

of the sample as a result of this were removed.   Isoconcentration surfaces were also created for areas with 

a Cu atomic concentration of greater than 1.5 pct.  These isoconcentration surfaces were compared with 

areas where high amounts of FeO ions were present representing an oxidized portion of the APT tip.  Cu 

isosurfaces in these areas were removed as they are likely a function of the overlap of Fe2O2+ and Cu+ 

peaks.   

Compositional histograms were created from the largest cementite isosurface to observe the 

segregation of elements with regard to the ferrite/cementite interface.  The compositional histogram 

averages the composition of the elements at distances, both into and out of the isoconcentration surface, at 

a direction that is normal to the surface.  Data with less than 50,000 ion counts were removed from the set 

to improve reliability with the very small concentration of Cu within the cementite (~0.04 at pct in the 

0.07 wt pct Cu sample).  Compositional histograms were also created for the 1.5 pct Cu isosurfaces using 

all of the isosurfaces that were complete and not truncated at the edge of the sample.  Due to the small 

size of the Cu clusters, there are few ion counts within the Cu clusters.  Data with less than 200 ion counts 

were removed.  As a result of the lower threshold for data validity, the compositional histograms about 

the 1.5 atomic pct Cu isosurfaces will not have the accuracy associated with the compositional histograms 

about the 15 pct C isosurfaces.  
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 RESULTS AND DISCUSSION 

This chapter presents and discusses the results of the wear testing, preliminary RSCF testing, 

primary RSCF testing, and atom probe examination.  These results are related to previous wear studies, 

RSCF studies, and Eavenson’s extensive study on the properties of the as manufactured rail [7] discussed 

in the literature review section. 

4.1 Wear Testing 

During the wear test, material from the surface layer is lost, and this can be measured by both the 

mass and diameter reduction of the sample. Figure 4.1 shows the mass loss during the wear testing for 

one of the 0.85 Cu samples. The mass loss is initially high during the first 1,000 cycles, then reaches a 

steady state and becomes linear with number of cycles. The non-linear portion is referred to as the run-in 

period. Upon close inspection, a slight increase in wear rate can be seen at the 10,000 cycle mark as the 

wear sample is moved from one wear track to another as detailed in Section 3.2.2. The change in wear 

rate may be related to a slight hardness increase in the portion of the wheel sample used during the 10,000 

to 25,000 cycles portion as a result of a hardness gradient created during the head hardening portion of the 

manufacturing process. Figure 4.2 shows the diameter loss for one of the 0.85 Cu materials during a wear 

test. The change in diameter showed a similar high wear rate during the first 1,000 cycles, followed by a 

linear wear rate. A large decrease in the diameter could also be seen at the 10,000 cycle mark. This is 

likely a result of the wear sample slowly developing a convex running surface and the wheel slowly 

developing a concave running track during the first 10,000 cycles; both the convex and concave surfaces 

were easily visible. Then the wear sample is moved to a fresh wear track on the wheel that is flat, 

accelerating the change in diameter at the center of the sample. The data from the change in mass is more 

linear and provides an easier comparison of the materials. 

The 1,000 cycle run-in period was subtracted from the data and the steady state wear rates were 

compared. Linear wear rates were calculated for the 1,000 to 10,000 cycle period, 10,000 to 25,000 cycle 

period and the 1,000 to 25,000 cycle period using the slope of a linear regression applied over each given 

range.   The results are displayed in Table 4.1 along with the standard deviation calculated from each 

slope. The mass loss after the 1,000 cycle run-in of the three hypereutectoid rail steels is shown in 

Figure 4.3. A magnified graph highlighting the 20,000 to 25,000 cycle range is shown in Figure 4.4 

allowing the small difference in wear rate to be more easily observed.  A small decrease in the wear rate 

was observed with increasing copper content for the hypereutectoid rail steels.  
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Figure 4.1 Mass loss during wear testing of a 0.85 Cu sample. 
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Figure 4.2 Diameter loss during wear testing of a 0.85 Cu sample. 
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Table 4.1 Average Wear Rates 

Alloy 

Average Wear Rate 

1,000-10,000 cycles, 

μg/cycle 

Average Wear Rate 

10,000-25,000 cycles, 

μg/cycle 

Average Wear Rate 

1,000-25,000 cycles, 

μg/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 after the 1,000 cycle run in period for each of the 

hypereutectoid rail chemistries. Six replicates were tested per chemistry. Error bars 

indicate one standard deviation. 
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Figure 4.4 Mass loss during wear testing after the 1,000 cycle run in period for each of the 

hypereutectoid rail chemistries over the range of 20,000 to 25,000 cycles. Error bars 

indicate one standard deviation. 

An example of the running surface after 25,000 cycles is shown in the photograph in Figure 4.5.  

Examination of the wear samples after testing shows a burnished appearance on the running surface of all 

the samples.  

 
Figure 4.5 Photograph of a 0.85 Cu sample after completion of a wear test. 
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A closer examination of the running surface using SEM, shown in Figure 4.6, shows small cracks 

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

the material.  

 
Figure 4.6 Secondary electron image of the center line of the running surface of a 0.85 Cu wear 

sample. Running surface runs horizontally. 

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

in Figure 4.7, approximately 10° to the surface of the wear sample. The cracks extended into the sample 

to a depth of approximately 25-50 μm.  

 
Figure 4.7 LOM micrograph of a 0.85 Cu wear sample after completion of the full 25,000 cycles 

sectioned parallel to the running surface, as polished. 

After the samples were etched, as shown in Figure 4.8 for a 0.07 Cu wear sample sectioned 

parallel to the running surface, a deformed region could be easily observed near the surface. The 

deformed area extends approximately 150 μm into the sample. The majority of the deformation runs in a 

single direction. However, a few small areas very near to the surface, approximately 10 μm, show 

deformation lines contrary to the rest of the material. This can be seen in the micrograph displayed in 
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Figure 4.9. Figure 4.9 has the same orientation as the micrograph shown in Figure 4.8. Deformation near 

the surface on the right-hand side of the micrograph runs contrary to the rest of the material and is most 

likely a result of uneven deformation after small flakes or plates break away from the surface. A closer 

examination of the microstructure using FESEM is shown in Figure 4.10 and Figure 4.11 at 1 mm away 

from the running surface of the wear sample. At 1 mm away from the surface, the material did not exhibit 

deformation as observed near the surface and retains its lamellar structure that was present in the as rolled 

and head hardened rail. An FESEM micrograph of the deformed area, taken 50 μm from the surface of the 

0.85 Cu material is shown in Figure 4.12. The deformed region consists of areas with elongated lamellae 

and areas of deformed and broken lamellae.  Figure 4.13 shows a high magnification FESEM micrograph 

of the elongated lamellae, and Figure 4.14 shows a high magnification FESEM micrograph of the 

deformed and broken lamellae. Similar deformation was observed in all three of the hypereutectoid rail 

steels. Figure 4.15 shows the deformed region in the 0.07 Cu material, and Figure 4.16 shows the 

deformed region in the 0.38 Cu material. All of the FESEM micrographs of the wear samples have an 

orientation the same as that in Figure 4.8. 

 
Figure 4.8 LOM micrograph of a 0.07 Cu wear sample after completion of the full 25,000 cycles 

sectioned parallel to the running surface. Etched with 2 pct nital. 
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Figure 4.9 Light optical micrograph of a wear sample of the 0.38 Cu material after completion of 

the full 25,000 cycles showing non-unidirectional strain. 

 

 

 
Figure 4.10 FESEM micrograph of the 0.85 pct Cu wear sample after completion of the full 25,000 

cycles approximately 1 mm from the running surface, etched with 4 pct picral solution. 

 

Lines of deformation 
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Figure 4.11 FESEM micrograph of the 0.85 pct Cu wear sample after completion of the full 25,000 

cycles approximately 1 mm from the running surface, etched with 4 pct picral solution. 

 

 
Figure 4.12 FESEM micrograph of the 0.85 pct Cu wear sample after completion of the full 25,000 

cycles approximately 50 μm 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 wear sample after completion of the full 25,000 

cycles approximately 50 μm from the running surface, etched with 4 pct picral solution 

showing a portion of elongated and unbroken cementite lamellae. 

 

 
Figure 4.14 FESEM micrograph of the 0.85 pct Cu wear sample after completion of the full 25,000 

cycles approximately 50 μm 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 wear sample after completion of the full 25,000 

cycles approximately 50 μm from the running surface, etched with 4 pct picral 

solution. 

 

 
Figure 4.16 FESEM micrograph of the 0.38 pct Cu wear sample after completion of the full 25,000 

cycles approximately 50 μm from the running surface, etched with 4 pct picral 

solution. 
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Figure 4.17 shows the results of nano-hardness testing performed on the wear samples as a 

function of depth from the running surface, and the results show an increase in hardness near the surface 

of all wear samples. The increase in hardness is a result of strain hardening of the material as the material 

near the surface is deformed. The base hardness away from the surface is similar for all three of the 

chemistries.  However, there may be an increase in the hardness near the surface with increasing copper 

content. The spread on the hardness values is large in comparison to the differences observed between 

copper contents.  It was not possible to differentiate the hardness values with respect to the deformed and 

broken bands of lamellae observed with the SEM. 
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Figure 4.17 Nano-hardness of the (a) 0.07 Cu, (b) 0.38 Cu, and (c) 0.85 Cu alloys as a function of 

distance from the running surface. Symbols represent the average and the error bars 

represent one standard deviation. 
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An optical profilometry contour plot is shown in Figure 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 Cu steel. Optical profilometry of the wear samples shows 

fragments or slivers missing from the running surface of all investigated samples. The average surface 

roughness, Ra, and maximum peak to valley measurements, Rt, are displayed in Figure 4.21. The 

roughness of the wear samples is comparable across the three hypereutectoid rail steels. 

 
Figure 4.18 Optical profilometry measurements with data adjusted for curvature and tilt on a 

0.07 wt pct Cu wear sample after 25,000 cycles. (color image – see PDF copy) 

 

 
Figure 4.19 Optical profilometry measurements with data adjusted for curvature and tilt on a 

0.38 wt pct Cu wear sample after 25,000 cycles. (color image – see PDF copy) 
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Figure 4.20 Optical profilometry measurements with data adjusted for curvature and tilt on a 

0.85 wt pct Cu wear sample after 25,000 cycles. (color image – see PDF copy) 
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Figure 4.21 Surface roughness measurements obtained by optical profilometry on the wear samples of 

the various alloys. Average surface roughness measurements, Ra, are displayed in (a) and 

maximum peak-to-valley measurements, Rt, are displayed in (b).  Error bars represent 

one standard deviation with the average shown as a wider bar. 
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In summary, increased Cu content improved the wear resistance of the rail steels. All of the steels 

showed similar surface topography, surface deformation, and work hardening characteristics as a result of 

wear testing. 

4.2 Preliminary Rolling-Sliding Contact Fatigue Testing 

This section presents the results for the preliminary RSCF testing of the 0.38 Cu hypereutectoid 

rail and an IH rail.  The preliminary RSCF testing was performed to examine two types of RSCF testing 

observed in literature.  The first test method was a dry-lubricated type where damage was thought to 

initiate during the dry cycles before being introduced to a liquid lubricant that decreases wear and 

propagates the cracks through hydrostatic mechanisms in a cyclic manner as described in Section 2.4.  

The second method was a fully lubricated type where initiation and propagation occur under the same 

TOR lubricated conditions as discussed in Section 3.3.  The results of the two preliminary RSCF tests 

were used to determine a method for use during the primary RSCF testing. 

4.2.1 Dry-Lubricated Preliminary RCSF Testing 

The first portion of the preliminary RSCF testing was a dry-lubricated method. Samples of the 

0.38 Cu hypereutectoid rail and a sample of the intermediate hardness rail were tested unlubricated for a 

duration of 480 and 4,000 cycles to examine the damage created during the dry portion of the testing. The 

surfaces of the 0.38 Cu hypereutectoid samples after 480 and 4,000 dry cycles are shown in Figure 4.22 

and the surface of the intermediate hardness rails after 480 and 4,000 dry cycles are shown in Figure 4.23. 

The surface of all the samples have a rough appearance where material appears to be pressed over the top 

of the main body of material.  In both materials, the samples subjected to 4,000 dry cycles showed 

substantially more damage.  There was little difference between the IH and 0.38 Cu hypereutectoid steel 

between samples with 480 dry cycles.  At 4,000 dry cycles the IH material appeared to have larger and 

more pronounced edges of the cracks than the 0.38 Cu. This signifies that there may be slightly more 

damage created during the dry cycles on the IH material than the 0.38 Cu hypereutectoid material. 

After sectioning the material to the center line of the running surface and polishing, the depth of 

the cracks could easily be observed. Micrographs of the IH samples are shown in Figure 4.24, and 

micrographs of the 0.38 Cu samples are shown in Figure 4.25.  For both materials, the cracks were small, 

with a depth of approximately 5 μm, for the samples ran for 480 cycles. After 4,000 cycles both materials 

displayed much greater damage. Cracks extend into the sample to a depth of approximately 100 to 

200 μm. The damage is similar between the two materials when they are subjected to the same amount of 

dry cycles. Etched micrographs for the IH material are shown in Figure 4.26 and for the 0.38 Cu material 

are shown in Figure 4.27. Heavy deformation was observed near the surface of the samples.  
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(a) (b) 
 

Figure 4.22 ESEM micrographs of the surface of the IH unlubricated RSCF samples after 480 (a) and 

4,000 (b) dry cycles. Running surfaces are aligned vertically. 

 

  

(a) (b) 
 

Figure 4.23 ESEM micrographs of the surface of the 0.38 Cu unlubricated RSCF samples after 480 

(a) and 4,000 (b) dry cycles. Running surfaces are aligned vertically, 
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(a) 

 

(b) 

 

(c) 
 

Figure 4.24 LOM micrographs of the IH sample after 480 (a) (low magnification) (b) (high 

magnification) and 4,000 (c) dry cycles, as polished. 
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(a) 

 

(b) 

 

(c) 
 

Figure 4.25 LOM micrographs of the 0.38 Cu sample after 480 (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 after 480 (a) and 4,000 (b) dry cycles.  

 

(a) (b) 
 

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

Figure 4.28 shows the location of the 0.38 Cu and IH test conditions on the shakedown diagram 

for the dry cycles.  Both materials are within the ratchetting portion of the diagram. The shakedown 

diagram suggests the accumulation of deformation as was observed. 
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Figure 4.28 Location of the IH and 0.38 Cu test conditions on the shakedown diagram for the dry 

cycles of the preliminary dry-lubricated RSCF testing. 

After the initiation of damage and cracks with the dry cycles, lubrication was added to the 

samples.  The application of lubricant was introduced to reduce friction and wear as well as provide a 

medium to propagate cracks through the hydrostatic mechanism discussed in the literature review 

Section 2.4 and shown in Figure 2.20. Figure 4.29 shows the location on the shakedown diagram for the 

0.38 Cu and IH conditions for the dry and TOR lubricated cycles.  Figure 4.29 shows that as the TOR 

lubricant is added, the materials move out of the ratchetting region and into the elastic shakedown region.  

The material should no longer continue to accumulate deformation in the same way the wear testing did.   
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Figure 4.29 Location of the IH and 0.38 Cu test conditions on the shakedown diagram for the dry 

(right) and TOR lubricated cycles (left) of the preliminary dry-lubricated RSCF testing. 
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A 500 cycle dry segment was chosen for the initial tests as small cracks were observed in the 

comparable 480 cycle sample.  The majority of the crack length would be created through the cyclic 

hydrostatic mechanism that lies at the heart of this portion of the preliminary RSCF study once 

lubrication is applied. Initial tests were performed with TOR as the lubricant after the 500 dry cycle.  

However, these tests were unable to generate sufficient cracks to be observed with the eddy current probe 

in the 50,000 cycle time frame that was seen in literature.  The number of dry cycles was increased to 

1,000, then to 2,000, and then 4,000 while still not creating significant cracks to trigger the eddy current 

gate.  The lubricant was then switched to water while maintaining the 4,000 cycle dry period. Figure 4.30 

shows the location on the shakedown diagram for the 0.38 Cu and IH conditions for the dry and water 

lubricated cycles.  Lubrication with water moves the material into the elastic shakedown portion of the 

diagram similarly to the TOR, however the results of the test were very different. With the application of 

water, the samples ran under the lubricated condition, then suddenly the surface of the sample broke away 

leaving a rough exterior on the sample. A photograph of the dry-lubricated test samples after the test is 

shown in Figure 4.31. The photograph shows the rough surface apparent after the spalling of the material. 

The metallic flakes caused a spike in the eddy current reading and tripped the oscilloscope gate.   

A graph of the coefficient of traction for the dry and water lubricated portion is shown in 

Figure 4.32.  During the dry-lubricated testing, the coefficient of traction starts off very high during the 

dry portion, above 0.5. After the first 500 or so cycles at force, the coefficient of traction decreases to 

around 0.45 while still not using lubricant. The decrease 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 test conditions on the shakedown diagram for the dry 

(right) and water lubricated cycles (left) of the preliminary dry-lubricated RSCF testing. 
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Figure 4.31 Photograph of the running surface of a 0.38 Cu dry-lubricated sample using water during 

the lubricated portion. 
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Figure 4.32 Coefficient of traction as a function of cycles for a 0.38 Cu preliminary RSCF dry-

lubricated tests. 

After sectioning the samples to the center line, micrographs revealed the cracks initially formed 

during the dry cycles, extended into the sample and changed direction. The cracks initially ran at a very 

shallow angle; however, after completion of the test, the cracks ran at a steep angle at the surface before 

curving and running in the opposite direction. A micrograph of the dry lubricated samples after testing is 

shown in Figure 4.33. 
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Figure 4.33 LOM micrograph of a 0.38 Cu dry-lubricated sample using water during the lubricated 

portion. 

The results of the preliminary dry-lubricated RSCF testing are shown in Figure 4.34 for the tests 

with 4,000 dry cycles and using water as the lubricant. The number of cycles to failure includes the 4,000 

initial dry cycles. The 0.38 Cu material displayed better RSCF resistance during the dry-lubricated 

preliminary RSCF testing.  
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Figure 4.34 Maximum Hertzian contact pressure as a function of number of cycles to failure, 

including the 4,000 dry cycles, during the preliminary dry-lubricated testing. 
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4.2.2 Fully Lubricated Preliminary RCSF Testing 

Initial tests were performed using TOR as a lubricant under a 1 pct slip and 2200 MPa. The 2200 

MPa was estimated from Clayton and Su’s data shown in Figure 2.23 and the calculated shear yield 

strength of the 0.38 Cu steel. After the initial tests did not produce RSCF cracks using 500,000 cycles as a 

runout limit, the contact pressure was increased to 2500 and then 2800 MPa. Even at 2800 MPa, the 

system was not able to initiate and grow cracks to trigger the eddy current gate. The slip ratio was then 

increased to 20 pct as seen in a similar study from Masumoto et al. [39].  Once the slip ratio was 

increased, the contact patch turned to a blue/purple color indicating an increase in temperature. The 

increase in temperature caused the TOR to burn off and the coefficient of traction to increase causing 

severe surface damage. The speed of the testing was slowed to 400 and then 300 rpm and the drip interval 

decreased from 500 s to 60 s to help dissipate the heat created through the plastic deformation. 

Once the surface heat was dissipated at a rate that allowed the TOR to maintain its lubricating 

characteristics, the test showed little to no wear and created large surface breaking cracks that extended 

into the samples far enough to trigger the eddy current gate.  

Two samples of each of the IH and 0.38 Cu material were run at the final 20 pct slip and 

2800 MPa settings. The surface of an IH, fully lubricated sample is shown in Figure 4.35, and the surface 

of a 0.38 Cu, fully lubricated sample is shown in Figure 4.36. Each of the samples showed a dark band 

along the running surface as a result of the heat generation.  A large surface breaking crack can be seen in 

the center of Figure 4.35. The results of the tests are shown graphically in Figure 4.37 and tabulated in 

Table 4.2. The 0.38 Cu material had a longer RSCF life than the IH material. 

    

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

    

Figure 4.36 Fully TOR lubricated preliminary RSCF sample of the 0.38 Cu material after testing. 
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Figure 4.37 Maximum Hertzian contact pressure as a function of number of cycles to failure during 

the preliminary TOR fully lubricated testing. 

 

Table 4.2 Fully Lubricated Preliminary RSCF Results 

Alloy Initial P0 (MPa) Nf 
Running Surface 

Width (mm) 
Estimated Conformal P0 (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 sample to conform to the harder wheel surrogate. The 

plastic deformation at the surface of the sample changed the sample geometry as evidenced by optical 

profilometry performed on the samples. Figure 4.38 shows a 2D optical profilometer profile from one of 

the IH fully lubricated preliminary RSCF samples. The profile shows a change from the 50 mm crown at 

the contact area. The contact area is flatter with shoulders at the edge. The distance between these 

shoulders was measured for each of the samples run with the final settings and the results are displayed in 

Table 4.2. The contact width was larger for the IH material. This is to be expected as the material is softer 

and should deform to a greater extent. However, because the materials deformed differently during the 

test, the materials were subjected to different sustained contact pressures during testing. The load, sample 

diameters, and flat surface of the wheel were kept constant while the crown radius of the rail sample was 

varied until the measured contact width and calculated contact widths were the same. The calculated 
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pressure is labeled as the conformal contact pressure and is listed in Table 4.2. The 0.38 Cu rail exhibited 

a longer RSCF life than the softer IH material even though it was subjected to a higher sustained contact 

pressure. 

    

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

In summary, both RSCF testing methodologies were capable of 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 lubricant was chosen for the primary RSCF testing 

with the three levels of copper in the hypereutectoid rail for a few reasons. First, if any effects were to 

arise from the precipitation of copper, it would be more likely to appear in the fully lubricated tests where 

subsurface deformation occurs and subsurface nucleation is possible. Subsurface initiated defects have 

been shown to stem from non-metallic inclusions as a result of differences in moduli. Large copper 

precipitates may act similar in lubricated tests. Second, the fully lubricated preliminary tests created large 

RSCF cracks on a smooth surface that are easily visible and examinable after the test. Third, the 

preliminary testing of the fully lubricated samples showed 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 cycle runout as described in the Experimental 

Procedure section. The results are shown in Figure 4.39 as RSCF life or number of cycles to failure 

versus the calculated maximum Hertzian contact pressure, P0, for the initial geometry. The data are shown 

with the pressure plotted on the Y axis and the number of cycles to failure on the X axis as is custom with 

plotting fatigue testing data.  

Contact Area 

Machined Crown 
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The data show a general increase in RSCF life from the IH material to the hypereutectoid rail. 

The data also shows an increase in RSCF life with increasing copper content of the hypereutectoid rail. 

However, some overlap in the data exists. 

Measurements for the contact widths show an increase in contact width with increasing contact 

pressure and decreasing strength of the material. The contact widths are shown for the different materials 

in Figure 4.40 along with the calculated contact width for purely elastic deformation. The contact width is 

calculated using the method described in Appendix A.  In all cases the contact width is greater than the 

expected width for purely elastic deformation indicating that plastic flow occurred and the contact 

pressure experienced by the sample is less than the initial calculated value. 

Figure 4.39 RSCF life as a function of initial maximum contact pressure, P0. The IH material is 

depicted by grey circles, the 0.07 Cu by red triangles, the 0.38 Cu by green squares, and 

the 0.85 Cu by blue diamonds. 1,000,000 cycle runout is depicted by an arrow. 1 sample 

of 0.85 Cu and 2 samples of 0.38 Cu achieved runout at 2800 MPa and are superimposed 

on the graph. (color image – see PDF copy) 
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Figure 4.40 Contact patch width as a function of initial contact pressure for the different materials. 

The IH material is depicted by grey circles, the 0.07 Cu by red triangles, the 0.38 Cu by 

green squares, and the 0.85 Cu by blue diamonds. (color image – see PDF copy) 

The conformal contact pressures were calculated for each sample as described earlier to 

determine the contact pressure the samples were subjected to after the plastic deformation occurs.  A time 

lapse video was used to verify that the plastic deformation and increased contact width occur early in the 

test. Still frames from the video are shown in Figure 4.41 for the IH tested at 3400 MPa. The time lapse 

shows the widening of the contact width within the first 10,000 cycles.  The time lapse video also shows 

the darkening of the running surface as heat builds up with further cycles.  The conformal contact 

pressure may therefor better represent the contact pressure the material is subjected to for the majority of 

the test.  The RSCF fatigue life is plotted against the conformal contact pressure in Figure 4.42. Once the 

plastic deformation is accounted for, the same pattern of increasing RSCF life of the hypereutectoid rail 

compared to the IH rail and increasing RSCF life with increasing copper content of the hypereutectoid rail 

appears. The difference between the IH and the hypereutectoid rail is more clear as the lower strength IH 

material experienced a lower sustained conformal contact pressure albeit some overlap between the 

materials still exists.  
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(a) ~ 0 Load Applied (b) ~ ½ of Load Applied 

  

(c) Full load ~ 0 cycles (d)  ~1,000 Cycles 

  

(e) ~ 5,000 cycles (f) ~ 10,000 Cycles 

  

(g) ~25,000 Cycles (h) ~45,000 Cycles 
 

Figure 4.41 Still frames from a time lapse video of the primary RSCF testing of the IH material tested 

at 3,400 MPa. 
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Figure 4.42 RSCF life as a function of conformal maximum contact pressure, P0 Conformal. The IH 

material is depicted by grey circles, the 0.07 Cu by red triangles, the 0.38 Cu by green 

squares, and the 0.85 Cu by blue diamonds. 1,000,000 cycle runout is depicted by an 

arrow.  (color image – see PDF copy) 

The results were normalized by the shear yield strength of the different materials and the obtained 

values are shown in Figure 4.43. The results form a narrower band similar to those seen in the study by 

Clayton and Su [28], however their study, shown in Figure 2.23, shows similar RSCF lives at much lower 

contact pressures. They used a sample without a crowned radius and their cylindrical samples would 

result in far less change in sustained contact pressure as a result of plastic deformation.  Normalizing the 

conformal contact pressure would be a better comparison to this prior work. The RSCF life is plotted 

against the normalized conformal contact pressure in Figure 4.44. After normalizing the conformal 

contact pressures by the shear yield strength, the results show a greater decrease in RSCF life with 

increasing pressure than observed in the initial normalized pressure results. However, the normalized 

conformal contact pressure results still show a longer RSCF life for a given normalized pressure than that 

of Clayton and Su [28]. This is likely a result of slight differences in the testing design. The first 

difference is the use of TOR as the lubricant compared to water. The TOR has a coefficient of traction of 

approximately 0.1 while water has a coefficient of traction of approximately 0.15. The second key 

difference is the use of crowned samples allowing the samples to enter the plastic shakedown portion of 

the shakedown diagram in comparison to cylindrical samples that enter the ratchetting regime. 
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Figure 4.43 RSCF life as a function of maximum contact pressure normalized by the shear yield 

strength of the material. 1,000,000 cycle runout is depicted by arrows.  
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Figure 4.44 RSCF life as a function of maximum conformal contact pressure normalized by the shear 

yield strength of the material. 1,000,000 cycle runout is depicted by arrows.  
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As previously mentioned, most of the 0.85 Cu material were tested with a decreased drip interval 

to prevent the TOR from burning off, increasing the coefficient of traction and gouging the surface. One 

sample of each of the other materials was tested with the decreased drip interval at a contact pressure of 

3,000 MPa. The samples using the lower drip interval are shown with closed symbols in Figure 4.45. 

There does not appear to be a beneficial response to increasing the lubrication beyond that necessary to 

maintain a thin film and low coefficient of traction. It seems that the 0.85 Cu material needs the increased 

lubrication as a result of increased heat buildup during the cyclic deformation that occurred. 
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Figure 4.45 RSCF life as a function of conformal maximum contact pressure. The IH material is 

depicted by grey circles, the 0.07 Cu by red triangles, the 0.38 Cu by green squares, and 

the 0.85 Cu by blue diamonds. Closed symbols represent testing performed with a 20 s 

drip interval. 1,000,000 cycle runout is depicted by an arrow. (color image – see PDF 

copy) 

Examination of the rail RSCF samples’ surfaces shows cracks running across the contact width. 

The surface of one of the 0.07 Cu samples is shown in Figure 4.46. The contact area shows the dark band 

running across the sample as was observed during the fully lubricated 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 0.07 Cu sample tested at 3200 MPa Hertzian contact 

pressure. 

After sectioning the samples, several cracks can be seen extending from the surface into the 

sample. An example of the small cracks is shown in Figure 4.47. The majority of cracks are small, surface 

breaking cracks and run at an angle of approximately 45 degrees to the surface of the sample. Along with 

the small cracks, less frequent larger cracks were observed as displayed in Figure 4.48, and a shift to a 

shallower angle can often be seen in longer cracks at a depth of approximately 200-300 μm. Large cracks 

were also frequently observed branching back to the surface of the sample allowing material to break off 

during the sectioning process. A few subsurface cracks were observed in the material as shown in 

Figure 4.49. However, subsurface cracks were rare and may be a portion of a crack that initiated at the 

surface off plane of that observed in the micrograph. Surface initiated cracks were unexpected with the 

low coefficient of traction suggesting maximum shear stresses below the surface. 

   

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

 

   

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

 The length and depth of the cracks were measured for various samples and, histograms for 

contact pressures of 2800 MPa, 3200 MPa, and 3400 MPa are shown in Figure 4.50 comparing the 

average number of cracks observed at given lengths. The 2800 MPa samples showed a larger quantity of 

small cracks than the samples subjected to higher contact pressures. The 3200 MPa samples showed a 

larger quantity of small cracks than the 3400 MPa samples. It is unclear why the higher contact forces 

created fewer small cracks. Histograms for the 2800 MPa, 3200 MPa, and 3400 MPa contact pressures 

are shown in Figure 4.51 comparing the average number of cracks observed at given angles to the surface. 

The average crack angle measured was 43.6° for the 2800 MPa samples, 42.1° for the 3200 MPa samples, 
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and 44.8° for the 3400 MPa samples. No clear trends were observed in the crack angles as a function of 

contact pressure. 
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(a) 2800 MPa (b) 3200 MPa 
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(c) 3400 MPa 
 

Figure 4.50 Histograms of the crack length of RSCF samples for 2800 MPa contact pressure (a), 3200 

MPa contact pressure (b), and 3400 MPa contact pressure (c) for all rail steels. 
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(a) 2800 MPa (b) 3200 MPa 
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(c) 3400 MPa 
 

Figure 4.51 Histograms of the crack angle of RSCF samples for 2800 MPa contact pressure (a), 3200 

MPa contact pressure (b), and 3400 MPa contact pressure (c) for all rail steels. 

A histogram for each of the materials is shown in Figure 4.52 comparing the average number of 

cracks observed at given lengths. The number of small cracks observed decreases with increasing copper 

content and strength of the hypereutectoid rail materials. However, the weakest IH material produced few 

small cracks. The correlation between the number of small cracks observed and the material type is not 

well understood. A histogram for each of the materials is shown in Figure 4.53 comparing the average 



80 

 

number of cracks observed at given angles to the surface. The average crack angle measured was 39.6 for 

the IH samples, 42.5° for the 0.07 Cu samples, 44.4° for the 0.38 Cu samples and 45.9° for the 0.85 Cu 

samples. It appears that the angle of the crack increases with increasing strength of the material. 
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(a) IH (b) 0.07 Cu 
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(c) 0.38 Cu (d) 0.85 Cu 
 

Figure 4.52 Histograms of the length of RSCF cracks for the IH (a), 0.07 Cu (b), 0.38 Cu (c), and 

0.85 Cu (d) materials for 2800, 3200, and 3400 MPa contact pressures. 
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(a) IH (b) 0.07 Cu 
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(c) 0.38 Cu (d) 0.85 Cu 
 

Figure 4.53 Histograms of the angle of RSCF cracks for the IH (a), 0.07 Cu (b), 0.38 Cu (c), and 0.85 

Cu (d) materials for 2800, 3200, and 3400 MPa contact pressures. 

Figure 4.54 shows an etched micrograph of one of the IH RSCF samples after testing. A small 

narrow band of deformation can be seen at the surface of the sample running below the surface to a depth 

of approximately 10 μm. Below this band is an undeformed area, and further subsurface, another band of 

deformed material can be observed. Figure 4.55 highlights the different areas of deformation observed. 

However, the material in the subsurface deformation band appears different from the deformed material 
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seen during the wear testing. The material in the wear samples had a defined flow direction. The 

subsurface deformation in the RSCF samples shows less directionality. This is to be expected from the 

closed hysteresis loop that occurs after a small amount of initial plastic deformation in the plastic 

shakedown regime.  The closed hysteresis loop would impart deformation and changes in the 

microstructure that would create the differences in etching response observed.  Although, without the 

accumulation of deformation in one direction, the microstructural constituents will not elongate to the 

high aspect ratio elements that were observed as directional in the wear samples. 

After etching, the change in direction of the crack is revealed to occur at the subsurface band of 

deformation. It is not clear why the crack behaves differently in this band. 

   

Figure 4.54 LOM micrograph of the IH RSCF sample tested at 3200 MPa etched with picral. 

 

Figure 4.55 LOM micrograph of the IH RSCF sample tested at 3200 MPa etched with picral with the 

different regions of deformation displayed. 
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The etched RSCF samples were examined more closely with the use of an FESEM.  Figure 4.56 

shows an LOM micrograph of the etched 0.38 Cu RSCF sample tested at 3400 MPa with the approximate 

location of several FESEM micrographs taken from this sample shown in later figures. Figure 4.57 shows 

a micrograph taken 10 μm from the surface in the surface deformation band.  In this band, the pearlite 

lamellae bend and start to run parallel to the surface of the material, which would be along the top of 

Figure 4.57. At a depth of 50 μm, as shown in Figure 4.58, there is no observable deformation or change 

to the microstructure. At a depth of 100 μm, as shown in Figure 4.59, the pearlite appears to be mainly 

lamellar but a few areas that may contain a small amount of deformed pearlite where the lamellae are not 

as straight as those observed in the undeformed material. At a depth of 200 μm, as shown in Figure 4.60, 

the pearlite appears heavily deformed with most of the pearlite lamellae being curved or fractured. At a 

depth of 300 μm, as shown in Figure 4.61, some of the pearlite lamellae are curved and fractured 

signaling some deformation occurred, however the deformation at 300 μm appears to be less than that at 

200 μm.  At a 500 μm depth, as shown in Figure 4.62, the pearlite again appears undeformed. The pearlite 

lamellae are straight as expected in the hot rolled product.  Figure 4.63 shows a micrograph of a sample of 

the 0.85 Cu material tested at 2800 MPa.  This is the strongest material tested at one of the lowest contact 

pressures.  While the microstructure does appear deformed, it does not appear to have as much 

deformation as the microstructure of Figure 4.60. 

   

Figure 4.56 LOM micrograph of the 0.38 Cu RSCF sample tested at 3400 MPa etched with picral. 

The approximate location of the following FESEM images are marked. 

 

500 μm - Figure 4.62 

300 μm - Figure 4.61 

200 μm - Figure 4.60 

100 μm - Figure 4.59 

50 μm - Figure 4.58 

10 μm - Figure 4.57 
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Figure 4.57 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 10 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 

  

   

Figure 4.58 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 50 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 
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Figure 4.59 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 100 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 

 

   

Figure 4.60 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 200 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 
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Figure 4.61 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 300 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 

 

   

Figure 4.62 FESEM micrograph of the 0.38 Cu, 3400 MPa RSCF sample etched with picral. The 

center is approximately 500 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 
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Figure 4.63 FESEM micrograph of the 0.85 Cu, 2800 MPa RSCF sample etched with picral. The 

center is approximately 200 μm from the running surface. Micrograph orientation is the 

same as shown in Figure 4.56 

Microhardness testing was performed on one RSCF sample of each alloy tested at 3200 MPa. The 

hardness data are shown in Figure 4.64 as a function of depth from the surface. The results contain some 

scatter as the result of the small force required in measuring material close to the surface of the sample. 

The hardness increased away from the surface up to a maximum at approximately 200-300 μm away from 

the surface. After this the hardness decreased further away from the surface until leveling out at 

approximately 500 μm. The microhardness was not able to test material in the surface deformation band, 

but beyond that the hardness data correlates well with the deformation of the pearlite structure observed in 

the FESEM micrographs. The hardness reaches a maximum at about 250 μm near the maximum 

deformation observed in the FESEM micrographs at a depth of 200 μm.  The hardness is lowest at 50 μm 

and beyond approximately 500 μm where little to no deformation was observed in the FESEM 

micrographs. 
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Figure 4.64 Vickers hardness as a function of distance from the running surface for the RSCF samples 

with a P0 of 3,200 MPa. 

In summary, RSCF life and crack behavior were influenced by the steel strength and Cu content. 

All of the rail steels tested displayed similar plastic deformation and work hardening characteristics near 

and below the running surface. 

4.4 Atom Probe Tomography 

APT was used to try to determine the location of the copper in the steel. FESEM was unable to 

resolve any copper precipitates.  One APT sample of the 0.07 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 copper are shown for the 0.07 Cu hypereutectoid 

steel in Figure 4.65, the 0.38 Cu hypereutectoid steel in Figure 4.66 and Figure 4.67, and the 0.85 Cu 

hypereutectoid steel in Figure 4.68.  The point density reconstructions use a display rate of 50 pct, 50 pct 

of ions are displayed on the reconstruction, for the carbon and a display rate of 75 pct for the copper.  

These display rates are able to show enough ions to show areas of relatively high concentration without 

completely obscuring the reconstruction. The high concentration of each of the alloys in the center of the 

sample is an artifact and the result of higher background noise in this region. In each of the carbon point 

density reconstructions, layers of high concentrations of carbon corresponding to cementite lamellae are 

observed.  The ILS is approximately 100 nm as observed for the as rolled material in FESEM images and 

prior measurements from Eavenson shown in Section 2.1.  In the areas corresponding to cementite, there 
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is a lower concentration of copper ions in the copper point density reconstructions.  Near the location of 

the cementite lamellae, a few small areas of higher copper concentration are observed in the 0.38 wt pct 

Cu steel.  A greater number of these areas of higher copper concentration are observed near the cementite 

lamellae of the 0.85 wt pct Cu steel.  Expectedly, an increase in the overall density of the copper ions is 

observed in the higher copper content steels.  The point density reconstruction for the other elements are 

shown in Appendix B. 

The isoconcentration surfaces for 15 atomic pct carbon and 1.5 atomic pct copper are shown in 

Figure 4.69 for the 0.07 wt pct Cu hypereutectoid steel.  Two views are provided to allow visibility of 

each side of the cementite lamellae. The isoconcentration surfaces for the first sample from the 0.38 wt 

pct Cu steel are shown in Figure 4.70 and the second sample from the 0.38 wt pct Cu steel is shown in 

Figure 4.71.  The results for the 0.85 wt pct Cu steel are shown in Figure 4.72. The isoconcentration 

surfaces show that there are no areas of high copper concentration, greater than 1.5 atomic pct, in the 0.07 

wt pct Cu steel.  A few areas of high concentration are observed in the 0.38 wt pct Cu steel.  These areas 

appear in the ferrite at the ferrite-cementite interface and are likely formed at the 

austenite-ferrite-cementite triple point created during the austenite to pearlite transformation.  In the 0.85 

wt pct Cu steel there are several areas next to the ferrite cementite with copper concentrations greater than 

1.5 atomic pct.  There may also be a few small areas of greater than 1.5 pct within the bulk of the ferrite 

lamellae. 

  

(a) C (b) Cu 
 

Figure 4.65 Point density reconstructions for (a) C with 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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(a) C (b) Cu 
 

Figure 4.66 Point density reconstructions for (a) C with a 50 pct display rate and (b) Cu with a 75 pct 

display rate for the first sample of 0.38 Cu rail steel. 

 

  

(a) C (b) Cu 
 

Figure 4.67 Point density reconstructions for (a) C with a 50 pct display rate and (b) Cu with a 75 pct 

display rate for the second sample of 0.38 Cu rail steel. 
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(a) C (b) Cu 
 

Figure 4.68 Point density reconstructions for (a) C with a 50 pct display rate and (b) Cu with a 75 pct 

display rate for the 0.85 Cu rail steel. 

 

  

(a) (b) 
 

Figure 4.69 Two views of the 15 atomic pct C (maroon) for the 0.07 wt pct Cu rail steel. No 1.5 

atomic pct Cu surfaces were observed. (color image – see PDF copy) 

 



92 

 

  

(a) (b) 
 

Figure 4.70 Two views of the 15 atomic pct C (maroon) and 1.5 atomic pct Cu (orange) for the first 

sample of the 0.38 wt pct Cu rail steel. (color image – see PDF copy) 

 

  

(a) (b) 
 

Figure 4.71 Two views of the 15 atomic pct C (maroon) and 1.5 atomic pct Cu (orange) for the 

second sample of the 0.38 wt pct Cu rail steel. (color image – see PDF copy) 
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(a) (b) 
 

Figure 4.72 Two views of the 15 atomic pct C (maroon) and 1.5 atomic pct Cu (orange) for the 0.85 

wt pct Cu rail steel. (color image – see PDF copy) 

Compositional histograms were created for the largest 15 at pct C isosurface in each of the 

samples and are shown in Figure 4.73 for Cu, where the positive numbers for distance axis are into the 

isosurface representing the cementite lamellae while the negative number for distance axis are out of the 

isosurface representing distance into the ferrite lamellae. The Cu partitions away from the cementite and 

into the ferrite.  The 0.85 Cu sample and the first 0.38 Cu sample show a peak just outside the cementite 

isosurface that are probably the result of the high concentration Cu clusters observed in Figure 4.70 and 

Figure 4.72. Compositional histograms about the 15 at pct C isosurface for other elements are shown in 

Appendix B.  

A compositional histogram was created for 19 of the 1.5 atomic pct Cu isosurfaces from the 0.85 

Cu sample and is shown in  Figure 4.74.  The Cu content increases within the particle up to a maximum 

of about 27 atomic pct at a depth of 3.125 nm.  Nearly all of the other ions observed within the 1.5 Cu 

isosurface were Fe ions.  It was not uncommon for small Cu clusters 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 the distance from the 15 atomic pct C isosurface. 

Negative distance on the x axis represents distance away from the interface and into the 

ferrite lamellae, while positive distance on the x axis represents distance into the 

cementite lamellae. 
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Figure 4.74 Cu concentration as a function of the distance from the 1.5 atomic pct Cu isosurface. 

Negative distance on the x axis represents distance away from the interface and into the 

ferrite lamellae, while positive distance on the x axis represents distance into the 

cementite lamellae. 
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In summary, APT revealed Cu rejection from cementite and small Cu-rich regions on the ferrite 

side of the ferrite/cementite interface; the regions are likely Fe-Cu clusters. The number of clusters 

observed tended to increase with the Cu content of the steel.  The small clusters are expected to provide 

some degree of precipitation hardening, which will increase the strength of high Cu steels in addition to 

any contribution of Cu to hardenability and ILS refinement. 

4.5 Phase Diagrams 

Expected phase diagrams were calculated to compare the behavior of the Cu observed during 

APT with the expected equilibrium conditions. The phase diagram for an Fe-Cu system calculated using 

Thermo-Calc is shown in Figure 4.75 and the low copper portion is magnified in Figure 4.76. Copper has 

limited solubility in Fe. The solubility of copper decreases with decreasing temperature below 

approximately 1400 °C. There is also a significant decrease in the solubility of copper in the ferrite phase 

compared to the austenite phase. However, at the copper levels examined in this study, the copper would 

remain in solution until after transformation to ferrite. Under equilibrium conditions the copper would 

precipitate at lower temperatures. 

The addition of C at the 0.93 wt pct level reduces the solubility of copper. The phase diagram for 

the Fe-Cu system with 0.93 wt pct C is shown in Figure 4.77. The solubility of copper in the austenite 

phase is greater than any of the copper levels examined in this study. Therefore, it would not be expected 

to see precipitation of copper at the prior austenite grain boundaries. However, with the 0.93 wt pct C 

addition, the maximum solubility of copper at temperatures just below the eutectoid temperature in ferrite 

is approximately 0.75 wt pct. This means that at equilibrium conditions the 0.38 wt pct Cu and 0.07 wt 

pct Cu material would remain in solution in the ferrite immediately after transformation and only 

precipitate upon further cooling as the solubility further decreases. This would leave a relatively uniform 

precipitation of copper within the ferrite. The 0.85 wt pct Cu material should precipitate some copper 

during the austenite to pearlite transformation. This is likely to occur at the austenite/ferrite/cementite 

triple point, resulting in copper precipitates at the ferrite cementite interface. Upon further cooling, the 

solubility further decreases, and these copper precipitates will grow while others may form in the ferrite 

away from the interface. 

The other main alloying elements of Mn, and Si, used in the rail steels had little impact on the 

solubility of copper. A Fe-Cu phase diagram with additions of C (0.93 wt pct), Mn (1.02 wt pct), and Si 

(0.38 wt pct) at levels measured in the 0.85 wt pct Cu is shown in Figure 4.78 and displays very similar 

copper solubility as the Fe-Cu-0.85 C wt pct phase diagram. 

The phase diagrams only show what would happen under equilibrium conditions and the results 

observed through APT vary from these predictions. The rail is subjected to accelerated cooling during the 
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head hardening process. As a result, the austenite to pearlite transformation occurs at a lower temperature 

than the equilibrium temperature, where a decreased amount of copper is soluble in the ferrite. This would 

increase the amount of precipitation during transformation and the amount of precipitation observable at 

the ferrite/cementite interface.  This explains the development of Cu clusters at the ferrite/cementite 

interface observed in the 0.38 Cu APT samples that would not be expected under perfect equilibrium 

conditions. The increased cooling rate may also retard the precipitation in the ferrite and explain why so 

few Cu clusters were observed in the ferrite during the APT 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 0 to 5 wt pct Cu.  

 

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

Eavenson showed that increasing copper content in hypereutectoid rail steels increased strength, 

partially through an increase in hardenability and decreases in ILS [7].  

In the present study unlubricated wear testing was conducted on hypereutectoid head hardened 

rail steels containing 0.07, 0.38, and 0.85 wt pct Cu. Unlubricated twin disc wear testing showed an 

increased wear rate during the first 1,000 cycles before reaching a steady state wear rate. A slight 

decrease in steady state wear rate was observed during unlubricated twin disc wear testing with increasing 

copper content. The wear samples showed a large amount of deformation near the surface of the sample.  

The large amount of deformation created small cracks near the surface causing small slivers and platelets 

to flake off the sample. 

Preliminary RSCF testing was conducted using the 0.38 Cu hypereutectoid steel and an IH rail 

steel to examine two types of RSCF testing observed in literature, a dry-lubricated method and a fully 

lubricated method.  Settings and conditions were modified to achieve RSCF failure in a period similar to 

that observed in literature. In both the dry-lubricated and fully lubricated preliminary RSCF testing, the 

0.38 Cu hypereutectoid material had a longer RSCF life than the IH material. The results of the 

preliminary RSCF testing led to the selection of the fully lubricated method for the primary RSCF testing. 

Primary RSCF testing was conducted with the 0.07 Cu, 0.38 Cu, 0.85 Cu hypereutectoid rail and 

an IH rail. The results form bands with the higher strength hypereutectoid rail steels having a longer 

RSCF life than the IH rail steel. A longer RSCF life was also observed with increasing copper content in 

the hypereutectoid rail. The calculation for the Hertzian contact pressure assumes only elastic 

deformation. Plastic deformation was observed and the contact pressure was recalculated based off the 

final specimen geometry. The results showed that as the copper content and strength increased, the 

material resisted deformation and was subjected to a higher conformal contact stress.  While some overlap 

exists, the higher copper hypereutectoid steel had a longer RSCF life at similar conformal contact 

pressures.  The results were normalized by the shear yield strength of the material, and the results for the 

three hypereutectoid rail and IH rail formed one narrow band indicating the increase in RSCF life is a 

function of the increase in strength. Cracks were found to be mainly surface breaking, and close to a 45 ° 

angle from the running surface.  A band of deformation was observed at the surface and another band was 

observed below the surface with undeformed material between the bands. The surface deformation was 

unexpected from the shakedown diagram at the low coefficient of traction present with the use of the 

TOR lubricant. 

Equilibrium phase diagrams suggest the precipitation of copper rich particles accounting for a 

portion of the strength increase as a result of precipitation hardening.  APT results show clusters of higher 
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concentration of copper in the ferrite lamellae near the ferrite/cementite interface in the 0.38 and 0.85 wt 

pct Cu steels.  The clusters were not found to be 100 pct copper as suggested by the phase diagram.  

These clusters may still contribute to the increase in strength seen in Eavenson’s work. 

No detrimental effects were observed in the wear and RSCF behavior of the hypereutectoid rail 

steels with increasing Cu content up to the 0.85 wt pct Cu investigated in this study. Cu has been shown 

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

A.1  Calculation of Hertzian Contact Pressures 

Maximum Hertzian contact pressure was calculated using formulas based on those available in 

Roark’s Formulas for Stress and Strain 7th ed. [44]. Properties of the rail sample and material are 

represented by a subscript R and the wheel sample and material are represented by a subscript W. A 

modulus of elasticity, E, of 207 GPa is used for both the rail and wheel material. A Poisson’s ratio, ν, of 

0.28 is used for both the rail and wheel material. The coefficient �
�

 is calculated using the formula in 

equation (A.1). 
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(A.1) 

 

A.1.1 Calculation for Cylinder on Cylinder Testing 

Calculation of the contact stresses for cylinder on cylinder testing, such as that used in the wear 

testing and the preliminary dry-lubricated RSCF testing, was performed using formulas based on those 

available in Roark’s Formulas for Stress and Strain 7th ed. Table 14.1 case 2 [44]. 

The coefficient �
�

 was calculated using the diameters, �, of the rail and wheel samples using the 

formula in equation (A.2) 
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(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, and the coefficient �
�

 and �
�

 

calculated in equation (A.1) and equation (A.2). 
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The width of the rectangular contact path, �, can be calculated using equation (A.4). 
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A.1.2 Calculation for Crowned Samples on Cylinder Testing 

Calculation of the contact stresses for the crowned samples on a cylinder testing, such as that 

used in the fully lubricated preliminary RSCF testing and primary RSCF testing was performed using 

formulas based on those available in Roark’s Formulas for Stress and Strain 7th ed. Table 14.1 case 4 

[44]. 

The coefficient �
�

 was calculated for the rail and wheel samples using the 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 flat direction of the cylindrical specimen. 
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The cosine of � was calculated by the formula shown in equation (A.6) using the coefficient �
�

 

calculated in equation (A.5), the radii of curvature, and the angle between the planes of the maximum 

radius of curvature of each sample, �. 
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(A.6) 

 

The cosine of � from equation (A.6) is used to determine the coefficients α, β, and λ by using 

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

Table A.1 Variables for Calculations of Contact Pressure, Area, and Displacement 

cos(θ) α β λ 

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, c, and minor semiaxis, d, of the elliptical contact patch were calculated using 

equation (A.7) and equation (A.8) respectively. Equation (A.6) and equation (A.7) were used in the 
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calculation of a conformal contact radius and pressure by modifying �
�

�  until the measured value of the 

contact width was equal to 2c. 
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The maximum Hertzian contact pressure, �
�

, was determined using equation (A.9) where � is the 

load. The conformal contact pressure was also calculated using equation (A.9), but with the use of the 

coefficient determined using the conformal contact radius.  
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The approach of each body, �, can be calculated by using equation (A.10). 
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APPENDIX B: ADDITIONAL ATOM PROBE TOMOGRAPHY DATA 

B.1  Point Density Reconstructions 

Point density reconstructions were created for Fe, C, Mn, Si, Cr, Cu, V, and FeO ions.  The 

reconstructions for the 0.07 Cu sample are shown in Figure B.1, the first sample of the 0.38 Cu material 

shown in Figure B.2, the second sample of the 0.38 Cu material are shown in Figure B.3, and the 0.85 Cu 

sample are shown in Figure B.4.  The point density reconstructions were created using a display rate of 

0.3 pct for Fe, 50 pct for C, 25 pct for Mn, 80 pct for Cr, 100 pct for V, 40 pct for Si, 75 pct for Cu, and 

90 pct for FeO.  The FeO point density shows some slight oxidation that occurs on the surface of the APT 

sample in the small time frame from FIB milling to placement within the vacuum chamber of the APT 

unit.  Due to the overlap between Fe2O2+ and Cu+ peaks on the mass/charge spectrum, an erroneous high 

concentration of Cu is observed in these areas of oxidation.  Overlap may occur between other FeO ions 

making the data less reliable in the oxidized areas.  In each point density reconstruction, there are areas of 

high C concentration that represent the cementite lamellae.  A high concentration of Mn and Cr can also 

be observed in these areas in all the materials suggesting the selective partitioning of Mn and Cr to the 

cementite phase.  A low concentration of Si and Cu can be observed in the areas of high C concentration 

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

B.2  Compositional Histograms 

Compositional histograms were created about the 15 atomic pct C isosurfaces discussed in 

Section 3.5.3 with the same 50,000 ion count threshold for the 0.07 Cu APT sample, the first 0.38 Cu 

APT sample, and the 0.85 Cu APT sample.  The compositional histograms are shown for C in Figure B.5, 

Mn in Figure B.6, Si in Figure B.7, Cr in Figure B.8, Cu in Figure B.9, and V in Figure B.10.  The 

compositional histograms verify the partitioning observed with the point density reconstructions and 

further quantify the partitioning of the elements about the cementite/ferrite boundary with positive 

distances being into the cementite and negative distances being into the ferrite.  The V compositional 

histogram shows that the V partitions slightly to the cementite phase, however due to the low bulk V in 

the materials, the results contain a lot of scatter and 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 (g) V (h) FeO 
 

Figure B.1 Point density reconstructions for (a) Fe, (b) C, (c) Mn, (d) Si, (e) Cr, (f) Cu, (g) V, and (h) 

FeO for the 0.07 Cu rail steel. 
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(a) Fe (b) C (c) Mn (d) Si 

    

(e) Cr (f) Cu (g) V (h) FeO 
 

Figure B.2 Point density reconstructions for (a) Fe, (b) C, (c) Mn, (d) Si, (e) Cr, (f) Cu, (g) V, and (h) 

FeO for the first sample of the 0.38 Cu rail steel. 
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(a) Fe (b) C (c) Mn (d) Si 

    

(e) Cr (f) Cu (g) V (h) FeO 
 

Figure B.3 Point density reconstructions for (a) Fe, (b) C, (c) Mn, (d) Si, (e) Cr, (f) Cu, (g) V, and (h) 

FeO for the second sample of the 0.38 Cu rail steel. 
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(a) Fe (b) C (c) Mn (d) Si 

    

(e) Cr (f) Cu (g) V (h) FeO 
 

Figure B.4 Point density reconstructions for (a) Fe, (b) C, (c) Mn, (d) Si, (e) Cr, (f) Cu, (g) V, and (h) 

FeO for the 0.85 Cu rail steel. 
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Figure B.5 Compositional histogram showing C concentration as a function of the distance from the 

15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 
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Figure B.6 Compositional histogram showing Mn concentration as a function of the distance from 

the 15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 
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Figure B.7 Compositional histogram showing Si concentration as a function of the distance from the 

15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 
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Figure B.8 Compositional histogram showing Cr concentration as a function of the distance from the 

15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 



114 

 

-8 -4 0 4 8

Distance from Cementite Isosurface, nm

0

0.2

0.4

0.6

0.8

1

C
u
 C

o
n

ce
n

tr
a
ti

o
n
, 
A

to
m

ic
 P

ct

0.07 Cu

0.38 Cu

0.85 Cu

 

Figure B.9 Compositional histogram showing Cu concentration as a function of the distance from the 

15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 
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Figure B.10 Compositional histogram showing V concentration as a function of the distance from the 

15 atomic pct C isosurface.  Positive distance is into the isosurface while negative 

distance is outside the isosurface. (color image – see PDF copy) 

 


