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Abstract

We address the mitigation of subsurface crack propagation in railroad rails via laser surface modification. Microhardness scans
and tensile tests, performed on samples of unused and heavily used rail heads, indicate that the severe cyclic plastic deformation
that occurs at rail gage corners, during service, leads to cracking. Reducing rail-wheel friction reduces shear forces that contribute
to this problem. Laser glazing, the rapid melting and rapid re-solidification of a thin surface layer, is shown here to reduce the
friction coefficient of rail steel. These treatments produce a thin (<100 mm) glazed surface layer, intimately bonded to a martensitic
heat-affected-zone that is, itself, well bonded to the pearlitic rail steel substrate. The microhardness (Vickers) of the glazed layer
ranges from H, 655 to H, 800, while that of the heat-affected-zone ranges from H, 470 to H,,1072. The pearlitic steel substrate
typically has a hardness of H, 300. Static “‘block-on-ring” friction experiments on standard specimens extracted from laser-treated
samples show reductions in the friction coefficient by about 25% relative to untreated surfaces at loads corresponding to prototypic
rail service loads. X-ray scans of treated surfaces were inconclusive regarding the nature of the glazed layer. The top surface of a
six-foot length of rail was laser glazed on two areas, each ~10 cm long and ~2 cm wide. Friction measurements were made on
these surfaces on the Association of American Railroad’s Cyclic Rolling-Sliding Wear Machine after they were subjected to
20,000 run-in cycles at loads prototypic of service. The laser treatments remained intact after these cycles. Reductions of friction
coefficient of ~40%, relative to untreated surfaces, were observed, which corresponds to a calculated reduction in the crack
propagation rate by ~79%. © 1998 Elsevier Science S.A.
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1. Introduction and steering forces are the greatest. If the cracks turn

upward, i.e. perpendicular to the direction of travel,

The problem of concern to the railroads that is
addressed in this paper is the occurrence of subsurface
cracks (“‘shell defects) that propagate parallel to the
rail surface in the direction of train travel [1]. As shown
schematically in Fig. 1, these cracks are located primarily
in the gage corner of the rail (next to the wheel flange).
The problem they pose is exacerbated at curves in the
track, where the combined loading from normal forces
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they will produce spalls. More serious consequences
(possible derailment) can result when the cracks turn
downward (*‘detail fracture’). The cause of this cracking
is the severe cyclic loading to which the rail is subjected
during normal service in supporting and guiding passing
locomotives and train cars. The loads can be a combina-
tion of normal and shear forces, the latter produced by
rail-wheel friction, which can be particularly severe at
curves in the track. In fact, it was found by Gervais and
McQueen [2] that without shear, prototypic normal
loads were not sufficient alone to nucleate shell defects,
even after several rail lifetimes of cyclic loading. Hence,
shear is important, which is why the cracks are observed
primarily at gage corners and why the problem is
worsened at curves.

Obviously, a solution to the problem just described
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Fig. 1. A schematic representation of a rail head, showing a crack
propagating along the rail travel direction in the subsurface region
beneath the gage corner.

would be to reduce rail-wheel friction at locations of
concern on the rail. In addition, reducing friction would
reduce the forces that cause the wheel to climb over the
rail that also cause derailments; it would reduce rail
wear and diminish locomotive fuel consumption by
decreasing rolling resistance. Recognizing these advan-
tages, the railroads currently apply liquid lubricants to
rails via mechanized systems activated as trains pass
such locations. However, liquid lubricants have prob-
lems associated with them. They can be washed away
in the rain, they are not entirely environmentally sound,
and there is an inherent problem with regard to con-
trolling where the lubricant is specifically applied to the
rail surface. For reasons of traction, one does not want
the lubricant to be applied to the top surface of the rail.
To directly address these issues while reducing rail-wheel
friction, we propose the application of a solid-state
lubricant via rail surface modification. This approach
will allow one to accurately target the location of the
treatment, which can be applied in service as a rework
procedure, and which may even be applicable during
rail fabrication. Any such treatment must be durable,
capable of sustaining heavy loads, economical and com-
mercially available.

We suggest that laser glazing, the rapid solidification
of a very thin melt layer produced on the rail surface
by a moving laser beam, is an appropriate treatment for
this purpose. Such treatments are known to produce
ultra-fine non-equilibrium structures and even amor-
phous films when solidification rates are very high.
There is reason to believe [3] that the presence of such
films can reduce the coefficient of friction in rail steels.
Strutt et al. [4] have improved the behavior of tool
steels with such treatments and Hetzner [5] is achieving

significant improvements in steel bearings via laser glaz-
ing. For a review of the parameters and effects of laser
glazing, see the paper by Singh [6], who has also worked
extensively in this field. In this paper, we will present
the results of our research in laser glazing of rail steels
and actual sections of railroad rail. We will discuss rail
steel mechanical behavior, surface modification issues
and laser processing, microstructural and microhardness
changes, the observation of non-equilibrium phases, the
resulting changes in friction coefficient and their relation
to crack propagation.

2. Rail steel mechanical behavior
2.1. Hardness and deformation behavior

The rail steel mechanical behavior, particularly its
deformation behavior, is relevant to the cracking issue
of concern. Crack nucleation and propagation in ductile
metals during cyclic loading can be related to the
accumulation of deformation debris (dislocations) in
localized regions, and the inability of the material to
mitigate loads in that region by further plastic flow [7].
In the case of railroad rails subjected to normal and
shear loads, this debris can accumulate in the subsurface
region, resulting in crack nucleation. The nucleated
crack advances with subsequent cycling as the plasticity
becomes exhausted in a localized region ahead of the
crack tip. The accumulation of dislocation debris in a
region, and hence the propensity for crack nucleation
there, is reflected in the mechanical properties of that
region. To explore this, we have probed the mechanical
properties of actual rail steel in two ways, illustrated
schematically in Fig. 2. We performed microhardness
scans across the surface of rail heads cut perpendicular
to the direction of rail travel, making indentations at
3 mm intervals. We also extracted standard small tensile
samples, with their tensile axes parallel to the direction
of rail travel, from regions across the rail head surface
consistent with the indentation measurements. We con-
ducted these experiments on material from virgin rail
and from heavily used, but uncracked, rail. Table 1
shows the compositions of the steels used in this study.

Fig. 3 shows the results of the microhardness (Vickers)
scans. Hardness values were obtained from individual
indents on a 3 mm x 3 mm grid across the face of each
rail head. The values shown for the regions indicated in
the schematic are the average of four values from the
center of each region. Each of the four values deviated
from the average by less than 5% in all cases. In the
case of the virgin rail, the hardness variation across the
rail head is less than 10%, which is in the normal range
of variation for such properties. There is some indication
of a higher hardness in the surface region, perhaps a
result of the fabrication process. The microhardness
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(a)

Fig. 2. Schematic drawings of rail heads, showing (a) a representation of the 3 mm grid on which microhardness scans were performed, and (b) a
representation of the end sections (viewed edge-on) of tensile samples whose tensile axes lie parallel to the rail travel direction, i.e. normal to the
page. Hardness and tensile tests were performed on samples extracted from both virgin and heavily used rail.
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Fig. 3. Schematics of rail heads showing the results of hardness (Vickers, 300 g) scans performed on the rail head cross-sections of (a) virgin rail
and (b) heavily used rail. The subsurface region of the gage corner of the heavily used rail, where significant deformation occurred during service,
is substantially harder than either the virgin rail or the remainder of the heavily used rail.

Table 1
Compositions (wt%) of rail steels and 1080 steel plates

Mo N C Ni Cu (@)

Sample Si P Cr Al Mn
Virgin rail 0.21 0.012 0.22 <0.01 0.98
Used rail 0.18 0.022 0.02 <0.01 0.82
AISI 1080 0.19 0.01 — — 0.73

0.026 0.01 0.0085 0.80 0.08 0.22 0.0043
0.008 0.01 0.0028 0.75 0.05 0.04 0.0065

— — 0.72 — — —

variation across the face of the heavily used rail is also
within 10%, except for a region near the top surface,
particularly at the gage corner. As mentioned earlier,
this is where shear forces from friction are greatest. On
this particular rail sample, severe plastic flow at the
surface of the gage corner was visible to the naked eye.
Outside of this region, the Vickers hardness of the
heavily used rail is not very different from that of the
virgin rail.

In Fig. 4, we show the results of tensile tests conducted
on samples from the two kinds of rail material. The
cluster of flow curves in the lower stress range was
generated from tests on samples taken from both the
heavily used rail, from regions away from the gage
corner, and from all regions of the virgin rail. These
clustered flow curves deviate from the mean (solid line)
by less than 10%. The single flow curve in the higher
stress range shown in Fig. 4 was generated from a test
on a sample taken from the near-surface region of the

gage corner. This is the same region where the Vickers
hardness was notably higher, as shown in Fig. 3.

2.2. Crack propagation

The previous results suggest that severe cyclic defor-
mation incurred in the heavily used rail during service
produces subsurface deformation debris, primarily at
the gage corner. This is reflected in a substantially higher
hardness in that region, and a very different flow beha-
vior. The ability of the material in this region to harden
further is limited and it is therefore less forgiving to
further cyclic loading. Consequently, interfacial stresses
at inclusions in the steel in this region cannot be easily
mitigated by plastic flow. Cracks can nucleate at these
interfaces, and they can propagate with continued ser-
vice cycles. The location of the hardened region supports
the idea [2] that the shear load from friction plays a
significant role in the cracking process. Hence, reducing
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Fig. 4. The tensile behavior of rail steel samples taken from both virgin and heavily used rail. The cluster of curves in the low stress region shows
the behavior of all rail samples and heavily used rail samples taken from regions away from the gage corner. The outlying curve in the high stress
region is the behavior of a sample taken from the subsurface region beneath the gage corner of the heavily used rail.

friction can mitigate the crack nucleation process and
reduce the crack propagation rate, resulting in an exten-
sion of rail life.

The geometry of the subsurface cracks of interest to
us is such that they are subjected to mixed-mode cyclic
loading (Mode | plus Mode I1). Mode | tensile loading
comes from the release of the normal load as a train
passes, and Mode Il loading is the result of shear forces
from friction. Based on the work of Weertman [7],
Tanaka [8] has shown that, for this mixed-mode case,
the cyclic crack propagation rate can be expressed as:

da 8

where K, and K are the Mode | and Mode Il stress
intensity factors, respectively, and da/dN represents the
incremental increase in crack length, a, per loading
cycle, N. Assuming remote normal and shear loading,
and that the shear load comes from friction, one can
express R as a function of the friction coefficient, m,
simply by substituting K”=mK| into Eq. (1), giving:

RocKf(1+8m)4 (2)

It is clear from this equation that if we can reduce the
friction coefficient of untreated rail steel (defined as
m,,) via surface modification, we can anticipate a con-
siderable reduction in crack propagation rate. If we
define R,, as the crack propagation rate for untreated
rail [Eq. (2) with m=m,], then the fractional change in
propagation rate, fR’ relative to the properties of

untreated materials is given by:

¢ cRR zl_[msm)}“ 3)

R
RV (1+8mv)

We will use this equation later to calculate the reduction
in cracking rate for measured reductions in friction
coefficient achieved through laser glazing.

3. Surface modification issues

Railroad rails are made (essentially) of plain eutectoid
(AISI 1080) steels, and begin service with a pearlitic
microstructure. Pearlite is tough and ductile, but soft,
particularly in relation to the heavy loads to which rails
are subjected. This material is very susceptible to the
kinds of surface deformation and subsurface build-up
of dislocation debris discussed earlier and to the subsur-
face cracking associated with these phenomena. In addi-
tion, at the load levels sustained by rails, considerable
energy is absorbed by plastic deformation and redistri-
bution of material in the rail surface layers, which can
be reflected in the friction forces experienced. An ideal
surface layer that would mitigate these conditions, and
the cracking that comes from them, is one that is
substantially harder than the pearlitic substrate, but
more elastically compliant. It is known that laser glazing,
the rapid solidification (106-1012 K/s) of a thin melt
layer produced by the passage of an energetic laser
beam, can produce very fine non-equilibrium microstruc-
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tures that are very hard [4]. It has also been acknowl-
edged [5] that, because of the rapid solidification rates,
laser glazing may produce amorphous films under cer-
tain conditions. If amorphous films were produced, they
would exhibit a greater than 50% higher yield strength
than the substrate, be ~30% more elastically compliant
than the substrate, and, after yielding, would flow
perfectly plastically without strain hardening [9], i.e.
without the build-up of subsurface dislocations.
Amorphous films produced on steels by ion implantation
have been demonstrated to reduce friction and wear
[10] and prohibit the penetration of plastic flow into
the substrate [11].

The strategy pursued in this research was to produce
an amorphous glaze on a rail steel surface by the rapid
solidification of a less than 100 mm thin melt layer
produced on the massive heat sink of the rail itself by
passing an appropriately focused laser beam across its
surface. The properties of this layer are expected to be
conducive to achieving reduced friction and mitigated
cracking. The high yield strength of the glaze material
allows less energy to be dissipated in plastic flow during
loading. The high compliance of amorphous metals
allows the load to be distributed more uniformly to the
substrate, limiting penetration of plasticity into the
substrate. The non-hardening flow (i.e. without strain
hardening) of the glaze reflects the fact that the amor-
phous structure is more open, allowing atomic
rearrangements to accommodate localized shear without
the build-up of dislocations within the film. This will
mitigate the occurrence of delamination processes in the
film. It is expected that the rapid cooling rate afforded
by the heat sink will result in the formation of a hard
martensitic heat-affected-zone beneath the glaze, which
will serve to match the high strength of the glazed layer
and the compliance of the pearlitic substrate. Finally,
the strong, tough, ductile pearlitic steel microstructure
remains beneath the hard surface film produced by the
glazing process. Therefore, the glazing process results in

Table 2
Laser treatmentsa

intimately bonded interfaces between the modified sur-
face layers and the substrate, and provides a microstruc-
turally blended transition between the layers.

4. Laser treatments
4.1. Processing

Laser glazing treatments were performed at Argonne
National Laboratory’s Laser Applications Laboratory
using a pulsed 1.6 kW Electrox Nd:YAG laser. This is
a durable solid-state laser with a wavelength (1.06 mm)
that allows glazing (rapid melting through thermal cou-
pling with the rail steel ) without the need for application
of an absorptive coating. It also allows the beam to be
delivered through flexible fiber-optic cable, which is a
useful feature for remote in-track applications of interest
to the railroad industry. The Laser Applications
Laboratory possesses the necessary beam diagnostics
and characterization capabilities that allow experiment-
ers to monitor and control the beam intensity profile
and shape.

Table 2 shows the variety of beam conditions for the
laser treatments reported in this paper. Generally, about
1 kW of power was delivered to the samples used in this
study, as the beam moves along their surfaces. Two
laser beam shapes were obtained with different sets of
lens configurations: an elliptical beam cross-section with
a 5 mm minor axis oriented perpendicular to the direc-
tion of travel along the sample, and a circular beam
cross-section with a 2 mm diameter. The beams were
moved along the samples at speeds of either 1 or 2 cm/s,
and glazing treatments involved passes of 5-13cm
(2-51in) in length. Some treatments consisted of only a
single pass (5mm or 2 mm wide, depending on the
beam cross-section) along the sample, while others were
multiple pass treatments, either overlapping by a 1 mm
offset, or adjacent to one another, separated by 1 mm.

Preliminary runs (rail head)

1080 Steel Plates for Friction Tests

Laser treated six-foot rail section

Delivered power ~1084 W 944 W (c)b 944 W (c)
1084 W (e)c 1084 W (e)
Beam Elliptical (5 mm) Circular (2 mm) Circular (2 mm)
Elliptical (5 mm) Elliptical (5 mm)
Speed lcm/s 2cm/s (c) 2cm/s (c)
1cm/s (e) 1cm/s ()
Overlap NO (single pass) NO (c and ¢) NO (e, parallel passes)

YES, 1 mm raster (c and e)

YES, 1 mm raster (c)

a Laser passes conducted with N, cover gas.
b ¢ Represents circular cross-section.
¢ e Represents elliptical cross-section.
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(b}

Fig. 5. Photographs of laser glazed regions produced on AISI 1080 steel plates. (a) Multiple overlapping-pass treatment produced by a circular
beam moving at 2 cm/s. (b) Single pass treatment produced by an elliptical beam moving at 1 cm/s. The photographs were taken looking down

on the treated surfaces.

The laser passes were conducted with a nitrogen cover
gas directed at the sample. As indicated in Table 2, three
kinds of samples were used in this study. Preliminary
laser glaze treatments were performed on the top (load-
ing) surface of a small section of actual rail head
(unused) provided by the Association of American
Railroads (AAR). Based on the results of microstructure
and hardness (Vickers) studies conducted on these pre-
liminary samples, a series of laser glaze operations was
performed on flat plates of AISI 1080 steel similar to
rail steels (see Table 1 for composition). Samples for
friction measurements were extracted from these
samples. Samples for microstructure, hardness and
X-ray studies were also extracted from these AISI 1080
steel samples. Finally, laser glaze treatments were
applied to portions of the top surface of an intact six-
foot length of rail, suitable for inclusion in the AAR
Research and Test Department’s Cyclic Rolling-Sliding
Wear Machine, for in situ friction measurements.

Fig. 5 shows examples of two kinds of laser tracks
produced on an AISI 1080 steel plate. The view is
looking down on the treated surface. As can be seen
from the markings on the plate outside the laser tracks,
the treatments were applied to the as-machined surface.
Fig. 5(a) shows a multiple (10) pass treatment, with
each succeeding pass overlapping the previous one by
1 mm, and reversing direction on each pass. In this case
the circular beam was moved along the sample at 2 cm/s.
Fig. 5(b) shows a single pass treatment, where the
elliptical beam was moved along the sample at 1 cm/s.
The *“chevron’” markings visible on some of the tracks
are characteristic of the melting process as the beam
moves along the sample exposed to the cover gas. The

dull finish on the single pass track is a thin oxide layer,
easily removable with a soft cloth.

4.2. Microstructure and hardness

Fig. 6 shows optical micrographs of a cross-section
of the laser glazed region from preliminary treatments
performed on the surface of an actual rail head. The
black regions in the three micrographs are the phenolic
mounting material. Fig. 6(a) shows three regions: the
thin glazed (G) layer formed at the surface; the heat-
affected-zone (H), consisting of a fine martensite struc-
ture; and the pearlitic substrate (S). Fig. 6(b) shows the
intimately bonded interface between the heat-affected-
zone and the substrate, with Vickers indentations at the
same load in each region. The microhardness of the
substrate is HVSOO, while that of the heat-affected-zone
is H, ,840. The glazed layer has a hardness of H, 800 for
this sample. Fig. 6(c) shows this cross-section unetched,
revealing the high integrity of the interface between the
layers, and indicating that the high hardness of both the
heat-affected-zone and the glazed layer resists the
scratching produced by the diamond polish process
evident in the soft substrate. As discussed earlier, it is
this near-surface layered microstructure which we believe
will reduce friction and mitigate fracture. Fig. 7 shows
some of the microstructural features of samples of the
AISI 1080 steel plates that were laser-treated. In
Fig. 7(a), the pearlitic microstructure, typical of rail
steel and of the substrate before glazing, is shown. It
has a microhardness of H 250—HV300. Fig. 7(b) shows
the glazed region (white) and the heat-affected-zone,
with an untempered martensite structure, just beneath
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Fig. 6. Optical micrographs of the cross-section of the laser-treated region from preliminary treatments performed on the surface of a rail head.

(a,b) The samples etched with Vilella’s etchant.

the glaze, produced by a single pass treatment with an
elliptically shaped laser beam moving at 1 cm/s. The
hardness of the glazed layer is H, 689, while that of the
untempered martensite heat-affected-zone is H,,1072.
Fig. 7(c) shows the near-surface microstructural features
of an AISI 1080 steel sample subjected to a multiple
pass process. This process involves overlapping tracks
produced by an elliptically shaped beam moving along
the sample at 1 cm/s in one direction, shifting at the end
of travel by 1 mm, reversing direction and overlapping
the previous track, and repeating this process as often
as required to produce a treated area of a desired width.
In this case, the heat from each succeeding pass tempers
the martensite in the heat-affected-zone produced by the
previous pass. The glazed region has a hardness of
H, 655, slightly softer than that for the single pass case,
but substantially harder than the substrate, while the
tempered martensite (H, 470) is considerably softer than
the untempered martensite heat-affected-zone produced
by the single pass process, but still harder than the
substrate. The microstructure of an overlapping multiple
pass treatment is shown in Fig. 8.

5. Friction measurements
5.1. Measurements on AISI 1080 steel samples

Standard ASTM G77-93 friction-test samples were
extracted from the laser-treated AISI 1080 steel test
plates. Dry, static ‘““block-on-ring” friction tests (ASTM
G77-93) were performed on these samples by Falex
Corporation, who were instrumental in devising this
test. In these tests, the load is applied to the sample via
an S-10 steel (Rockwell C 58-63, ~H,,730) ring, which
nominally makes a line contact with the treated surface.
Normal loads ranging from 445 N to 4005 N (100 Ib to
900 Ib), in 445 N (100 Ib) increments, are applied, and
the lateral force required to initiate rotation of the ring
(0.013 rpm) was measured in each case. The static
friction coefficient was obtained therefrom. Dynamic
block-on-ring friction tests were not performed because
earlier tests showed that debris accumulation in the wear
mark would produce unreliable comparisons under the
dry surface and high load conditions of interest in this
study. Fig. 9 shows the results of friction coefficient
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Fig. 7. Optical micrographs of the cross-sections of laser-treated AISI 1080 steel plates. (a) Untreated substrate region. (b) The microstructure of
the glazed region from a single pass treatment. Samples were etched with Nital. (c) The microstructure of the glazed region from a multiple pass
overlapping glazing treatment.

Fig. 8. A multiple pass overlapping Nd:YAG laser treatment (944 W delivered power) using an elliptical (5 mm, minor axis) beam moving at
1 cm/s. The next-to-last pass and the last pass are shown. Heat from the last pass tempers the martensite in the next-to-last pass.

determinations as a function of load, comparing the multiple pass treatments. The maximum load for these
behavior of an untreated sample with the behaviors of experiments, i.e. 4005 N (900 Ib), corresponds to normal
samples subjected to a number of different single and stress levels that are close to prototypic stresses experi-
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Coefficient of friction vs load for untreated and laser glazed rail steel
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Fig. 9. Measurements of the friction coefficient for laser-treated AISI 1080 steel samples, shown as a function of normal load in comparison with
results typical of untreated control samples. The measurements were obtained using standard (ASTM G77-93) block-on-ring friction tests.
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Fig. 10. The results of an X-ray scan taken of the untreated surface of an AISI 1080 steel plate. The inset shows the results of friction measurements

made on this untreated surface.

enced by railroad rails in service. From the results shown
in Fig. 9, it appears that laser glazing can reduce the
friction coefficient by 25% at these stress levels.

We have postulated that reductions in friction coeffi-
cient could be achieved as a result of the creation of
non-equilibrium phases, perhaps amorphous films, pro-
duced on the surface by the glazing process. We have
performed X-ray diffraction experiments, using Cu radi-

ation, on the treated friction samples just described, in
order to obtain information regarding the phases extant
on their surfaces. Figs. 10-13 show the results of X-ray
scans performed on some of the successfully treated
AISI 1080 steel samples, accompanied by the friction
results obtained for these samples. Fig. 10 shows the
X-ray data that we obtained for the untreated surface
of an AISI 1080 steel plate. The readily identifiable
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Fig. 11. The results of an X-ray scan obtained from an AISI 1080 steel sample that received a single pass laser treatment with a circular beam
(2 cm/s). In addition to the a-ferrite peaks also seen in the untreated sample, there are some diffuse scattering effects (high background intensities)
and the indication of a peak consistent with the presence of martensite (M). The inset shows the results of friction measurements made on this
laser-treated surface in comparison with the results for the untreated surface (inset, Fig. 10).
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Fig. 12. The X-ray scan from a sample that received a multiple overlapping-pass laser treatment with a circular beam (2 cm/s) shown along with
the results of the scan from the untreated sample (Fig. 10). The a-ferrite peaks are still apparent in the treated sample along with peaks consistent
with the presence of martensite, cementite (C), and Fe,N (N). A number of peaks could not be identified, and there are generally higher background
intensities from the treated sample. The inset shows tﬁe results of friction measurements made on this laser-treated surface in comparison with the

results for the untreated surface (inset, Fig. 10).
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Fig. 13. The results of an X-ray scan of a sample that received a single pass laser treatment with an elliptical beam (1 cm/s), shown with the scan
from the untreated sample. Peaks consistent with a-ferrite, cementite (C) and martensite (M) are identified. A number of peaks could not be
identified. The broad peak that appears to be decreasing below 20° suggests an amorphous phase. The inset shows the results of friction measurements
made on this laser-treated surface in comparison with the results for the untreated surface (inset, Fig. 10).

peaks observed are those of a-ferrite. Fig. 11 shows the
results of a scan performed on a sample that received a
single pass laser glaze treatment with a beam of circular
cross-section. In addition to some diffuse scattering
effects (i.e. higher background intensities than for the
untreated sample) and the a-ferrite peaks, a peak consis-
tent with the presence of martensite is also indicated
(M). The reduced friction coefficient resulting from this
treatment is also shown in the figure in comparison with
that of the untreated sample. The X-ray scan for a
sample given a multiple overlapping pass treatment with
a circular beam is shown in Fig. 12 along with that of
the untreated sample. In addition to the a-ferrite peaks
(not labeled) and diffuse scattering effects, a peak consis-
tent with the presence of martensite (M) and peaks
consistent with the presence of cementite (C) and
Fe,N (N) are labeled. We were unable to identify a
number of phases in this sample. Fig. 13 shows the scan
for a sample given a single pass treatment with an
elliptically shaped beam along with the scan of the
untreated sample. The treated sample scan contains
peaks consistent with a-ferrite, martensite and cementite.
Other peaks in the scan could not be identified, and the
scan contained some diffuse scattering effects and what
might be a broad peak below 20°, suggestive of an
amorphous phase. Because of the rapid solidification
and rapid cooling after solidification associated with the
laser glazing process, it is possible that a number of the

phases formed are not equilibrium phases. As men-
tioned, some samples exhibit high background inten-
sities, particularly at low angles where broad amorphous
peaks would be expected if amorphous phases were
present in the microstructure. However, with the possible
exception of Fig. 13, these results did not provide conclu-
sive evidence of the formation of an amorphous film on
the laser-treated samples. Nonetheless, all of the samples
shown exhibit a reduction in the coefficient of friction
of the order of 25% at loads corresponding to prototypic
rail service loads. These similar reductions in friction
coefficient, despite clear differences in the X-ray scans
(compare, for example, Figs. 11 and 12) suggest that a
phase, perhaps amorphous, not apparent in the scans,
is responsible for the reductions.

5.2. Measurements on a section of railroad rail

Encouraged by the friction results just described for
samples extracted from AISI 1080 steel test plates, we
laser glazed two sections of a six-foot length of railroad
rail provided by the AAR for further testing. This length
of rail is suitable for insertion in the AAR
Transportation Technology Center’s Cyclic Rolling-
Sliding Wear Machine in Pueblo, CO. The glazed sec-
tions (Fig. 14) were centered on the top of the rail. They
are each ~10 cm (4 in) long, in the rail travel direction,
about ~2 cm (0.75 in) wide, and are separated by 10 cm
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Fig. 14. A photograph of a section of unused railroad rail that received two 10 cm (4 in) long laser glaze treatments on its top surface: a multiple
overlapping pass treatment done with a circular beam (left), and a multiple pass treatment made up of single adjacent passes done with an elliptical

beam (right).

(4in) of untreated surface. One of the glazed regions
involves a multiple pass treatment with overlapping laser
tracks. In this case, a beam with a 2 mm diameter
circular cross-section, moving at 2cm/s, is used to
produce a single laser track that is 4 in long. Then the
beam is offset by 1 mm and its travel direction reversed,
so that it produces a neighboring 4 in long laser track
that partially overlaps the first. This is repeated until
(20 passes in total) an overlapping glazed region of
10cmx2cm (4inx0.75in) is produced. The other
glazed region is also a multiple pass treatment, but the
adjacent tracks do not overlap. In this case, an elliptical
(cross-section) beam with a 5 mm minor axis perpendicu-
lar to the direction of travel, moving at 1 cm/s, was used
to produce each separate laser track. The tracks were
separated by 5 mm, so four passes produce the desired
10cmx2cm (4inx0.75in) glazed region. As a
reminder, we should note that a goal of this work is to
reduce the friction at the gage corner of the rail, not the
top. However, we treated the top surface of this six-foot
test rail in order to facilitate friction measurements.
The Cyclic Rolling-Sliding Wear Machine is capable
of applying a range of normal loads and controlled
tangential forces to the rail via actual wheel-rail contact
through back-and-forth cycles, while monitoring the
magnitude of these forces. Therefore, the machine capa-

bilities allow the determination of the friction coefficient
as a function of normal load at glazed and untreated
positions along the rail. After insertion of the six-foot
test rail piece, experiments were performed in accordance
with the following procedure. The loading wheel was
loaded to 175.5 kN (39,000 Ib) (near-prototypic service
load), and 50 cycles (back-and-forth) of pure rolling
were applied to the rail as a run-in procedure. After this
procedure, the laser-modified surfaces were examined
visually, and found to be intact. Preliminary friction
experiments, at normal loads ranging from 22.5 kN to
180 kN (5000 to 40,000 Ib), were then conducted on the
two laser-treated regions and on the untreated region
between them in order to define the test procedure. In
these experiments, a tangential load was applied to the
wheel to produce a turning moment. During these tests,
it was found that two distinct measurements were appro-
priate for each condition and location: the value of the
friction coefficient associated with the tangential force
required to just start wheel rotation (m), and the value
of the friction coefficient associated wi%h the tangential
force required to have the wheel rotate freely (m,).
Reductions in friction coefficient were observed for the
laser-treated regions, but, unfortunately, these prelimi-
nary measurements were not sufficiently precise to
report here.
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Fig. 15. The results of friction measurements made at the AAR’s Cyclic Rolling-Sliding Wear Machine on a rail surface given a multiple overlapping
pass treatment with a circular beam (2 cm/s). Measurements of breakaway friction (left, ms) and freely rotating friction (right, mf) are shown in

comparison with the results for untreated surfaces of the rail.
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Fig. 16. The results of friction measurements made at the AAR’s Cyclic Rolling-Sliding Wear Machine on a rail surface given a multiple adjacent
pass treatment with an elliptical beam (1 cm/s). Measurements of breakaway friction (left, ms) and freely rotating friction (right, mf) are shown in

comparison with the results for untreated surfaces of the rail.

It was intensely important to the AAR that the
durability of the laser treatments be tested. Therefore,
after the preliminary friction experiments were con-
ducted and before more precise friction measurements
were made, the rail surface was subjected to 20,000
back-and-forth cycles in pure rolling at 174 kN
(39,000 Ib) of normal load. The treated surfaces were
visually inspected and examined with dye penetrant, and
found to be completely intact, with no evidence of
cracking. Friction coefficient measurements were made,
as described previously, at normal loads of 22, 44, 88,
134, 178 kN (5000, 10,000, 20,000, 30,000 and
40,000 Ib). After these measurements, the rail surface
was subjected to 10,000 additional back-and-forth roll-
ing-sliding cycles at 174 kN (39,000 Ib) normal load
combined with 35.6 KN (8000 Ib) tangential force.
Subsequent visual inspection showed no evidence of
cracking in the laser-treated areas. Figs. 15 and 16 show
the results of the friction coefficient measurements made,
after the 20,000 rolling cycles treatment, on the over-
lapped laser-treated area (Fig. 15) and on the adjacent-
pass laser-treated area (Fig.16) in comparison with
measurements made on the untreated area. The results

show that, at prototypic loads (178 kN, 40,000 Ib) the
friction coefficient associated with the free rotation of
the wheel (m,) was reduced by about 40% relative to the
untreated surface. The breakaway friction coefficient
(m) is reduced by from 20% to 50% at prototypic loads,
which is as good or better than the results obtained in
the laboratory on laser-treated AISI 1080 steel.

5.3. Crack propagation rate reductions

The overall goal of this research is to mitigate subsur-
face cracking in railroad rails by reducing the shear
forces imposed on the rail from friction. We postulated
that this could be achieved via laser surface modification
(glazing) to reduce the friction coefficient of rail steel.
We have just shown substantial reductions in the friction
coefficient produced by a durable laser surface modifica-
tion. We showed earlier that crack propagation rate
reductions can be expressed in terms of friction coeffi-
cient by the equation:

; E(RY R) :1_[ (1+8m) }4
(1+8m

R R

v V)
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Table 3
Calculated crack propagation rate reductions, fR

AISI 1080 AAR Rail AAR Rail AAR Rail AAR Rail

Overlapa Separate Separate Overlap Overlap

Statich Static Dynamic Static Dynamic

fm;ZS% fm;ZO% fm;40% fm;SO% fm ~40%

mV;O.4 mV;O.S mV;O.S mv;O.S mv;O.S
% Fractional reduction in R, fR ~57% ~46% ~T79% ~82% ~79%

a The terms overlap and separate refer to either overlapping or separated multiple pass laser treatments, respectively.
b The terms static and dynamic refer to either breakaway friction coefficient measurement or continuous friction measurement, respectively.

Table 3 shows the calculated reductions in crack propa-
gation rate for the reductions in friction coefficient
achieved via laser treatments performed in this study,
and observed both in laboratory static friction experi-
ments and in experiments more prototypic of rail service.
It can be seen that, according to this equation, cracking
rates can be significantly reduced, which can be directly
related to possible substantial extensions in rail life.

6. Summary

Shear loads from rail-wheel friction contribute sig-
nificantly to subsurface cracking in railroad rails. In this
paper, we have explored and demonstrated the feasibility
of mitigating this problem by reducing friction through
laser surface modification. This process allows one to
target locations on the rail where the problem exists,
and can be applied to rails in service, during re-work
programs and, perhaps, during fabrication. We have
shown that commercially available laser systems can be
used to produce appropriately *‘glazed”, i.e. rapidly
melted and rapidly solidified, rail steel surfaces. The
Nd:YAG laser that was used requires no pretreatment
absorptive coating to couple with and melt the rail
surface. The laser beam was delivered to the work area
via fiber-optic cable, which is convenient for in-service
applications. The laser-modified surfaces possessed hard
non-equilibrium microstructures that were intimately
bonded to the substrate, and the modified region itself,
from the surface glaze to the heat-affected-zone to the
substrate, involved well-blended microstructure and
properties. Both single pass and multiple pass (over-
lapped and adjacent laser tracks) produced substantial
reductions in the friction coefficient of AISI 1080 steel
test plates and actual rail surfaces. The laser glaze
treatment induced friction coefficient reductions, mea-

sured at prototypic rail service loads, by as much as
40%, corresponding to reductions in calculated subsur-
face crack propagation rate as high as 79%.
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