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Abstract

Through the rolling contact fatigue experiment under the condition of the
lubricating oil, this article investigated the relation between contact fatigue
property and microstructure on the surface layer of D2 wheel steel. The re-
sults showed that although the roughness of the original specimen induced by
mechanical processing would diminish to some extent in the experiment, the
0.5 - 1.5 ym thick layer of ultrafine microstructure on the original mechani-
cally-processed specimen surface would still become micro-cracks and small
spalling pits due to spalling, and would further evolve into fatigue crack
source. Additionally, even under the impact of the load that was not adequate
to make the material reach fatigue limit, the ferrite in the microstructure un-
derwent plastic deformation, which led the refinement of proeutectoid ferrite
grains. During the experiment, the hardening and the refinement caused by
plastic deformation consisted with the theory that dislocation gave rise to
plastic deformation and grain refinement. The distribution laws of hardness
and ferrite grain sizes measured could be explained by the distribution law of
the shearing stress in the subsurface.

Keywords

D2 Wheel Steel, Rolling Contact Fatigue Property, Microstructure Evolution
of the Surface Layer, The Formation and Propagation of Contact Fatigue
Cracks

1. Introduction

Due to the operational cyclic loading at the wheel-rail interface, contact fatigue
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damage appears and can lead to the spalling of the wheel/rail surface—even ca-
tastrophic failure sometimes. With the rapid advancement of the high-speed and
heavy-haul railway, the wheel-rail contact fatigue that threatens operation safety
has attracted experts’ attention more often [1] [2] [3].

Rolling contact fatigue failure of wheel/rail materials is a complicated process,
and many factors affect the rolling contact fatigue life of wheel/rail materials. It
is currently acknowledged that the mechanism of wheel-rail contact fatigue is
that fatigue cracks [4] initiate because plastic deformation caused by ratcheting
effect accumulates and reaches the ductility limits of wheel/rail materials. Rains,
snows, water or oil will generate hydrodynamic pressure inside these cracks and
reduce the friction on their surface, thus accelerating the propagation of fatigue
cracks [5] [6] [7] [8] [9]. Surface roughness can result in high contact strain [10],
and the stress around roughness peaks is 8 times higher than Hertzian contact
stress under ideally smooth condition.

Fatigue failure formed on the friction surface is related to the microstructure
of the material. White etching layers on the wheel-rail friction surface exert im-
mense influences on the initiation and propagation of fatigue cracks and the
subsequent spalling at the wheel-rail contact interface [11] [12] [13] [14]. The
research results of Chen [14] and others reveal that the white etching layers
formed through local laser quenching will accelerate the formation of fatigue
cracks. Lian and others [15] conclude that the formation of white etching layers
will speed up crack formation and failure of wheel/rail materials. Nevertheless,
relative investigations into the impacts of the damaged layer of wheel/rail mate-
rials induced by mechanical processing during the process of contact fatigue ha-
ven’t been that detailed [16] [17] [18].

This present paper is investigating the contact fatigue property of D2 high-
speed wheel steel by using rolling fatigue tester. It investigates the relationship
between the initiation of fatigue cracks and the deformed microstructure in-
duced by mechanical processing at the outermost layer, and analyzes the evolu-
tion of the microstructure in the subsurface during the process of contact fati-
gue. The aim of the current paper is to provide references for further study on
the contact fatigue of actual wheel/rail materials and design and processing of

material compositions.

2. Experimental Materials and Methods

The experimental material was D2 wheel steel. Its main chemical compositions
were as follows: 0.53% C, 1.0% Si and 1.0% Mn. The experiment was performed
on the GPM-30 rolling contact fatigue tester. The actual wheel-rail contact state
was simulated by rolling the two-disc specimens, which followed the procedures
in YB/T 5345-2014 Metallic Materials-Rolling Contact Fatigue Test [19]. The
outer diameters of the main and accompanying specimen were both 60 mm, the
width and the height of the protruding part of the main specimen were 5 mm
and 3 mm respectively, while the width of the accompanying specimen was 20

mm, seen in Figure 1.
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Figure 1. GPM-30 rolling contact fatigue tester and the contact mode of the main and
accompanying specimens.

D2 and U71Mn steel, selected as the materials for wheel and rail specimens
respectively, were both forged and heat-treated so that they had the similar mi-
crostructure and hardness as the actual wheels and rails. The hardness of the D2
steel specimen gained was 255 HV - 265 HV, and the hardness of the U71Mn
steel specimen was 295 HV - 305 HV. The microstructure of both specimens
consisted of lamellar pearlite and proeutectoid ferrite; however, less proeutectoid
ferrite existed in the U71Mn steel.

According to the rolling angular velocity of high-speed trains at the speed of
250 mph and 0.5% of slip ratio, the rotation speeds of the main and accompany-
ing specimens were set at 1440 r/min and 1446 r/min respectively. Based on
Hertz Contact Theory [20], the maximum actual wheel-rail contact stress caused
by 17-ton axle load was 1147 MPa. In the experiment, six groups of contact
stresses were selected as follows: 1200 MPa, 1250 MPa, 1300 MPa, 1350 MPa,
1400 MPa and 1450 MPa. Then each stress was tested with four sets of speci-
mens. The contact surface of the main and accompanying specimen was con-
stantly lubricated by No. 20 engine oil. When spalling pits that were equal to or
larger than 3 mm?* appeared on the specimen surface, fatigue failure could be
determined. Subsequently, the Universal Serial Bus test microscope with 300X
magnification was utilized to record the macro-morphology of fatigue damage;
then SUPRA 55 field emission scanning electron microscope (SEM) was em-
ployed to observe the damage morphology of the specimen surface and the mi-
crostructure of the surface layer, and FM-700 micro-hardness tester was used to
measure the hardness of the specimen surface, with the load of 25 g and the du-
ration of 15 s. The hardness at different depth of the cross-section was the aver-
age value calculated by the hardness measured from five points selected at the
same depth. The first depth was 20 um from the surface, and was increased with
an increment of 10 um. The surface hardness was the average value acquired by
10 points randomly selected along the direction perpendicular to the contact
surface after mechanical polishing.

3. Results
3.1. The S-N Curve of D2 Wheel Steel

Table 1 showed the experimental results of the D2 wheel steel rolling contact fa-
tigue property: when the contact stress was lower than 1300 MPa, the fatigue life
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Table 1. Fatigue life of the specimen under different contact stress.

Contact Fatigue life/10%r
Stress/MPa 1 2 3 4
1200 >1000 >1000 >1000 >1000
1250 >1000 >1000 >1000 >1000
1300 579.3 890.6 >1000 >1000
1350 432.6 669.9 713.6 813.8
1400 149.4 263.8 306.9 528.7
1450 52.9 96.42 97.8 211.0

of the specimens was larger than 1 x 107 rotations; when the contact stress was
1300 Mpa, the fatigue life of the two specimens out of the four did not reach 1 x
107 rotations; when the fatigue stress was larger than 1300 Mpa, the fatigue life of
all four specimens did not amount to 1 x 107 rotations.

Figure 2 displayed the relation between the contact stress and the fatigue life
in the logarithmic coordinate system. The least-square method was adopted to
calculate the fitting curve equation with the data, through which the S-N curve
of D2 wheel steel was acquired:

S =2343.762-150.5361g N (1)

In Equation (1), S represented the contact stress (MPa), and N signified rota-
tions. When N =1 x 10’ was put into the above-mentioned equation, the fatigue
limit of the D2 wheel steel was 1290 Mpa.

3.2. Fatigue Spalling Damage

Macroanalysis was initially conducted on the fatigue spalling of the specimen
surface under contact fatigue. The results indicated that great amounts of
V-shaped spalling appeared on the specimen surface and small amounts of
pox-like or irregular-shaped spalling also existed, shown in Figure 3. V-shaped
spalling was also known as arrow-shaped spalling, whose apex angle oriented
towards the rolling direction of the specimen. Through statistics, the degree of
the apex angle was between 70° and 140°. According to the morphology of the
fracture surface, the fatigue cracks radiated from the V-shaped tip and propa-
gated towards the opposite to the rolling direction. Then the specimen was cut
from the center of the V-shaped spalling along the rolling direction of the spe-
cimen, and what was found was that the depth of the cracks reached about 1.2
mm. According to the results of the experimental statistics, the angle between
the propagation direction of this type of main fatigue cracks and the surface was
between 30° and 45°. On the side of the main cracks close to the worn surface,
the secondary cracks almost perpendicular to the main cracks were initiated and
expanded towards the contact surface, resulting in fatigue spalling after they

reached the surface, shown in Figure 4.

DOI: 10.4236/msa.2019.108037

512 Materials Sciences and Applications


https://doi.org/10.4236/msa.2019.108037

S.S. Wang et al.

1550

1500

1450

1400 -

1350 -

1300 |-

Stress amplitude/MPa

1250 |-

1200

" PR S | i i PR S S . | " i

(2]
~

No. of cycles to failure/lgN

Figure 2. S-N curve of D2 wheel steel.

Figure 4. Cross section macrographs of V-shaped fatigue spalling.

In view of the feature that V-shaped fatigue spalling generally originates from
rolling contact fatigue spalling [17], the surface morphology of the contact fati-
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gue specimen was thoroughly analyzed in the research. Compared with that of
the surface of the original mechanically-processed specimen, the roughness of
the specimen surface was diminished after the initial stage of the rolling contact
fatigue experiment. This indicated that even under the lubricating condition,
protruding points on the surface would be worn smooth during the process of
rolling contact fatigue.

Through comprehensive analyses of morphology variations of the specimen
surface with fatigue spalling and careful observation of the cross section and
longitudinal section under microscope (shown in Figure 4), the formation and
propagation process of fatigue cracks could be divided into four stages: the first
stage was featured by the appearance of microcracks and small spalling pits on
the surface(Figure 5(b)); the second stage was that, under the combined action
of the contact stress and the hydrodynamic pressure of lubricating oil, these
cracks would propagate along the direction parallel to the surface damage layer
caused by mechanical processing and then formed the shallow spalling (the
depth was commonly about 1 pm), and even turned into deep cracks that
formed certain angles with the contact surface (shown in Figure 5(c)); the third
stage was that the deep cracks further propagated and formed the typical
V-shaped cracks on the surface (Figure 5(d)); the fourth stage was that after the
formation of V-shaped cracks, the secondary cracks along the direction roughly
perpendicular to the main cracks were formed, then propagated towards the
surface and finally caused V-shaped spalling (Figure 5(e)).

In the analysis of the path along which the cracks propagated, it was discov-
ered that fatigue cracks preferentially grew towards the proeutectoid ferrite, and
then propagated along the interface between the proeutectoid ferrite and pear-
litic colony (Figure 6(a)). In certain areas where cracks penetrated pearlite, what
could be observed was that pearlite on both sides of the cracks was twisted due

to plastic deformation.

3.3. The Analysis of the Surface Microstructure

In order to investigate the formation of contact fatigue cracks on the surface and
its relationship with the surface microstructure, slight polishing and etching was
firstly conducted on the surface of the original mechanically-processed specimen
and the surface of the failure specimen, and then SEM was employed to observe
both of them. Figure 7(a) and Figure 7(b) displayed the surface morphology
and the microstructure on the surface layer of the original mechanical-
ly-processed specimen. It could be found that the surface of the original me-
chanically-processed specimen was characterized by the rough morphology like
peaks and valleys. Inside the microstructure from the longitudinal and cross sec-
tions on the surface, what could be spotted was that on the mechanical-
ly-processed surface did exist a layer of ultrafine microstructure, with the thick-
ness of 0.5 - 1.5 um. The thickness of the layer at the peak of the surface was
higher than that of the layer at the valley (displayed in Figure 7(b)).
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Figure 5. The Damage Process of the Rolling Contact Fatigue Surface. (a) The Surface of
the Original Mechanically-processed Specimen and the Metallography of the Longitudin-
al Section; (b) Surface Micro-damage of the Fatigue Specimen and the Metallography of
the Longitudinal Section; (c) The Initiation Stage of Fatigue Cracks; (d) The Propagation
Stage of Fatigue Cracks; (e) The Formation of Fatigue Spalling.

Figure 6. The Microstructure at the Tip of Crack Propagation in ferrite (a) and in pearlite

(b).

Through analyses of the microstructure from the surface to the central part of
the specimen after contact fatigue experiment, it was discovered that apart from
the thin layer of ultrafine microstructure that still remained on the surface layer

of the original mechanically-processed specimen, proeutectoid ferrite grains
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Figure 7. The morphology and microstructure on the contact surface of the original me-
chanically-processed specimen (a) The microstructure of the longitudinal section and the
surface morphology of the original mechanically-processed specimen, (b) The micro-
structure of the cross section and the surface morphology of the original mechanical-
ly-processed specimen.

varied obviously with the increasing depths: as depths increased, grains were re-
fined step by step; when the depth reached about 200 um, the grains were the
smallest, and then gradually recovered to the size of the original microstructure
again, as was seen in Figure 8. Figure 9 showed the microstructure at the depth
200 um from the surface of the specimen on which contact fatigue failure did not
appear after 1 x 107 r under the load of 1200 MPa. It could be seen that com-
pared with the original central microstructure, proeutectoid ferrite was refined
obviously, while the contrast between ferrite subgrains inside lamellar pearlite
was enlarged—signifying that the misorientation between each subgrain was in-

creased and the refinement of ferrite subgrains was not that obvious.

3.4. Hardness Variations of the Surface Layer

Microhardness measurements were done from the surface to the central part of
the original mechanically-processed specimen and the specimens that had gone
through the contact fatigue experiment under different contact stresses, and the
results were shown in Figure 10. From Figure 10, it could be concluded that on
the surface layer of the original mechanically-processed specimen existed a thin
layer of ultrafine microstructure (seen from Figure 7), with the thickness of ap-
proximately 0.5 - 1.5 um. The hardness of the surface was about 400 - 450 HV,
apparently higher than that of the central part (255 - 265 HV). Under different
contact stresses, the materials at certain depths from the surface were hardened
with different degrees; however, the hardening laws were the same—the maxi-
mum hardness appeared in the subsurface (approximately 200 um from the sur-
face); with the increment of contact stress, both of the depth at which the maxi-
mum hardness appeared and the depth of hardening layer were increased, and
the hardening degree was also on a rise. When contact stress rose from 1200
Mpa to 1450 Mpa, the maximum hardness of the subsurface changed from 382
HV to 420 HYV, respectively located at the depth of 190 pum and 240 pm; at the
same time, the depth of the hardening layer gradually increased from 650 um to
1000 um. Additionally, it was rather remarkable that although the specimens had
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AV N
Figure 8. Microstructure Variations of Proeutectoid Ferrite at different depths from the
surface of the specimen with contact fatigue (After 1 x 107 r under the load of 1200 MPa).

Figure 9. The Original Microstructure (a) and the Microstructure of the Specimen’s Sur-
face Layer (b) after 1 x 10 r with the load of 1200 Mpa.
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Figure 10. Hardness distribution of the surface layer.

not shown obvious signs of fatigue under the experimental conditions of 1200

MPa and 1250 Mpa, the surface layer also experienced the hardening process.

4. Discussions

4.1. The Distribution of Shear Stress on the Surface

To discuss the reasons why the surface microstructure and its hardness varied,
the distribution of shear stress had been calculated. Based on Hertz Contact
Theory [20], the maximum contact stress P, and contact half width a in the

contact region of the main and accompanying specimens were as follows:

11
Fl o' p
1 2
S I S o )
Po= oL 1—1/12_’_1—1/22
El EZ
1-v? 1-v,’
E E
T 3)
L L
P P

In the formulas, 7, represented the maximum contact stress (MPa); 7 equaled
3.1416; L was the contact length of the specimen, and in this experiment, L 5
mm; Fwas the load (N) exerted on the specimen; V; and V, were Poisson’s ra-
tios of the upper and lower specimens, V; = V, = 0.3; p,, p, were the radii of cur-
vature of the upper and lower specimens, p;, p, = 30 mm; £, and E, were the
modulus of elasticity of the upper and lower specimens, E, = E,= 206 GPa; a was
contact half width (um). Then the data and the maximum contact stress of the
design (7,) were put into formulas (2) and (3), and the load of the specimen (F)
and the contact half width (a) could be calculated and gained, shown in Table 2.

The tangential force g on the surface caused by slip ratio could be acquired

through Amonton Law:
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Table 2. Experimental load, the maximum contact stress and contact half width.

Contact stress (MPa) Experimental load F, (N) Contact half width a, (um)

1200 2998 318
1250 3252 331
1300 3518 344
1350 3794 357
1400 4081 371
1450 4376 384
q=HD 4)

In the formula, 1 was the friction parameter, and in the experiment different
values of contact stress all approximated 0.1.
Under the combined impacts of positive force and tangential force, the shear
stress [21] beneath the contact surface was:
1

n=s](o oy +an ] )

In the formula, o, 0, 7, were stress components respectively under the com-

bined impacts of positive force and tangential force:
o, =(o, )p +(o, )q
o, =(o, )p +(o, )q (6)
sz = (sz )p + (TXZ )q

The stress components generated by positive force p and tangential force g

were as follows:

m —Z
m +n (7)

Parameters m and n were put into formula (7) and the following formulas

were gained:

m’ = l{[(az -x*+z )2 +4x°z° }1/2 +(a2 -x*+ 2 )}
2

2_1 2 2 2\ 221/2_ 2 2, 2

n—2[(a x+z)+4xz} (a x+z)

8)
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Put parameters m and n in formula (8) and the friction parameter ¢ = 0.1 into
formula (7), and then stress components generated by the positive force p and
the tangential force g were acquired. Subsequently, put the stress components
into formula (6) in order to get o,, 0,, 7,,; finally, put o, o, 7, into formula (5),
and gained the distribution function of the shear stress 7, on the X-Z plane. Fig-
ure 11 displayed the contour line of the shear stress on the X-Z plane, signifying
that the maximum of the shear stress was 0.321 7, at the depth of 0.6a.

In order to better observe the variations of shear stress with depths under dif-
ferent contact stress, shear stresses at different depths were projected onto the
Y-Z plane, and then the variations of shear stress with the depths were gained,
shown in Figure 12. It was discovered that the variation tendency of shear stress
from the surface to the central part of the specimens was the same as the varia-
tion tendency of hardness measured: under different contact stresses, the depth
of the subsurface maximum hardness from the surface corresponded quite well

to that of the maximum shear stress calculated.

4.2. The Microstructure on the Surface Layer and the Hardening
Process

From the observation of the microstructure on the surface in Figure 7, it could
be found that a thin layer of ultrafine microstructure with the thickness of 0.5 -
1.5 um existed on the surface layer, generated by mechanical process where the
material of the surface layer underwent severe plastic deformation. The micro-
hardness measured under the external force of 25 g in the research was only
about 400 HV. Although it is much higher than that of the matrix microstruc-
ture (255 HV - 265 HV), the thickness of the hardened layer at least should be
higher than 4 um under the load of 25 g based on the measurement standard of
microhardness (GB/T4340.1-2009) [22]; even through the use of the minimum

load of 10 g to measure microhardness, the minimum thickness required by this

3.0F \ 0.10

2.5
2.0
o 1.5
N
1.0 0.06¢
0.5
0.034
0.0 .
2 3

Figure 11. The contour line of the shear stress on the xz plane.
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Figure 12. The relation between the shear stress and the depth under
different contact stresses.

standard must be larger than the observed one (0.5 - 1.5 pm) in this article.
Therefore, the actual microhardness of this layer of ultrafine microstructure
should far exceed the one measured in the experiment, which is related to the
actual microhardness of the surface layer, the combining force between the sur-
face layer and the matrix and the hardness of the matrix [23] [24]. Based on the
fact that the matrix hardness of the material in the experiment was relatively
low, it could be speculated that the actual hardness of this layer induced by me-
chanical processing would be extremely high, exerting negative impacts on fati-
gue properties [25]. During this investigation, it was found that this thin layer
was inclined to crack and spall (seen in Figure 6), indicating that it possessed
relatively high hardness.

From the results in Figure 8 and Figure 9, it could be seen that even fatigue
failure specimens did not appear in the operation under laboratory conditions,
the microstructure in the surface layer underwent refinement and the hardness
of the surface layer was also increased, shown in Figure 10. Additionally, this
type of refinement and hardening process accorded with the variation law of the
shear stress calculated (displayed in Figure 11, Figure 12 and Figure 13). This
meant that under the impact of contact stress, obvious plastic deformation oc-
curred in the surface layer and dislocations inside ferrite began to be released,
continually increasing the amount of dislocations. Not only could the increasing
amount of dislocations elevate hardness, but could enlarge the misorientations
between subgrains—eventually evolving into high angle grain boundary and re-
fining grains. The refinement of grains also would cause hardness to increase.
This evolution of dislocation structure and microstructure was immensely simi-
lar to the nanocrystallization of the mechanically-processed surface investigated
by Ke Lu and others [26] [27]—only the size of the grains during the experiment

was far from being nanoscale.
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Figure 13. The relationship between the shear stress, the microhardness distri-
bution and the subgrain size of proeutectoid ferrite on the surface layer.

Meanwhile, it could also be discovered from Figure 8 that even under fatigue
limit, when proeutectoid ferrite was refined, ferrite subgrains inside pearlitic co-
lonies underwent transformations as well—the contrast between each subgrain
was enlarged, which meant that the misorientation between ferrite subgrains was
increased. This phenomenon could be attributed to the theory similar to that of
the refinement of ferrite subgrains: under the impact of contact stress, the ferrite
inside pearlite underwent plastic deformation, dislocations inside the ferrite be-
gan to be released, and dislocations constantly moved to the subgrain boundary,
enlarging the misorientation between subgrains. Since the yield strength of
proeutectoid ferrite is approximately 100 - 170 MPa and the yield strength of
pearlite is about 600 MPa [28], under the impact of contact stress, proeutectoid
ferrite preferentially underwent plastic deformation and dislocation accumula-
tion constantly drove the increment of dislocation density, which gradually re-
fined grains. Nevertheless, in that the ferrite inside pearlite was limited by the
enhancement of lamellar cementite, the ferrite was not inclined to deform and
did not reach the limit of grain refinement—but only increased the misorienta-

tion between ferrite subgrains inside pearlitic colonies.

4.3. The Formation and Propagation of Fatigue Cracks

Multitudinous research [1] [8] [10] [29] indicated that main forms of contact fa-
tigue failure on the wheel/rail surface during actual operation all resulted from
the micro-roughness, falling into the category of contact fatigue caused by a
crack source on the surface. In the investigation of this article, the same result
was acquired under the lubricating condition (shown in Figure 3 and Figure 5).
Additionally, it was found that the layer of ultrafine microstructure with high
hardness and low toughness on the mechanically-processed surface layer was
nonuniform. Although protruding points like peaks and valleys on the surface
were worn smooth during the rolling contact fatigue experiment and hence the
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roughness was diminished (seen in Figure 5), regional spalling would take place
on this thin layer and finally became the crack source under the combined im-
pact of contact stress and additional hydrodynamic stress from liquid medium.
Once the crack source formed, it would propagate towards the depths [5] [6] [7]
[30] [31] [32] along the direction at a certain angle with the contact surface
(about 30° - 45°) under the above-mentioned stresses (displayed in Figure 4).
During the process of crack propagation, the stress field at the tip of cracks
would increase under the impact of incompressible liquid, leading the material
at the tip of cracks to undergo plastic deformation. Apparently, due to the low
strength of ferrite, plastic deformation tended to take place, making cracks
propagate more easily; however, since lamellar pearlite possesses high strength
and strong resistance to plastic deformation, it cannot be easily penetrated by
cracks [28]. In certain regions, cracks penetrated lamellar pearlite and the stress
field at the tip of cracks caused pearlitic lamellae to twist obviously (seen in Fig-
ure 7), displaying apparent characteristic of fatigue crack propagation and sig-
nifying lamellar pearlite held relatively strong resistance to crack propagation.
Besides, the contact fatigue experiment conducted under the condition below
fatigue limit indicated that even though fatigue cracks did not appear after 1 x
107 rotations, the microstructure and the hardness at certain depths inside the
surface layer did experience changes (seen in Figure 8 and Figure 10). The
process of these changes could also be understood through the assistance of ma-
terial regional properties proposed by Johnson and others [33]. Under the load
of 1200 MPa and 1250 MPa, though the surface and the surface layer both expe-
rienced plastic deformation, they were roughly in the shakedown limit and did
not reach the extent of fatigue failure; nonetheless, when the load was higher
than 1300 MPa, the surface of the material had already entered the stage of rat-
cheting effect, causing plastic deformation to accumulate continuously and fur-

ther resulting in the formation of fatigue cracks.

5. Conclusions

In this article, through the rolling contact fatigue experiment, the contact fatigue
property of the wheel steel used in high-speed railway under the condition of oil
lubrication was investigated; in particular, great emphasis was laid on the effects
of the microstructure at the outermost layer on fatigue property. The conclu-
sions were as follows:

1) The layer of ultrafine microstructure on the original specimen surface in-
duced by mechanical processing possessed rather high hardness and could lead
to microcracks and shallow spalling during the contact fatigue test under oil lu-
brication, subsequently becoming the source of contact fatigue cracks under the
combined impact of both contact stress and hydrodynamic pressure from lubri-
cating oil.

2) Through the analysis of the microstructure on the surface layer, the forma-

tion and propagation of contact fatigue cracks under the condition of liquid lu-
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brication could be divided into four stages: 1) shallow spalling was generated by
cracks of micrometer scale on the basis of mechanical damage on the surface; 2)
the shallow spalling further expanded and evolved into the fatigue crack source
under the impact of contact stress and hydrodynamic pressure from lubricating
oil; 3) cracks propagated into the depths of the specimen along a certain angle
with the contact surface and then formed the V-shaped cracks; 4) after the for-
mation of V-shaped cracks, the secondary cracks formed along the direction al-
most perpendicular to the main cracks(V-shaped cracks) and then expanded
towards the surface, eventually causing the V-shaped spalling.

3) Even under the impact of contact stress below fatigue limit, the micro-
structure in the surface layer tended to undergo plastic deformation, dislocations
began to be released inside ferrite, the density of dislocations was increased, and
then evolved into the stage where proeutectoid ferrite grains refined themselves,
the misorientation between ferrite subgrains inside lamellar pearlite was en-
larged and the hardness was increased; inside the subsurface appeared grain re-
finement and the hardness maximum, whose variation laws were accorded with
that of the shear stress calculated. This is of great significance in delving into the
effects of the microstructure and inclusions on crack formation and propagation

and predicting ultra-long fatigue life during the process of contact fatigue.
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