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a b s t r a c t

Rolling contact fatigue (RCF) damage is becoming more frequent with increased traffic, accelerations, and
loading conditions in the railway industry. Defects which are characterized by a two-lobe darkened
surface and a V-shaped surface-breaking crack are defined as squats. The origination and propagation of
squats in railway rails is the topic of many recent studies; the associated crack networks develop with
complicated geometry near the surface of rails, but can be difficult to detect and distinguish from nor-
mally existing head checks in their early stages, using in-field non-destructive detection techniques. After
cutting out damaged sections of rail, there are a number of options to characterize the damage. The aim
of this study was to evaluate different methods to geometrically describe squat crack networks; through
X-ray radiography complemented with geometrical reconstruction, metallography, X-ray tomography,
and topography measurements. The experiments were performed on squats from rail sections taken
from the field. In the first method, high-resolution and high-energy X-ray images exposed through the
entire rail head from a range of angles were combined using a semi-automated image analysis method
for geometrical reconstruction, and a 3D representation of the complex crack network was achieved. This
was compared with measurements on cross-sections after repeated metallographic sectioning to
determine the accuracy of prediction of the geometrical reconstruction. A second squat was investigated
by X-ray tomography after extraction of a section of the rail head. A third squat was opened by careful
cutting, which gave full access to the crack faces, and the topography was measured by stylus profilo-
metry. The high-energy X-ray, 3D reconstruction method showed accurate main crack geometry at
medium depths; the advantage of the method being that it potentially could be developed for non-
destructive testing in field. However significant drawbacks exist due to limitations in radiography in
terms of detecting tightly closed cracks in very thick components. This includes the inability to detect the
crack tips which is an important factor in determining the risks associated to a specific crack. Metallo-
graphic investigation of the cracks gave good interpretation of crack geometry along the sections
examined, and gave the possibility to study microstructure and plastic deformation adjacent to the crack
face. However this time-consuming method requires destruction of the specimen investigated. The X-ray
tomography revealed the 3D crack network including side branches in a 10�10�30 mm3 sample, and
provided topographic information without completely opening the squat. Topography measurements
acquired by stylus profilometry provided an accurate description of the entire main crack surface texture,
including features such as surface ridges and beach marks.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Heavier loads and increased accelerations and speeds on
today's railways are causing increasing damage to rails and wheels
[1–3]. The early detection and correct categorization of surface and
near-surface defects could help reduce the maintenance costs as
well as frequency and intensity of failures and accidents. In order
to develop a proper maintenance system, it is important to firstly
understand the nature, causes, and consequences of different
p).

3D characterization of rollin
defect types. In recent years, squats and squat-like defects have
been the subject of several investigations [4–7] and are proving to
be an important cause of failure and thus a cost-driver for main-
tenance worldwide. Squats are a particular type of defect that
generally manifest themselves as planar crack networks parallel to
the surface within a shallow depth from the rail head; however, in
some cases they may develop into cracks perpendicular to the
surface, causing transverse rail fracture. Although non-destructive
testing techniques could be used to find defects on railway rails
on-site, an efficient and reliable on-site non-destructive detection
system is not yet available to detect early stages of squat-type
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 1. Squat with gold cross marks (GC1, GC2) and scale (the V-shaped surface-breaking crack has been traced to be more visible).
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cracks, since they cannot readily be distinguished from other
surface defects which do not have the same associated risks.

1.1. Squat initiation and growth

Squats are surface-initiated defects, characterized by their V-
shaped surface-breaking crack and two-lobe darkened surface [6],
and are classified within three classes: A (light), B (moderate), and
C (severe), according to [8,9]. Fig. 1 shows a Category B squat. The
initiation of squats is thought to originate due to local plastic
deformation of the surface from rolling contact fatigue (RCF)
loading, including dynamic wheel-rail contact forces [1]. When
local thermal damage on the rail surface is believed to affect the
initiation mechanism, the defect is rather referred to as a stud
[1,7]. In this work we have not determined the cause of initiation
due to limited background information, and have chosen to use
the name ‘squat’ for the defects studied.

Although much research is currently being done to identify the
early stages of squats, and to prevent their formation (for example,
with regular grinding), the development of the crack network of a
squat is not well known. The two-lobe form on the surface of a rail
suggests a planar crack network below the surface, causing
internal wear within the crack, which in turn causes the rail sur-
face to sink and get a darker appearance due to less surface wear.
Metallographic cross-sectioning shows an initial crack growing at
small angles, around 10° to 30°, from the surface of the rail, then
deviating to propagate nearly parallel to the surface within a
shallow depth [10]. In more serious cases, the growth can deviate
into a downwards angle leading to risk of rail break [9]. The crack
can also branch upwards towards the surface [11], causing spalling
which leads to increased impact loading on further traffic.

1.2. Non-destructive testing of squats

In early stages of development, RCF defects in rails and wheels
are difficult to detect with non-destructive techniques. Eddy cur-
rent testing, ultrasonic testing, and visual inspection are the most
common in-situ inspection techniques in the railway industry
[12,13]. By the time the crack network can be detected using
ultrasonic testing, it could already be a severe squat (for example,
it could have traveled up to 4 mm into the rail) and the rail must
be removed. Eddy current testing has the potential for detecting
surface and sub-surface defects, but remains extremely sensitive
to lift-off [13].

The use of digital radiography is nowadays emerging into other
industrial applications, and is promising to be an efficient detec-
tion method [14–19]. Radiography of rail heads in field could allow
for not only detection of defects, but also a geometrical description
of the shape below the surface. Radiographic exposures from
several different angles followed by automated image analysis and
3D geometrical reconstruction could be a potential method for
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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non-destructive assessment of the severity of the crack network
in situ, but there remain some aspects of the method to develop
[19]. Currently, it is being developed in a laboratory environment;
however, the goal is to improve the procedure for use on site.
Some drawbacks related to the use of radiography still exist,
namely with respect to the efficiency of detecting flaws that are
not parallel to the radiation, cracks whose orientation require
access to difficult positions (for example, longitudinal vertical
cracks in rails), small volumes examined per time, and some
health and safety concerns.

1.3. Current study

In this study, the use of radiography combined with 3D
reconstruction, metallography, X-ray tomography, and topography
measurement were evaluated as methods to describe the geo-
metry of RCF crack networks. A first squat taken from the field was
examined by radiography and metallography, in order to observe
the network of cracks, and to investigate the ability of radiography
and image analysis to reconstruct the 3D shape. This was verified
by comparison with measurements of crack extension on metal-
lographic cross-sections. Metallographic investigation of the
material adjacent to the crack faces, was also performed. X-ray
tomography was performed on a part of another squat for high-
resolution 3D visualization of the crack network. A third squat was
opened and the topography of the bulk-side crack face was
examined by stereomicroscopy and stylus profilometry. The
radiography and geometrical reconstruction methods have pre-
viously been presented at the 35th Risø symposium on Materials
Science and are documented in the proceedings [19] (Fig. 2).
2. Experimental

Investigations were carried out on squats taken from different
rail sections taken from the field. A first squat was radiographed
and thereafter cut in slices which were subjected to metallo-
graphic preparation. Before X-ray exposures, reference position
indicators (GC1 and GC2 in Fig. 1) were placed on the surface of
the rail in order to locate the squat network in 2 dimensions (x and
y), while a geometrical analysis was done using the radiographs in
order to obtain the third dimension (z) required for the 3D
reconstruction of the crack network. The line through the gold
crosses corresponds to x¼0 mm, while the center point between
GC1 and GC2 defines y¼0 mm. A second squat, taken from a dif-
ferent rail section, was investigated by X-ray tomography. For this,
a 10 mm deep section, 10 mm along the rolling direction and
30 mm in the transverse direction, was extracted from the center
of the rail running surface (see Fig. 3). A third squat was broken
open and the topography of the bulk-side was measured (Fig. 4).
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 3. Dimensions of the sample used for high-resolution 3D X-ray tomography.
The y-direction is the rolling direction.

Fig. 2. Radiographic set-up and system for geometrical reconstruction: (a) front view (as seen from the X-ray tube) and (b) view from left side, showing rotation table and
symbolic detector, and (c) top view, showing rail sample and symbolic detector. The rail standing on the rotation table is excluded in a and b, and the rotation table itself is
excluded in c for improved visibility.
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2.1. X-ray imaging technique and image analysis

X-ray radiography imaging allows for defect detection without
destruction of the sample. X-rays penetrate the object, and dif-
ferences in density along the beam (from cracks and other defects)
result in different amounts of absorbed energy, and different
shades of gray in the image. The radiography was performed with
a GE Titan 450 kV X-ray machine, with constant potential X-ray
tube (ISOVOLT 450 M2/0.4-1.0HP). This is a high power tube with a
small focus of only 0.4 mm (25% modulation), and geometric
unsharpness of less than 0.06 mm. The X-ray camera is an imaging
detector with a scintillating screen and glass fiber optics. A scin-
tillating face plate is used for its unique properties to eliminate the
internal light spread and increase the spatial resolution. The
detector is Peltier cooled to �30 °C, and is equipped with a fiber
optic input window. The detector is fixed to a front illuminated,
full frame 4 Megapixel CCD camera (EEV CCD42-40) with a pixel
size of 13.5�13.5 mm2. The imaging area of the X-ray is
27�27 mm2, with high spatial resolution, measured by unsharp-
ness values less than 0.08 mm (that is, more than 50% modulation
of the 13th wire pair with the EN ISO 19232-5 double wire IQI). In
order to detect the crack within a certain confidence level, image
sequences were obtained for exposures in the range of 52–86°, at
2° (Δθ) intervals. The object is rotated an angle Δθ between each
projection, based on the set-up geometry shown in Fig. 2. An
accelerating voltage of 400 kV, and a 1.75 mA current were used,
with exposure time 8�30 s (7 mA min). A deeper description of
the radiography method can be found in previous works [16,17].

Each X-ray image is divided into eight exposures, which are
integrated to improve the signal-to-noise ratio (SNR). The images
may contain radiation-induced noise, therefore each image is
statistically compared, and the noise (or white dots) is removed.
Conventional background and flat field correction are subse-
quently done to remove the structural noise. Finally, a “lifting”
operation, which compensates for varying thickness of the
exposed part of the sample, and thus improves the contrast, is
done by multiplying the corrected raw image with an interpolated
surface, based on curve fitting in the perpendicular direction of the
cracks. The second degree exponential is used as function for curve
fitting, as it adapts very well to the line profile of the gray level
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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across the image. In order to better visualize the crack network,
the images were also compiled into an animation.

2.2. Geometrical reconstruction

The well-established computed tomography (CT) method
treated later in this work, allows for automatic evaluation of a 3D
crack geometry. However, the tomographic reconstruction ideally
requires projections from 360°. Since, in field, the rail is only
accessible from the top and sides, conventional tomography is not
possible, and a modified geometric reconstruction must be done.

Geometric reconstruction of X-ray images is a method which
allows 3D visualization from 2D images, taken in series through an
object. For the 3D reconstruction in this study, a combination of
visual inspection, a mathematical model, and semi-automated
data processing was developed, based on certain characteristics
of the radiographs. When parts of the crack are parallel to the X-
ray beams, good contrast is obtained in the radiograph. The crack
plane is thus calculated from the positions where the line profile
provides high contrast in the different projections.

The parts of the crack which provide the highest contrast in
each image (as projected on the detector) are mapped manually on
the images. An illustration is shown in Fig. 2a, where two such
points called P1 and P2 are selected. The path between the points,

P1P2
��!

is assumed to be a straight line and identifies a part of the
crack where the radiation is parallel to the crack plane. The larger
the curvature as projected on each image, the closer the points are

recorded. The plane, Sn, is obtained from the vector P1P2n

���!
and the

point P0 positioned in the X-ray source (Fig. 2b). When the object
has been rotated by an angle Δθ, new points P1 and P2 are

selected. A new vector P1P2n

���!
is obtained, and the next plane, Snþ1,

is calculated. The lines of intersection between the individual

planes and the vectors P0P1
��!

and P0P2
��!

give the endpoints of each
plane. The midpoint between intersection line endpoints is equal
to the tangent to the crack plane, which gives the z coordinate of
the crack (Fig. 2c). The result was plotted in MATLAB [20].

2.3. Metallographic cross-sectioning

In order to evaluate the ability of the X-ray imaging, sub-
sequent image analysis and 3D reconstruction, to correctly visua-
lize the real 3D geometry of the crack, metallographic cross-
sectioning was done at different y-positions on the rail sample
shown in Fig. 1. The surfaces were prepared by grinding with SiC
paper, diamond polishing, and etching with nital 2%. Examination
of the prepared surfaces was done using a Zeiss SteREO Discovery
V20 stereomicroscope and a Leica light optical microscope (LOM).
The series of sections obtained were analyzed using image pro-
cessing in MATLAB to position the depth of the crack relative to
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 4. Category B squat rail surface before (left, slightly tilted) and after (right, showing bulk-side crack face) being opened for topography measurements.

Fig. 5. Superposed X-ray image sequences of squat, ranging from 70° to 80°.
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the surface. The curves resulting from metallography and image
analysis were compared to the 3D reconstruction at given coor-
dinates, to determine the accuracy of the geometric reconstruction
method.

Studying the cross-sections with light optical microscopy also
gave an overview of the microstructure, including the pearlite
lamella orientation and pearlite colony deformation. However, the
depth of focus is not sufficient to obtain clear images of a textured
surface, requiring the use of scanning electron microscopy (SEM),
LEO 1450VP SEM. This technique allows for better spatial resolu-
tion, depth of focus, and higher magnification.

2.4. X-ray tomography

A sample with dimensions of 10�10�30 mm containing part
of a squat was extracted from the top surface of a rail, see Fig. 3.
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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Two overlapping regions of the 10 by 10 mm2 cross-section cov-
ering the entire sample were scanned tomographically by using a
Zeiss Xradia 520. The X-ray energy was polychromatic up to
160 kV from a tungsten target and 1601 projections of each region
were acquired. 3D density maps were reconstructed by a standard
filtered back-projection method to 2k�2k�2k pixel volumes
with a voxel size of 7.288 mm. Due to some edge effects which have
been cut off, the figures only show information from a
8.7�7.3�24.8 mm3 volume.

2.5. Topography measurements

A Somicronic Surfascan 3D stylus-based surface profiler was
used to obtain 3D mapping of regions of interest on the bulk-side
crack surface of a Category B squat. The profiler was fitted with a
ST027 stylus probe (2 mm tip radius and a 90° tip angle) and a
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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depth description was acquired. An overall geometry was obtained
using 1 mm step size over the 40 by 40 mm2 area of the squat
(Fig. 4), while detail maps were done on smaller regions with step
size 50 mm to allow for the ridges to be measured.
Fig. 6. 3D plots with surfaces obtained from both 3D reconstruction (colored) and
metallography (mesh). The crack network is showed relative to the rail surface
(gray). Note that the scaling in z-direction is exaggerated to better show the shape
of the crack. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. (a) Transverse cross-section of the squat, (b) from reconstruction (dash-dotted b
metallography (solid lines) comparisons. It should be noted that the depth is exaggerated
reader is referred to the web version of this article.)

Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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3. Results

3.1. Radiography and image analysis

The radiographic images obtained after corrections and
enhancement allow observation of a given area of the squat crack
network, without tampering. Fig. 5 shows a compiled sequence of
images from the squat between the angles of þ70 and þ80°, with
2° intervals, according to the previously described radiography
set-up (Fig. 2). It can clearly be observed how the intensity
increases as the crack normal becomes perpendicular to the
incoming X-ray beams. Artefacts are caused by joining images to
cover the entire length of the crack, as well as from the necessary
mathematical treatment of images. These artefacts currently hin-
der a fully automated interpretation of images.

3.2. Geometrical reconstruction

The result of the 3D geometrical reconstruction is shown in
Fig. 6, demonstrating a section of the squat network which is
similar to that reported in literature [21].

3.3. Metallographic cross-sectioning

Metallographic cross-sectioning was done to determine the
accuracy of the geometric reconstruction and also for evaluation of
this traditional method as a means to characterise a squat crack.
Fig. 7a shows a transverse cross-section of the rail. The comparison
between the metallography and the reconstruction shows the
reliability of the method for accurate reconstruction of the crack
network to a certain extent (Fig. 6), as well as for evaluation of
squat severity. It can be seen in the bottom right-hand corner of
Fig. 7b that the crack penetrates deeper and further into the rail
than seen in the 3D reconstruction, due to the tight closure of the
crack tip, making it indistinguishable using radiography through
the full rail head. It should be noted that the depth axis is exag-
gerated in the figures in order to better show the texture of the
lack line) and metallography (solid red line). (c) Reconstruction (dotted lines) and
in (b) and (c). (For interpretation of the references to color in this figure legend, the

g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 8. A series of sections through the reconstructed volume containing part of a squat. The position of the sections is given along the rolling direction. The surface of the rail
is approximately 400 mm above the top of each section.
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crack obtained through metallographic sectioning. Similarly, the
surface-breaking section of the crack was not always present in
the 3D reconstruction, since planes were plotted assuming pie-
cewise parallelism, there is a limit to the degree of curvature that
can be interpreted. The method, however, was found to give a
reliable description of the geometry of the crack on medium
depths; that is, each curve measured from the metallographic
cross-section follows well the interpolated curve from the recon-
structed surface, as shown in Fig. 7c.

The effect of plastic deformation on crack propagation was
investigated using LOM and SEM. Realignment of pearlite lamellae
was apparent at certain areas along the crack, however some areas
seemed unaffected. This suggests the crack did not grow following
a severely deformed microstructure [22], and that other para-
meters affected the growth path through the bulk of the material.
3.4. X-ray tomography

The 3D density maps obtained by reconstructing X-ray tomo-
graphy data reveal density differences in the bulk material. The
crack network was segmented and visualized by using the Avizo
3D software for materials science. Two overlapping regions were
scanned tomographically to cover the squat in the transverse
direction. The reconstructed volumes were stitched together and a
series of 6 sections through this volume are presented in Fig. 8
along the rolling direction. The two different background contrasts
represent the two individual reconstructions. The rolling direction
is indicated by an arrow and the surface of the rail is approxi-
mately 400 mm above the top of the images. Fig. 9 shows one of
the scans in the transverse direction. Fig. 10a shows a series of four
consecutive sections through a reconstructed volume from the
same angle as seen in Fig. 9. Cracks were located automatically by
setting an intensity threshold value. Different parts of the 3D
structure of the crack network, segmented in blue, are visible in
Fig. 9. The same volume is seen from above in Fig. 10b, where part
of the fracture surface is magnified. The ridges on the fracture
surface of the squat are a characteristic of the RCF crack propa-
gation in the rail. The distance between the ridges has been
measured at 10 locations and varies between 200 and 500 mm.
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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3.5. Topography measurements

An investigation of the topography of the squat on a macro
scale was done using stereomicroscopy and stylus profilometry.
The fatigue crack path can clearly be followed from the origin to
the outside edges, as shown in Fig. 4. Stereomicroscopy images of
the same crack are shown in Figs. 11 and 12 shows the mapping
from the topography method. A closer examination of the surface
(Fig. 11b) shows ridges, very pronounced in certain areas as
described by the 3D surface profile in Fig. 13, and occasional beach
marks. The mappings obtained, clearly show the texture and
roughness of the squat surface, also visible by the X-ray tomo-
graphy, which are not captured by radiography through the entire
rail head nor can be clearly imaged using metallographic sec-
tioning since only one perpendicular plane is imaged.
4. Discussion

As the development of RCF defects, and squats in particular, are
gaining importance for railway failure prevention, the under-
standing of their origin, propagation, but also their characteriza-
tion beyond the surface is necessary. Although squats reveal
themselves on the rail surface, it is how they are manifested in a
3D geometry below the surface which characterizes their severity.
The replacement of rails is a costly expenditure, and an in-field
non-destructive technique would therefore greatly benefit the
investigation of squat severity.

4.1. Radiography and 3D reconstruction

For the geometrical reconstruction technique, some character-
istics of radiography, such as sensitivity to alignment between the
X-ray beam and crack, are used in order to obtain a visualization of
the complete squat network. It is this characteristic which helps to
sort out the normal of the crack plane in each image. Combining
information about shape, crack plane orientation, relative move-
ment with respect to the reference position indicators, as well as
comparisons between different angles of exposure; a 3D recon-
struction is possible. It was found that this radiographic technique
provides information on the crack network geometry, however
lacks some accuracy in positioning the crack tip, which can be seen
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 9. A series of sections through half of the reconstructed volume of a part of a squat. The position of the sections is given transverse to the rolling direction. The surface of
the rail is approximately 400 mm above the top of each section a. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

Fig. 10. (a) 3D representation of the crack network in blue from the same volume shown in Fig. 9. Four sections through the reconstructed volume illustrate how the images
in Fig. 9 are taken. (b) Overhead view showing crack ridges. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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in Fig. 7c. Closer to the tip, the opening of the crack may be too
narrow for detection with the given resolution. Side branches can
be hidden due to limited angles; they never become parallel to the
radiation. The surface obtained through the reconstruction is
compared to that from metallography in Fig. 6. Although the depth
can be estimated, the direction of the crack close to the crack tip
provides important information on the severity of the squat. This
means the detection in-field is always one step behind, which is a
severe drawback when predicting whether the squat will cause
further damage, such as transverse fracture or surface shelling.
Perhaps this can be solved by combining it with complementary
NDT techniques.

The surface-breaking crack is sometimes missing from the 3D
reconstruction, which may be due to the difficulty of capturing
curved surfaces, or discerning it from the surface topography
removed in the image treatment. And the larger the amplitude of
the ridges, the less distinct the contrast in the X-ray images. It can
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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also be observed that the reconstructed crack geometry does not
extend to y-positions beyond the surface-breaking part of the
crack, represented in Fig. 6. That is, the peripheral parts of the
squat which lie entirely below the surface cannot be detected
unless it extends to the surface, due to the tight closure which
exists.

4.2. Metallographic investigation

The metallographic investigation was complemented with light
optical microscopy (LOM), stereomicroscopy and scanning elec-
tron microscopy (SEM). This deeper look at the area within and
around the crack gave better insight into the mechanisms involved
in crack propagation, such as plastic deformation and thermal
damage. It was found that plastic deformation has occurred,
mostly around the surfaces of the crack, however it was not pre-
sent along the entire length. However, deformation may exist in a
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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Fig. 11. Images from stereomicroscopy of (a) squat surface, and (b) detail of squat surface close to the tip of the v.

Fig. 12. Mapping of overall squat geometry, 1 mm step size.

Fig. 13. Mapping from topography showing ridges, 50 um step size.
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perpendicular direction. No signs of thermal damage were seen in
this case.

LOM revealed the presence of branching along the main crack,
which is not captured in the geometric reconstruction. These
branches are filled with a residue, which was investigated using
SEM. These residues within the cracks are severely deformed bulk
material which has been repeatedly sheared and compacted due to
Please cite this article as: C. Jessop, et al., 3D characterization of rollin
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the friction between crack faces [23]. The main crack tip is also
often filled with these residues, which adds to the difficulty of
detecting it in the radiography and reconstruction stages, since the
residues have approximately the same density as the bulk
material.

4.3. X-ray tomography

X-ray tomography requires acquisition of images from a large
angle interval. Typically, images are acquired while rotating the
sample 360°. Thus standard tomography is not a suitable techni-
que for studying rails in-field. Another limitation is that high-
energy X-rays are needed to penetrate a whole rail head. However
when mm-sized samples have been cut from a rail, they can be
investigated with high-resolution tomographic reconstructions
and the whole crack network can be investigated in 3D. The
fracture surface can be segmented and studied without opening
the cracks. It is possible though that residual stresses are relieved
when extracting the sample, so that crack widths change.

4.4. Topography measurements

A squat was broken open, and the bulk-side face of the crack
network was investigated for topography. The 3D mapping
showed a highly textured surface on different scales: pronounced
ridges, some beach marks, and variations in surface roughness.
These features are not apparent in the reconstruction nor the
metallographic sectioning, adding an extra dimension to the
complex squat crack network geometry. A careful investigation of
the fatigue surface was not done in this study, but it should be
noted that the presence of ridges signifies a relative movement
between the crack faces only in the direction of the ridges. In other
areas, varying sliding direction between the crack faces generates
a smooth surface due to plastic deformation and wear.
5. Conclusions

The aim of the study was to investigate the potential of dif-
ferent methods to characterize the geometry of squats. The general
conclusion is that the different methods are complementary, and
observations made using one method can sometimes explain
deficiencies of other methods.

The X-ray radiography method previously developed [17,19] is
beneficial in the case of truly non-destructive squat investigation,
since it provides a clear visualization of the crack network below
the rail surface, in a compiled series of exposures taken without
any damage to the rail. A semi-automated image analysis for 3D
reconstruction was developed in this study, and the results
showed a squat network geometry similar to that described in
g contact fatigue crack networks, Wear (2016), http://dx.doi.org/
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literature. Some aspects remain to be improved in order to more
accurately capture the curved surfaces of the crack planes, as well
as to extrapolate the surface to deeper depths, i.e. to the crack tip.
The use of radiography and image analysis proved to be suffi-
ciently accurate for the description of the squat crack network at
medium depths, however this technique could not locate the crack
tip or discern branching. Although an estimation of the crack
depth can made, it is the direction of the crack close to the crack
tip which provides information on the severity of the squat when
predicting whether the squat will cause further damage, such as
transverse fracture or surface shelling. Limitations in this method
exist due to the characteristics of radiography, and time-efficiency
remains to be improved in all steps of the procedure in order for
this method to be efficiently applied in-situ.

Metallographic investigation was done in order to compare the
results from the X-ray 3D reconstruction method to the physical
reality of the network, as well as take a closer look at the micro-
structure. Sectioning is time-consuming and destructive, but the
resulting images clearly describe the characteristics of the crack at
given coordinates. Microscopic investigation of the material close
to and within the crack showed branching occuring along the
main crack, and those branches and crack tips are filled with
residues coming from deformed bulk material. Plastic deformation
had occurred on the surface of the rail as well as along the crack,
however evidence is not present everywhere, indicating other
mechanisms drive the crack growth in this case. No white etching
layer (WEL) or thermal damage were apparent.

X-ray tomography allows visualization of the crack network
with high-resolution in mm-sized samples. This is a superior
characterization method compared to radiography in terms of
sensitivity to network geometry. That is, both the main crack and
all branches can be studied in high detail in the tomographic
reconstructions of the sample and the technique gives access to
the fracture surface without physically opening the cracks.

Topography measurements provide a 3D mapping of the sur-
face of a similar squat network. In terms of characterizing the main
crack topography, this method was able to differentiate many
different magnitudes of surface texture which exist. Though this
method required partial destruction of the specimen, a good
visualization of the main crack was easily achieved, and there was
possibility of gathering additional information about the surface
roughness, which could not be measured using the other methods.
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