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Fatigue Crack Characteristics in Gradient Predeformed

Pearlitic Steel under Multiaxial Loading

Daniel Gren,* Johan Ahlstrém, and Magnus Ekh

Rolling contact fatigue of railway rails not only severely deforms the surface
material near the rail head, but also induces an anisotropy in the mechanical
behavior due to work hardening and alignment of the microstructure along the
shear direction. Cracks typically initiate in this region and propagate along the
aligned microstructure. The fatigue behavior of rails is evaluated under uniaxial
loading in the undeformed material state. However, this is not representative of
the contact loading condition and material performance after years of service.
Herein, the nonproportional multiaxial fatigue of as-received and biaxially pre-
deformed pearlitic rail steel R260 is investigated. Four material states are
investigated, corresponding to the microstructure found at different depths from
the severely deformed surface material at the rail head. A starting notch is
machined by electrical discharge machining to control crack initiation and allow

fatigue loading, the stress state varies at
each material point and the principal stress
directions vary during one loading cycle.!"
Considering a simplified rolling contact
loading condition, the normal stresses
are compressive and pulsating with alter-
nating out-of-phase shear stresses.” In
addition, interfacial shear stresses induced
by frictional forces from traction and cor-
nering cause plastic deformation of both
the rail head surface layer and the wheel
tread. Frictional forces move the loci of
maximum damage toward the surface.l!
When traffic conditions are predominantly
unidirectional and frictional forces are high

for comparable surface crack propagation measurements. The crack path is
found to be strongly influenced by the degree of predeformation while the early
surface crack propagation rate is found to be similar for all material states.

1. Introduction

During operation, railway railheads are subjected to rolling con-
tact fatigue loading. Large contact stresses occur at the rail/wheel
interface as loads from passing trains are transmitted through
the wheel to a small contact area on the rail head surface. The
stresses generated by the wheel/rail contact are stochastic and
complex to describe but can be characterized as being transient,
multiaxial, and nonproportional. In the typical rolling contact
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such that the stresses exceed the yield limit,
shear strains accumulate, a phenomenon
known as ratcheting.®! This causes severe
deformation of the material close to the rail
head, significantly changing its properties
and mechanical behavior due to work hard-
ening and microstructure alignment, see, for example, refs. [4-
7]. It is well known that the severely deformed surface material is
the site of many damage categories such as squats and head
checks.®®! The latter typically initiates once the ductility limit
is reached and propagates under mixed mode loading along
the direction of microstructure alignment. However, the effects
of severe deformation on the material properties and the
mechanical behavior of the surface layer are not well understood.
Undeformed rail materials have been extensively tested under
both uniaxial and multiaxial fatigue loading, see, for example,
refs. [10-16]. Fatigue testing of undeformed rail material is
important as delivered. However, it is not representative of
the material performance of rail head surface layers after a period
of service due to work hardening and microstructure alignment.
In ref. [17], fatigue crack initiation of undeformed and prede-
formed R260 pearlitic rail steel was studied experimentally
and crack initiation criteria were evaluated. But to the authors’
knowledge, no multiaxial fatigue crack propagation studies of
deformed rail material have been reported.

Pearlitic steels are widely used for railway rails due to their
good combination of wear and strength relative to cost, and their
properties can be tailored to fit operating conditions, see for
example, refs. [18-23]. Within the range of rail grades used in
Europe, the R260 steel is considered to be one of the softer
grades. Compared to premium rail grades such as R350HT,
which is head hardened, it results in more pronounced plastic
deformation and wear.***! To examine the material state of
these steels after years of service, it is not possible to extract axi-
symmetric test bars with a well-defined microstructure from field
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samples. This is because the severely deformed layer is shallow,
has a strain gradient and is often cracked.

Previous studies have employed various techniques to repli-
cate the highly deformed surface material on the rail head.
The most common methods are high-pressure torsion (HPT),
equal channel angular pressing (ECAP), and axial-torsion defor-
mation. In these techniques, the material is deformed by apply-
ing a similar loading condition as that at the wheel/rail contact,
that is, applying large shear deformation under high hydrostatic
compressive stresses. The first reported replication of the
severely deformed surface layer of R260 steel was done with
ECAP by Wetcher et al.”® Three deformed states were produced
with equivalent shear strain ranging between 0.67 and 2.
Subsequently, Hohenwarter et al.””) Kammerhoffer et al.*®
and Leitner et al.**?% used HPT to deform the R260 rail steel
to even higher equivalent strains. The main results of the studies
showed that the fatigue crack propagation rate and fracture
toughness under mode I loading strongly correlate with the
direction of microstructure orientation, specifically the orienta-
tion of the ferrite—cementite lamellae relative to the crack plane.
The main limitation with ECAP and HPT is that the extracted
sample size must be small to have a well-defined and uniform
microstructure. Thus, it is not possible to machine axi-symmetric
test bars required for fatigue testing with ECAP and it is difficult
to obtain by HPT. In order to enable fatigue testing, Meyer
et al.?"! developed a method to reproduce the material state at
the rail surface in which solid cylindrical test bars are twisted
under a constant compressive load. This method can achieve
shear strains up to 2.3, which is lower than what can be achieved
with HPT, but has been shown to give a material structure rep-
resentative of pearlitic rail steel at around 0.1 mm below the sur-
face. By drilling the predeformed test bars to thin-walled tubular
shape, the multiaxial elastoplastic as well as fatigue properties of
deformed rail steels can be determined. In this study, a well-
defined strain-controlled biaxial test series with out-of-phase
loading was employed. The effect of predeformation on the crack
propagation behavior under nonproportional multiaxial fatigue
loading was investigated on massive cylindrical test bars.

2. Experimental Section
2.1. Material

In this article, multiaxial fatigue of the pearlitic rail steel R260 is
studied. The R260 steel has an almost fully pearlitic microstruc-
ture and it has the nominal chemical composition listed in
Table 1. The material was received as cylindrical rods with a
diameter of 26 mm, extracted from new rails. Test bars, with
the geometry and dimensions according to the drawing of
Figure 1, were machined from these cylindrical rods.

Table 1. Nominal chemical composition of the R260 steel.

C Si Mn P S Cr Al \ N Cu

0.72 031 1.04 0.006 0010 0.02 <0.002 <0.005 0.006 0.018
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Figure 1. Geometry and dimensions of test bars machined from cylindri-
cal rods extracted from new rail heads.

2.2. Test Bars
The predeformation method developed by Meyer et al.®!! was
employed in this study to replicate the material state in a region
close to the surface of heavily deformed railheads. In the prede-
formation method, solid cylindrical test bars were repeatedly
twisted in cycles of 90° under a constant compressive force, as
described by the flowchart in Figure 2a. The compressive force
was set to give an initial compressive stress of —500 MPa to pre-
vent buckling and premature failure, noting that the compressive
stress slightly decreased in each cycle as the diameter increased.
In total, three deformed material states were produced, corre-
sponding to twisting 1 x 90° (PD1), 3 x 90° (PD3), and 6 x 90°
(PD6). The predeformed test bars’ surface states corresponded to
the material state found close to the railhead surface at different
distances, with closer distance as the degree of predeformation
increased. The exact distance cannot be stated as it depends on posi-
tion on the rail head and how severely deformed the railhead is, but
as a rough indication the PD6 surface shear strain corresponded to
0.1 mm depth below a heavily deformed rail surface and PD3 to
0.2 mm depth.*? Test bars with the dimensions according to the
drawing in Figure 1 were used for predeformation. These test bars
were ground in steps to P1200 SiC abrasive paper to avoid
premature failure during predeformation. In addition, undeformed
test bars denoted PDO were included in this study as a reference.
Test bars subjected to the predeformation method underwent
geometry changes, where the length/width ratio decreased, mak-
ing these test bars unsuitable for fatigue testing. Thus, to enable
fatigue testing, all predeformed test bars were reprofiled accord-
ing to the drawing in Figure 1. Two sets of test bars were pre-
pared, notched, and smooth. The notch was machined by
electrical discharge machining (EDM) at the center of the gauge
section, following the dimensions specified by the drawing in
Figure 3. The notch geometry was designed to promote crack ini-
tiation in the same material volume for both axial and torsional
loading. With crack initiation from one side, it is possible to
choose a smaller field of view of the camera which enables better
resolution of the initiating surface crack. In addition, two small
indents for the extensometer with a spacing of 12 mm across the
center of the gauge section were machined for both sets of test
bars. The indents were made to ensure good surface contact of
the extensometer pins. In the case of the notched samples, the
indents were machined 90° from the notch center, toward the
rounded side of the notch to allow crack monitoring. Prior to mak-
ing the notch and indents, all test bars were mirror polished
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Figure 2. Predeformation method: a) flowchart describing the predeformation process and b) visualization of shear deformation resulting from twisting

the test bar 3 x 90° (PD3).
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Figure 3. Geometry and dimensions for notched test bars used in the
fatigue crack propagation experiments.

In a previous study by the author,*! the surface shear strain of
PD3 and PD6 test bars after predeformation was measured to be
0.74 £ 0.05 and 1.52 £ 0.5 respectively. The diameter after prede-
formation was 10.64 and 11.06 mm for PD3 and PD6, respec-
tively. The shear strain y was computed from (see**) Equation (1)

- (tan(90° - a)) . )

R

where a is the angle between the flow lines and the axial direction,
R is the radius after predeformation, and r is the radius after
reprofiling. Hence, the surface shear strain for the PD3 and
PD6 test bars used in this study can be estimated to be
0.7 £0.05 and 1.38 £ 0.05 respectively. Assuming similar shear
strain levels after each predeformation cycle, the surface shear
strain of the PD1 test bars can be estimated to be 0.23.

Adv. Eng. Mater. 2024, 26, 2400950 2400950 (3 of 13)

2.3. Design of Experiments

In this study, the effect of predeformation on crack propagation
behavior under rolling—contact-like loading conditions was stud-
ied. For this purpose, the crack propagation experiments were
conducted under nonproportional multiaxial fatigue loading with
a phase difference of 90°. The fatigue experiments were strain
controlled and conducted with a nominal equivalent von
Mises strain amplitude of 0.6%, calculated according to
Equation (2)

7,2
fq =\ @

Axial and torsional strain was set to 0.424% and 0.735%,
respectively, to give a circular strain path in the & versus y/v/3
strain space, as shown in Figure 4. The waveform for the axial
and torsional loading was sinusoidal and the frequency was set to
0.2 Hz to avoid adiabatic heating due to the large plastic strain
amplitude. The fatigue experiments continued until the fracture
or instability in the control system due to the large decrease in
stiffness for large cracks. The servohydraulic axial-torsion system
MTS 809, with an axial and torsional load capacity of £100 kN
and +1100 Nm load cell, and displacement and rotation ranges
of £75mm and +90°, was used for the predeformation and
fatigue experiments. The extensometer for controlling the strain
was MTS 632.68F-12.

-

N
3’

Figure 4. Strain path for nonproportional loading (90° phase difference).
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Table 2. Test matrix.

Material Loading path €eq [%] No. of notched No. of smooth
state test bars test bars
PDO Non-proportional loading 90° 0.6 2 1

PD1 Non-proportional loading 90° 0.6 2 1

PD3 Non-proportional loading 90° 0.6 2 1

PD6 Non-proportional loading 90° 0.6 2 1

The test plan for the fatigue and fatigue crack propagation
experiments is given in Table 2. Two test bars of each material state
were used in the fatigue crack propagation experiments while one
test bar of each material state was used in the fatigue experiments.

2.4. Hardness Measurement

The hardness distribution after fatigue testing of the smooth test
bars was measured with the hardness tester Durascan 40 G5 from
Struers/Emcotest using the Vickers method. The smooth test bars
were sectioned across the center of the gauge section and two speci-
mens, one from each side of the cut were sectioned out. In total,
hardness was measured on eight samples, two for each material
state on the cross section facing the center of the gauge section.
Figure 5 shows the indentation pattern used for measuring the
hardness distribution on the axial cross section on a polished
surface. The applied load was 5kgf (HV5) with a dwell time of
15 s and the indent was measured using a 50x objective lens.

2.5. Digital Image Correlation

In this study, digital image correlation (DIC) measurements were
conducted using the VIC-3D stereo microscope (Olympus

Figure 5. Indent pattern used for characterizing the hardness gradient
after nonproportional fatigue loading.

Figure 6. lllustration of crack measurement.
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SZX16) system provided by Correlated Solutions to analyze
the strain field during crack propagation in two notched test bars,
PDO and PD6. This technique is based on correlating deformed
images with a reference image and requires a random speckle
pattern to be applied to the surface to be measured. The speckle
pattern was applied with an airbrush in two steps, first a white
layer was applied and after drying fine speckles of black paint
were sprayed onto the surface. The magnification was set to
0.96x, corresponding to a field of view of 7.29 x 8.85 mm. The
reference image was acquired at zero load after gripping the test
bar in the axial-torsion machine. After the DIC measurements,
the strain field was determined and analyzed using the VIC-3D
software.

2.5.1. Crack Propagation Measurement

During the fatigue crack propagation experiments, the surface
crack length was measured using the 3D DIC stereo microscope
system provided by Correlated Solutions. Images and load sig-
nals (axial and torsional channels) were acquired simultaneously
ata frequency of 2 Hz, corresponding to 10 images per load cycle.
The acquisition rate was sufficient to resolve the sinusoidal load
wave, so that for each load cycle the crack was acquired close to
the peak axial load. A MATLAB script was written to sort out the
images close to the peak axial load for each cycle, where the crack
was almost fully open, facilitating crack propagation measure-
ment. The magnification used during image acquisition
was adjusted according to the crack length within the range
0.6-1.2x, starting with highest magnification during early crack
growth. The crack was measured on both sides of the notch every
16th cycle after detection, as shown in Figure 6. The crack length
is defined as the distance from the edge of the notch to the cir-
cumferential position of the crack tip along the surface, irrespec-
tive of any inclination in the axial direction. As the surface was
curved, it was necessary to correct the crack length for the cur-
vature of the surface. This was done by first measuring x,¢ and
Xeack Telative to the center line and then calculating ¢.g and
(erack according to Equation (3)

X
¢off/crack = arcsin (%) (3)

Thereafter, the true crack length, defined as the crack length
on the mantle surface, in the horizontal direction, can be deter-
mined by equation (4)

Crack lengthtme = (¢crack - ¢off) T (4)

Dorr I/ "

Q)crack
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3. Results

3.1. Mechanical Response

The evolution of the nominal axial stress amplitude and mean
stress for the notched and smooth test bars is shown in
Figure 7. When interpreting the results for the smooth speci-
mens, it should be noted that the number of cycles to failure
is somewhat underestimated as these test bars fractured at the
extensometer indents which constitute stress raisers.
Comparing the notched and smooth test bars of the same
material state reveals minimal differences in both axial stress
amplitude and mean stress for the first 500 cycles. However,
beyond this point, the propagating crack in the notched speci-
mens is long enough to affect the load carrying capacity, result-
ing in a drop in axial stress amplitude. The surface crack length at
500 cycles is ~#2mm on each side of the notch, as shown in
Figure 14. The similar axial stress amplitude for the notched
and smooth specimens indicates that the highly multiaxially
(out-of-phase) strained region in front of the crack strain hardens
and compensates for the reduced load area. The differences
observed between the undeformed and predeformed material
are the load ratio and magnitude of the axial stress amplitude.
The undeformed material shows lower stress amplitudes com-
pared to the predeformed material, where the amplitude
increases with the degree of predeformation. The load ratio

Axial stress amplitude
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for the undeformed material is close to —1, resulting in an almost
fully reversed axial load. In contrast, the predeformed material
experiences an asymmetric load, with peak compressive stress
larger than peak tensile stress.

The evolution of the torque response for the notched and
smooth test bars is shown in Figure 8. As the test bars are cylin-
drical, the magnitude of the shear stress, that varies along the
radius, cannot be determined without material modeling
assumptions and finite-element analysis, see, for example
ref. [17]. The torque response is not as straightforward to analyze
as the axial stress response, particularly for the notched speci-
mens. As the crack propagates, the torque response is also influ-
enced by the crack face friction, which is influenced by crack
topography and wear of the crack faces.

By comparing the torque response for the notched and smooth
test bars of the same material state, a difference in the torque
amplitude is observed. The torque amplitude of the notched pre-
deformed test bars slightly decreases during the first 500 cycles
followed by a rapid decrease as the crack propagates, with an
exception for one PD6 test which shows an increase in torque
amplitude. The torque amplitude response for the predeformed
test bars is thought to be a consequence of the fact that the crack
propagation reduces the structural integrity more than the strain
hardening in front of the crack can compensate for, as explained
in the result for the axial stress response. In contrast, the torque
amplitude for the smooth predeformed test bar initially increases,
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Figure 7. Comparison between the axial stress evolution of notched and smooth test bars at e, = 0.6%: a) and b) the axial stress amplitude and the axial
mean stress with respect to the number of cycles for notched test bars. c) and d) the axial stress amplitude and the axial mean stress with respect to the

number of cycles for smooth test bars.
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Figure 8. Comparison between the torque evolution of notched and smooth test bars for nonproportional loading at e., = 0.6%: a) and b) the torque
amplitude and the mean torque with respect to the number of cycles for notched test bars. c) and d) the torque amplitude and the mean torque with

respect to the number of cycles for smooth test bars.

followed by saturation and subsequent hardening and saturation.
The undeformed smooth material instead initially decreases fol-
lowed by a continuous increase for the remaining cycles.

The mean torque response is similar for both smooth and
notched test bars when comparing the same material state.
The mean torque initially increases for the predeformed material
followed by a decrease where the smooth test bars almost reach
zero mean torque. In contrast, the mean torque for the unde-
formed material remains close to zero throughout the test.
Combining the torque amplitude with the mean torque, it can
be observed that the undeformed material exhibits an almost
symmetric torque response whilst the predeformed material
experiences an asymmetric torsional response toward positive
torque, similar to what was observed for the axial stress response.

Figure 9 and 10 show the hysteresis loops for axial stress and
torque, respectively, for the smooth specimens. The axial plastic
strain amplitude estimated as the hysteresis loop width is
observed to be almost constant for all material states while the
torsional plastic strain amplitude increases after the initial 10
cycles for the predeformed material but remains almost constant
for the undeformed material. The main difference in the axial
stress response is seen during compression, where the compres-
sive stress for the predeformed material is initially significantly
higher than for the undeformed material. The tensile stress

Adv. Eng. Mater. 2024, 26, 2400950 2400950 (6 of 13)

response seems not to vary much with predeformation. The
main difference in the torque response between the undeformed
and predeformed material is seen at positive torque loads. The
torque response is similar for the different predeformed material
states, as shown in Figure 8.

3.2. Hardness Measurement

The hardness distribution along the radial direction for the
smooth test bars is shown in Figure 11. The predeformed mate-
rial states show a hardness gradient. The hardness gradient
results from the predeformation where the degree of deforma-
tion varies along the radial direction as an effect of the shear
strain distribution which varies linearly along the radial direc-
tion, decreasing toward the center. In a previous study, the
authors!®® measured the hardness gradient for PD3 and PD6
after predeformation. Comparing the results with this article,
the hardness gradient of the predeformed material is ~#10 HV5
units lower after fatigue testing. The hardness gradient of PD1
after predeformation has not been measured, but based on the
axial stress and torque amplitude following the same trend as
PD3 and PD6, it is expected to be slightly lower after fatigue than
after predeformation.
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Figure 9. Hysteresis loop, showing the axial stress—strain response for smooth test bars of different material states under nonproportional loading
conditions, with an equivalent strain of e, = 0.6%: a) PDO, b) PD1, c) PD3, and d) PDé6.

During monotonic pre straining, shear deformation causes
increase in hardness in proportion to the radial distance from
the center, due to work hardening and decreased interlamellar
spacing.®*! During subsequent fatigue loading in the plastic
range, the axial stress amplitude decreases after the initial
increase at cycle 2. The multiaxial straining is valid only in a
rather thin surface layer; at larger depth the shear strain is
not large enough to cause plastic deformation hardening. The
force response is an integration of axial stresses over the cross
section, and the supposedly higher stresses in the very surface
layer are hidden in the average.

The multiaxial fatigue behaviors of the predeformed states
have not been previously investigated but characterized for the
rail steel R350HT under uniaxial, in-phase, and out-of-phase
multiaxial loading by Dhar et al.l'* The dislocation density
was the highest after out-of-phase loading and the dislocation
structure was tangled. Initial hardening followed by softening
and saturation was observed for this loading condition. In the
light of these findings, it is thought that the softening behavior
observed in Figure 7 and 11 may be attributed to either or a
combination of dislocation ordering and annihilation of disloca-
tions by dynamic recovery. However, to explain the softening
mechanism, the dislocation structure and density must be
investigated.

Adv. Eng. Mater. 2024, 26, 2400950 2400950 (7 of 13)

3.3. Crack Propagation Measurements

In Figure 12 and 13, the surface crack length measurements
are plotted against the number of measurements since a visible
crack first appeared, to make the crack propagation rate compa-
rable. In Figure 14, the crack length measurements with respect
to the number of cycles are shown. The figures show the surface
crack length measured from the left and right side of the notch.
The crack was always observed to initiate first at the left side
of the notch, as intended, see Figure 3. Crack initiation on
the left side was followed by subsequent propagation away
from and into the notch. A crack on the right side initiated after
the left crack propagated some distance. Similarly, a crack that
initiated on the right side propagated away from and into the
notch. The cracks on the left and right side merged into a single
crack after reaching several millimeters length, as measured on
the surface.

The crack propagation rates for the undeformed and prede-
formed material are very similar, as shown in Figure 12
and 13. However, due to the variation between each duplicate
test, it is difficult to determine if there is a significant difference
in the crack propagation rate. A noticeable difference between
undeformed material and PD6 can only be observed when the
crack is longer, %2 mm on each side. The results also indicate
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Figure 10. Hysteresis loop, showing the torque—strain response for smooth test bars of different material states under nonproportional loading con-
ditions, with an equivalent strain of e.; = 0.6%: a) PDO, b) PD1, c) PD3 and d) PD6.
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Figure 11. Hardness distribution as a function of radial distance after non-
proportional fatigue loading of smooth test bars of different material states.

that the crack propagates at a higher rate in the undeformed
material compared to PD1 and PD3, although the difference
is not as significant as the difference between PDO and PD6.
Another difference observed is that the crack initiates earlier

Adv. Eng. Mater. 2024, 26, 2400950 2400950 (8 of 13)

in the predeformed material than in the undeformed material,
as shown in Figure 14 and 15.

The inset of Figure 12 shows the early crack growth from the
sharp left side of the notch. In the early stages of crack growth,
the crack grows close to the mantle surface where the shear
deformation for the predeformed material is at its highest.
Interestingly, the rate of crack propagation is very similar.
From the fatigue crack propagation measurements conducted
on severely deformed pearlitic rail steel R260 by Leitner et al.
in refs. [29,30], the crack propagation resistance was found to
be dependent on the orientation of the crack plane relative to
the microstructure alignment. The highest resistance to crack
propagation was found when the crack propagated transverse
to the microstructure alignment. The early crack growth on
the left side for the predeformed material states is almost hori-
zontal and the crack thus grows at an angle to the direction of
microstructure alignment. Nevertheless, the crack propagation
rate was found to be similar to that of PDO. The torque and axial
load response is higher for the predeformed material and thus
the effective load at the crack tip will be different which could
partly explain why a similar crack propagation rate is observed.
However, as the crack depth, that is, the location of the crack
front, could not be measured, the surface crack length measure-
ments should not be viewed as a representative measure of the
overall crack growth. At the surface, the stress state is plane

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 12. Figure showing the left crack length with respect to the crack measurement number. The inset shows the early surface crack propagation. The

first crack measurement was made once the crack could be detected.

Crack measurement
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Figure 13. Figure showing the left crack length with respect to the crack

measurement number. The first crack measurement was made once a
crack could be detected.

Crack measurement

Surface crack length [mm]
H

PDO-- PD1

—- PD3 [ PD6

stress, whereas in the bulk, the stress state becomes more plane-
strain like. It may therefore be expected that the surface crack
growth rate will be different from that within the bulk.
Nevertheless, it is expected that the comparison of early crack
growth will be comparable as the crack propagates horizontally
and mainly near the circumference.

The yield surface of the predeformed material state was exper-
imentally determined by Meyer et al.’®) It was found that prede-
formation causes the yield surface to expand and shift with
respect to the undeformed material state. Consequently, the
out-of-phase multiaxial loading results in varying degrees of plas-
tic deformation for the predeformed material state, which affects
the amount of damage induced in each loading cycle. In the ini-
tial stages of crack growth, the crack was observed to be almost
horizontal for all material states, as illustrated in Figure 16.
Given that the cracks are relatively short in comparison to the
notch, the local stress field at the crack front is affected by the
notch. Furthermore, a residual stress state is anticipated in
the vicinity of the notch due to machining and predeformation.
However, the nature of the stress state is unknown, but

0
800 600 400 200

Figure 14. Figure showing the left crack length with respect to load cycle number. The inset shows the early surface crack propagation.
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Figure 15. Figure showing the right crack length with respect to load cycle
number.

it is expected to partly relax upon plastic deformation.
Consequently, the early stages of crack propagation are not
solely influenced by the material state and loading condition.
This could explain why a similar crack propagation rate was
observed.

As the crack propagates, the effect of the notch decreases and
when the crack is continuous from one side to the other, the
effect of crack growth is limited even if crack closure could be
affected. It was observed in the experiments that the crack path
is highly dependent on the material state, as shown in Figure 16.
The crack growth patterns for PD3 and PD6 are significantly

(a) Crack path - PDO
2
B
£ o0
>
-2 ) ) ) ) )
-4 -2 0 2 4
X (mm)

(c) Crack path - PD3

Y (mm)

-4 -2 0 2 4
X (mm)

www.aem-journal.com

different from those observed for PDO and PD1. Therefore,
the stress intensity at the crack tip will be different due to the
orientation of the crack front in relation to the applied load.
Furthermore, the stress intensity will vary depending on the
applied load, which differs between the material states due to
strain-controlled loading. Consequently, the local stress state will
be different, which will affect the rate of crack propagation.

The crack propagation rate of the pearlitic rail steel R260,
severely deformed by HPT and equal-angular channel pressing,
was investigated by Leitner et al.*” and Wetscher et al.*! The
crack propagation rate was found to be strongly correlated to
the orientation of the crack plane relative the microstructure
alignment. The microstructure of the predeformed material
states in this study aligns toward the shear plane; however,
the degree of predeformation is insufficient to fully align the
microstructure in the bands of cementite lamellae of similar ori-
entation. Based on the experiments conducted by Leitner et al.>*!
and Wetscher et al.*® the crack propagation rate would be higher
in PD6 as compared to PD3 as the crack propagates along a
weaker path; see structural alignment with respect to the crack
path in Figure 16¢,d. However, as the crack path is significantly
different between PDO, PD3, and PD6, it is not possible to make
a direct comparison of the crack propagation rate as the stress
intensities are different.

3.4. Crack Path

The crack paths for the different material states are shown in
Figure 16. It is evident that predeformation has a significant
effect on the crack path, suggesting that predeformation may
govern the crack growth behavior. An increasing predeformation
shifts the crack plane from the case with isotropic material PD0

(b) Crack path - PD1

Y (mm)

-4 2 0 2 4
X (mm)

(d) Crack path - PD6

-4 -2 0 2 4
X (mm)

Figure 16. Crack path for a) PDO, b) PD1, c) PD3, and d) PD6. The crack path is a 2D projection of the surface crack. The origin is set at the left side of the

notch as the crack first initiates there. Note that x is the projected distance from the origin. The overlayed grid in (b—d) represents the magnitude of

surface shear deformation resulting from predeformation.
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toward an orientation more parallel to the shear planes, for exam-
ple, PD6. Consequently, the resulting crack path is thought to be
governed by the predeformation level. The difference between
the undeformed material PDO and PD1 is small. Both show
an inclined crack growth, but the crack propagates at a slightly
shallower angle for PD1. However, as the degree of predeforma-
tion increases to PD3, a marked difference is observed. The crack
propagates transversely to the direction of the microstructure
alignment resulting from the predeformation. In addition, the
final crack length prior to fracture is much shorter as compared
to the other material states.

In the case of the material state PD6, the crack path is almost
the mirror image of that of PDO, but with an even steeper incli-
nation angle, clearly showing an effect of predeformation with
the crack growing more toward the direction of microstructure
alignment. Since the microstructure is random and the mechan-
ical properties can be assumed to be isotropic for PDO, the crack
inclination only results from the loading case. In the Appendix,
Figure A1, and A2 highlight the difference in surface crack path

(@) (b)

www.aem-journal.com

between PDO and PD6 where the surface crack growth in the
latter shows a spiral crack path. Based on the spiral crack path,
the continuous crack front cannot be semielliptical as observed
for material states PD1 and PD3, as shown in Figure A3 in
appendix. However, as the final fracture of the PD6 test bar
did not propagate along the continuous crack front, we were
unable to separate the crack surfaces to examine the fatigue zone.
However, based on the fracture toughness and fatigue crack
propagation measurements predeformed on severely deformed
pearlitic rail steel R260 by Wetscher et al.*®! Hohenwarter
et al*”! and Leitner et al.*! it is believed that the crack propa-
gated more along the circumference as crack growth along the
microstructure alignment is easier than in the interior where
the microstructure is more isotropic. In addition, the torsional
load (shear strain amplitude) is higher along the circumference.

In Figure 17 and 18, Lagrange strain fields from the DIC
measurements are shown for PDO and PD6, respectively, at
the first load cycle and after subsequent cyclic loading when a
crack propagated some distance. The Lagrange strain tensor is

(©)

eyy - Lagrange
0.02
0.01
0
-0.01
-0.02

zx eyy - Lagrange
0.025
0.0137
0.0025
-0.00875
-0.02

Figure 17. DIC measurement of the PDO test bar. a—c) the axial strain in the y direction for the first load cycle at the levels: a) & = 0.084% and y = 0.68%;
b) € = 0.41% and y = —0.09%; and c) ¢ = 0.08% and y = —0.72%. d—f) the corresponding strain field at cycle 360 at the levels d) ¢ = 0.015% and
y = 0.74%; e) ¢ = 0.4% and y = 0.23%; f) ¢ = —0.014% and y = —0.74%.

(@) (b)

eyy - Lagrange
0.015
0.01
0.005
0
-0.005

eyy - Lagrange
0.015
0.00625
-0.0025
-0.01125
-0.02

Figure 18. DIC measurement of the PD6 test bar. a—c) the axial strain in the y direction for the first load cycle at the levels: a) e = 0.11% and y = 0.68%,
b) € = 0.41% and y = 0.03%, and c) € = 0. 13% and y = —0.67%. d—f) the corresponding strain field in cycle 261 at the levels d) ¢ = —0.09% and
y = 0.64%, e) ¢ = 0.41% and y = —0.03%, and f) ¢ = 0.09% and y = —0.66%.
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derived from the deformation gradient tensor F and calculated
according to Equation (5) where C is the Cauchy—Green defor-
mation tensor as defined in Equation (6) and I is the identity ten-
sor. During the first load cycle (a—c), it is observed that the strain
field is similar for PDO and PD6. As the crack initiated and prop-
agated some distance (d—f), the strain intensity colorized in red
during tension (e) can be assumed to include the crack tip as
crack opening is expected in tension. It is interesting to note that
the crack tip on the left side is unaffected at near-pure torque
loading for PD6, whereas localized strain can be observed at
the crack tip for PDO. This observation shows that the strain
at the crack tip is dependent on the orientation of the crack rela-
tive the load. Thus, differences in crack path alone are not suffi-
cient to explain crack propagation rate and crack path

E=-(C-1) ()

N[ =

C=FT.F (6)

4, Conclusion

In this article, we have investigated the effect of large shear defor-
mation on the fatigue characteristics of the pearlitic rail steel
R260 subjected to strain-controlled multiaxial fatigue loading.
We considered undeformed material and three deformed mate-
rial states corresponding to the material state at different depths
from the highly deformed surface material found in used rail
heads. The main findings are the following: 1) The crack path
is strongly influenced by the degree of predeformation.
Increasing the predeformation causes the surface crack to prop-
agate closer in parallel to the direction of microstructure align-
ment. For the material state predeformed to a surface shear
strain of y = 1.38, the crack propagated close to the direction
of microstructure alignment, whereas for y = 0.7, the crack path
is almost horizontal which means the crack propagates at a larger
angle to the microstructure alignment; 2) The final crack surface
crack length prior final fracture is much shorter for the material
state predeformed to a surface shear strain of y = 0.7 where the
crack path is horizontal as compared to the other material states
which show an inclined crack path; 3) The surface crack propa-
gation rate is similar for all material states for the first millimeter
of crack growth but because of the variation of surface crack prop-
agation rate for longer cracks it is not possible to determine if
there is a difference in crack propagation rate between the mate-
rial states; and 4) The predeformed material states cyclically
soften when subjected to nonproportional multiaxial fatigue
loading in agreement to what is observed for uniaxial strain-
controlled fatigue loading.

Appendix

Crack path and fracture surface

A1-A3
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Figure Al1. Representative photos of the crack path of a PDO test bar at
different angles relative to the notch.

Figure A2. Representative photos of the crack path of a PD6 test bar at
different angles relative to the notch.

(a) (b)

Figure A3. Fracture surfaces of the material states: a) PDO, b) PD1, and
c) PD3. The red line shows the approximate transition between the fatigue
zone and final fracture and the arrow points on the residual fracture zone.
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