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I nvestigation on wear and rolling contact fatigue of wheel-rail materials
under various wheel/rail hardnessratio and creepage conditions
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% Tribology Research Institute, State Key Laboratory of Traction Power, Southwest Jiaotong University,
Chengdu 610031, China
® Business School, Central South University, Changsha, 410083,China
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Abstract: The wear and rolling contact fatigue of wheel-radterials were investigated through varying
wheel/rail hardness ratiobl(/H;) and creepages. The results indicated that wéhH{}iH, increasing from
0.927 to 1.218, the wheel wear rate reduced saamifly in the case dfl,/H; = 1.218, the rail wear rate
showed an increasing trend. Both the wheel andwadr rates increased as the creepage enlarged. The
synergistic results dfl,/H, and creepage caused a transition of the wear amégke mechanisms on the
wheel-rail steels. Besides, the fatigue damageRyf Bnd CL60 wheel materials was dominated by slende
multi-layer cracks, while the fatigue cracks wehers and contained lots of interlayer broken matsron
C-class wheel steel.

Keywords: Wear rate; Damage mechanism; Synergistic resafige crack

1. Introduction

The wheel-rail interface acts as a vital role ire thperating safety and service
performance of a railway network. Wear and rolloantact fatigue (RCF) are two common

forms of damage, which often exists on the wheklsarfaces [1]. The effects of a single
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factor, such as the operating speed and the aatk tm the wear and RCF characteristics of
wheel-rail steels were studied in previous repf2td]. The results showed that under the
coupling of wear and RCF, the wheel-rail damagdigh-speed railway was dominated by
RCF, while that of heavy-duty railway was mainlyarel herefore, the damage mechanism of
wheel-rail materials under different operating dtinds is different, so different steels should
be selected for different working conditions. Besidinvestigations [5-7] showed that the
rolling direction, spherical dents and the third ypdavater, oil and sand) had important
influences on the crack propagation mechanism atigue life of the wheel-rail materials. In
practice, the wheel-rail interface is in an opestay, it is affected by the synergistic results
of multiple factors. Therefore, to optimize theesion of wheel and rail materials in complex
service environments and ensure the reliabilityhaf railway, it is necessary to carry out
research to study the wear and RCF damage evolofiagtfferent wheel-rail steels under
multiple parameter conditions.

For a long time, the main wheel-rail materials usedhe railway have been lamellar
pearlite steels. In order to characterize the matchehavior of different wheel-rail materials,
the wheel/rail hardness ratibl{/H;) was introduced in previous research [8,9]. Adyeas
1982, a classical model of the relationship betwteerhardness ratio and wheel and rail wear
loss was proposed by Steele & Reiff [8]. When HwH, > 1, with the increase in rail
hardness, the wear of the rail steel decreasearlinevhile the wear of the wheel steel
increased linearly. When th,/H; < 1, with the increase in rail hardness, the veddhe rail
material continued to decrease linearly, whilewlear of the wheel material remained stable.

Based on this model, the hardness of wheel matesiat generally slightly lower than that of



rail materials, i.eH,/H; < 1. Before the year 2000, researchers tried toease the rail
hardness through heat treatments to reduce its lwear[9-11]. The results indicated that
increasing the rail hardness could reduce thendr but increase the wheel wear. However,
this conclusion was thought doubtful in recent ge&or example, Heyder & Maedler [12]
carried out experiments with different standarddgeaof wheel-rail materials, finding that the
R350HT rail with improved hardness reduced bothr#lilevear and the wheel wear. Contour
plots for the relationship between the wear ratkty/H, were presented by Petrakova et al.
through a series small scale tests [13,14], amwdag indicated that the optimal,/H, was
0.91-0.97 or close to 1. Based on these referenoastioned, there is still no agreed
conclusion about the effect of the change in hasslren the wear of wheel-rail materials.
Furthermore, wheel-rail materials with different rd@ess usually have different
microstructures, for example, as the pearlitic lBemespacing reduces, the hardness of
wheel-rail materials increases. The initiation avdlution of wheel-rail RCF is also affected
by the material microstructures, as for instanc€EFReracks are primarily initiated at the
highly strained ferrite phase and propagated algragn boundaries by cavitation [15,16].
Moreover, varying work hardening levels were fouod the pearlitic and bainitic rail
materials [17-19]. The work hardening changedHRh#&H, during the test, further affecting the
wear and RCF behaviours. Thus, carrying out thestigation about the effect &f,/H; on
the wear and RCF behaviours of wheel-rail matersal®ery essential and meaningful.

The creepage is another important factor which digsificant effects on the wear and
RCF evolution of wheel-rail steels. According to thechard wear coefficient map [20] and

shakedown map [21-23], the rising creepage causétceeasing trend of traction coefficient,



further enhancing the wear rate [24]. As the crgepenlarged, the evolution of wheel-ralil
wear rates was divided into various regions [25,26]vas noted that the fatigue damage
exacerbated with the rising creepage. For exantpéethickness of the plastic deformation
layer increased at severe sliding condition [11,#6 serious wheel slipping could result in
the rail white etching layer [27], and the growthgke of cracks increased obviously as the
creepage enlarged [28]. Meanwhile, when differeatemals are matched to run with, the
evolution of wear and damage behaviours affectethéyalue of creepage changes a lot [25].
Thus, the investigation on the wear and RCF daneagéution considering both the,/H;

and creepage is the key to the further study.

It is a fact that the hardness and the creepaged cmiluence wear and RCF
characteristics of wheel-rail steels. However, urttie combined actions of hardness ratios
and creepages, the evolution of the wear and damaghanisms needs to be further clarified.
In view of this, the investigation on the wear datigue failure evolution of wheel-rail steels
under variousH,/H; and creepage conditions was carried out. Speltyficthe wear
transitions mechanism of wheel-rail materials almel growth process of RCF cracks were

observed in detalil.

2. Experimental details

The experiments were performed under dry conditibmsugh a rolling-sliding wear
testing apparatus (WR-1, China) [29], as shownim E. The apparatus is equipped with
upper and lower rollers, i.e., wheel and rail saaplThe wheel/rail rollers are driven and

controlled by a DC motor (2.0 kW) with a rollingesgd from 0 to 1000 rpm. The vertical



force (from 0 to 2000 N) can be applied by adjustncompressed spring and is measured
using a load sensor (LC-7, China, accuracy: 0.1TWg friction torque and cycles of the
lower roller are measured using a torque sensor@8@ China, range: 0£20-M, accuracy:
0.01 Nm) and revolution sensor, respectively. The creepaige¢his apparatus can be

calculated as following formula.

Wrail’rail—® T Wygil— W
Creepage Praill rail wheell wheel — rail wheel (1)

WrailTrail Wrail

Wherewrq andwwnes are the rotational speeds of rail and wheel rellezspectively, and;
and rynes are the radius of the wheel-rail rollers with sawaues, respectively. Various
creepages (0, 0.17%, 0.91%, 2.38%, 3.83%, 4.5598%9.4an be achieved by altering the
relative speeds of the two rollers via selecting iasthlling the corresponding gear pairs.

The sampling positions of the two rollers and thees are presented in Fig. 2. The
wheel and rail rollers were cut from the wheel dread rail head, respectively. The diameter
was 40 mm for the wheel-rail rollers, and the conwadth between the two rollers was 5 mm.
All rollers were polished to a surface roughness) (& approximately 0.1pm. Before each
test, the rollers were thoroughly cleaned by uttnés cleaning for 10 min.

Three grades of wheel materials (ER7, CL60, C-glasd one kind of rail steel (U75V)
were used in this study. The chemical compositemd hardness are given in Table 1. The
ER7 grade wheel is softer than the U75V rail, dreldther two wheel steels are harder than
the U75V rail. Three wheel/rail hardness ratibk,/H; = 0.927, 1.025, and 1.218) were
achieved by matching the rail roller with differemheel rollers. The microstructures of the
wheel and rail materials are presented in Fig.l& three wheel materials have ferrite-pearlite

microstructure which is composed of netted feraite lamellar pearlite (Fig. 3a-c), while the



U75V rail steel has a pearlite microstructure whilktomposed of lamellae of cementite and
ferrite (Fig. 3d). The netted ferrite content of egh steels decreases with the increasing
hardness, especially the C-class wheel with a hmdness of 388 H)4 is almost free of
ferrite (Fig. 3c).

All tests were run 1.8xfQ@cycles under a rotational speed of 200 r/min, yedcontact
pressure is set to 850 MPa. The creepages ushisttidy were 0.17%, 0.91%, 2.38%, 4.55%
and 9.43%, respectively. The test parameters stegllin Table 2.

The wear rates (mass logg) within a rolling distance of 1 m) of wheel-raillers were
measured by using an electronic balance (JA4108yracy: 0.0001g). The hardness was
measured using a Vickers hardness instrument (M\2d;Hapan). Fig. 4 shows the sampling
position of surface and section in the wheel-ralilers after tests. Three small pieces of 1 mm
length were taken from each roller and each pis@eparated by 120 degrees. Each section
was cut along the rolling direction and mountedesin, ground with 2000 grit abrasive paper,
polished with 0.5um diamond and etched with 4% Nital. The surface algan plastic
deformation and fatigue cracks were characterizedgusptical microscopy (OLYMPUS
BX60M, Japan) and scanning electron microscope 6@BDBLV, Japan). The length and depth
of each surface crack were measured using OM egdigpth an image analysis software

(Sisc IAS Professional).

3. Reaults

3.1 Wear rate and hardness

Fig. 5a shows that the adhesion coefficient shammtyeases with the creepage rising



from 0.17% to 4.55%, and remains relatively stabider the creepage of 4.55% — 9.43%.
Under the creepage of 0.91% and 2.38%, the avexdigesion coefficient of in thrdd,/H,
conditions is different (Fig. 5b). This may be doethe difference of the wheel-rail surface
damage at the late stage of experiments (about 2&®00 cycles), resulting in different
roughness and vibration of the contact interface.

The wheel-rail wear rates changing with creepages mesented in Fig. 6. The
experiments under five creepages were performecetw the case dfl,/H, = 0.927 while
the other experiments were conducted once. Whercribepage enlarges from 0.17% to
4.55%, the wheel-rail wear rates in thiég/H, conditions increase rapidly, as shown in Fig. 6.
However, under the creepage of 4.55% — 9.43%, tiseaeslightly drop of wheel wear rate
except for the case of,/H; = 0.927, while the rail wear rates remain faitigtde in the three
Hw/H: conditions. There is no significant change in wheear rate under the thregé,/H;,
conditions at the smallest creepage (0.17%). Whewalue of creepage is larger than 0.17%,
the wheel wear rate in the caseHyf/H, = 1.218 is significantly lower than the other two
Hw/H: conditions (Fig. 6a). That is, the wear rate otl&s wheel steel with low ferrite
content and a high hardness is significantly lothan the wear rate of ER7 and CL60 wheel
materials. Concerning the wear rate of rail malerigpresents an obvious ascending trend
with the enlargement in thid,,/H; (Fig. 6b), i.e., with the increase in the hardnasd the
decrease in the ferrite content of the matched iséeels, the rail wear increases
significantly.

It should be noted that there might be errors betwdifferent experiments due to

manufacturing processes, alignment issues and nezasat, for example, it might be



possible that the upper and lower rollers are noays perfectly aligned. Therefore, to
specifically quantify the wear rate, it is necegs&w repeat the experiments to obtain
statistical results, which will be carried out hetfurther work.

The surface hardness of wheel-rail rollers and tha@idening ratios are shown in Fig. 7.
The hardening ratio is calculated as following fatm

Hardening ratio W (2)
WhereHp.s andHye are the pre-test and post-test surface hardresgsectively. The pre-test
and post-test surface hardness of wheel-rail nadgein Fig. 7a and c indicates that the rollers
have undergone obvious work hardening during theeements. Moreover, the post-test
surface hardness of three wheel steels is positoatelated with their pre-test hardness (Fig.
7a), while the hardening ratio of various wheeéktdnas no significant relationship with their
pre-test hardness (Fig. 7b). Concerning the raidiness, the rail hardening ratio at the case of
Hw/H: = 1.218 (matched with C-class wheel) is slightlghtar than the other twbl,/H,
conditions (Fig. 7d).

The variation behaviour of wheel-rail hardness asiraction of the depth below the
surface is often used to characterize the work Imémgeand the sub-surface deformation
[30,31]. Fig. 8 exhibits that the section hardngreslually drops to the bulk hardness with the
increasing distance from surface. The effedt@H, on the section hardness of the wheel-rail
rollers is related to the creepage. Specificaliypa creepages (2.38%), the section hardness
of wheel-rail rollers presents an ascending trenith whe H,/H;, while at large creepage

conditions (9.43%), the section hardness is nearthanged.

3.2 Surface damage



SEM images of wheel-rail surface damage under valtyH, conditions are presented
in Fig. 9. The wheel surface damage alleviates thighincrease in the initial hardness and the
decrease in the ferrite content of wheel steeés, (theH,/H; increases), and the damage
behaviour transforms from coherent peeling to serferack. In addition, the surface damage
on rail rollers shows the same trend and the dantedeviour transforms from severe
adhesion to slight surface cracking. The decrefieesurface damage reduces the roughness
after the tests, which causes the adhesion caaititdo decrease with thé,/H, increasing, as
exhibited in Fig. 5b.

The wheel surface damage is slight at the lowestpage (0.17%), which is dominated
by small surface cracks and slight peeling (Figa)1®Vhen the creepage rises to 0.91% and
2.38%, coherent peeling occurs on the wheel rslleface (Fig. 10b and Fig. 9b). When the
creepage further rises to 4.55%, the surface damalgieh is mainly caused by spalling,
becomes more serious on the wheel surface. It dimihoted that coherent peeling appears
on the wheel surface and the fatigue alleviates afmmly when the creepage reaches to
9.43%. Concerning the rail rollers, the surface agenis mainly attributed to small surface
cracks and slight peeling at the lowest creepag®.b7%, while it mainly manifests as
adhesion as the creepage rises from 0.91% to 9.43%.

The generation of rail surface adhesion is reldatethe damage characteristics of the
matched wheel rollers and the thermal effect wisctaused by the increasing creepage [32].
Specifically, in the case of large creepages, theelsurface damage gets worse. Meanwhile,
the flash temperature of the wheel-rail interfacéaeyes sharply. Under this condition, the

debris is mainly formed by thick and small piec®¥ith the action of the increasing



temperature, the debris tends to adhere on theuddce. Then, the adhesive wear occurs on
the rail surface with the cyclic loading.
3.3 Sub-surface damage

OM microscopic observation of cross sections of etdnail rollers indicates that the
creepage affects the plastic deformation greatlysfewn in Fig. 11). The plastic deformation
is slight at the lowest creepage (0.17%), whicatisbuted to the material flowing parallel to
the surface. When the creepage enlarges to 0.9héo,plastic deformation aggravates
significantly and the angle of plastic flowing ieases sharply.

Fig. 12 presents the SEM images of fatigue cratksmaousH,/H, values. The fatigue
damage of the wheel-rail rollers are dominated lepwder multi-layer cracks and surface
cracks when U75V rail steel matches with ER7 an®@wheel steels (i.eH./H, = 0.927
and 1.025). However, the cracks become short amthicoa large number of interlayer
broken materials when U75V rail steel matches Witblass wheel steel (i.éd,/H, = 1.218).
The difference in the cracks might due to the nstirectures of wheel steels. The ER7 and
CL60 wheel are hypoeutectoid steel with large anmafimetted ferrite (Fig. 3a-b). It is easy
for the soft ferrite phase to initiate vacanciescaduse of the low yield limit. The
intercrystalline netted ferrite depresses crackvtfiaesistance of the materials strongly. As a
result, the cracks grow and propagate along thetdeflowing structure in the plastic
deformation area by cavitation, and it is easiefoten the slender multilayer cracks [15,33].
However, the fatigue damage of C-class wheel natesidominated by broken cementite,
initiating short cracks with interlayer broken méés among the crack boundaries. It should

be noted that the fatigue cracks on U75V rail rsliearies with the matched wheel steels.
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This indicates that the rail RCF behaviours is gigantly influenced by properties of the
counter bodies.

Tables 3-4 present the statistics data from fatiguecks on wheel-rail rollers.
Concerning the cracks on the wheel samples, theagedength of cracks is in the range of
around 50 um to 380 um, the average depth is inaifige of around 7.3 um to 45.9 um, and
the average angle is in the range of around 4.@8.60. With the increase in creepage, the
length and depth of cracks show an ascending tifitth. the increase in thid,/H, and the
decrease in the netted ferrite content of whedliste¢he length and depth of cracks show a
declining trend. Concerning the cracks on thegaihples, the average length of cracks is in
the range of around 65 pum to 295 um, the averagt de in the range of around 8.1 um to
28.9 um, and the average angle is in the rangeraind 2.8° to 11.6°. However, the
influences of the creepage and hardness ratioeddpth and length of cracks are not clear.
4. Discussion
4.1 Evolution of wear and RCF damage

In this study, we systematically explored the dfeaf bothH,,/H; and creepage on the
wear and RCF evolution of wheel-rail steels throagkeries of experiments. Threkg/H,
conditions (one of which is less than 1, one closg, and one greater than 1) were achieved
by matching various wheel steels to one rail makefihe results showed that the wear rate
was related to the material matching behaviour,thadvheel wear rate at the casédafH, =
1.218 (when the high hardness C-class wheel washedtwith the U75V rail) was
significantly reduced (Fig. 6a). Besides, the vedlar rate depended on the matched wheel

materials and increased significantly with the @asingH,/H; (Fig. 6b). This phenomenon
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supports the relationship proposed by Steele & fR8if Meanwhile, the result is also
consistent with other recent wear experimental ltedar different hardness wheel and ralil
materials [17,34-37]. For RCF damage, as the hasloéwheel steels ardl,/H; increased,
both the wheel and rail surface damage alleviated, fatigue cracks on wheel rollers
decreased, and work hardening on rail rollers emxed. As the creepage increased, both of the
wheel and rail wear rates increased, the RCF damfgdeel-rail rollers, including surface
damage, plastic deformation, fatigue cracks, &toged to exacerbate. The result supports the
effect of creepage on wear and RCF in previousesy@3-28].

From the results above, the wear and fatigue damaderwent a transition with the
increasingH,/H; and creepage. As it is known, the wear map, whiak widely applied in
the wheel-rail wear prediction and numerical sirtialg is an effective way to distinguish the
wear regimes and transition processes [38-40hdénpresent study, the wear maps shown in
Fig. 11 are plotted based &h/H; and slip velocity, where the,/H; stands for the wheel/rall
hardness ratio while the slip velocity presentswblecity difference between the wheel and
the rail. According to the value of the wear rakeee regimes, mild wear (the wear rate < 50
ug/m), severe wear (the wear rate is betweengdt to 100ug/m) and catastrophic wear (the
wear rate > 10Qug/m), are identified in the wheel wear map (Figa)lSimilarly, the mild
wear and severe wear are included in the rail wesgy (Fig. 13b). The wear rates are fairly
small without any obvious change with tHg/H, and slip velocity (i.e., creepage) in the mild
wear regime. However, in the other two wear regintles wear rates are large and exhibit
rapid changes with increases in thgH; and slip velocity.

Next, we further explored the damage behavioursimed on the wheel-rail surface. The

12



damage mechanism maps based on the surface dah@ageteristics are exhibited in Fig. 14.
Notably, the wear mechanism differs in various megg on the wear maps. The wheel damage
mechanism map (Fig. 14a) presents an extremelyasitnansition boundary with the wear
map (Fig. 13a). Specifically, the wheel damage raegm map (Fig. 14a) can also be
classified into three regions. When the wear isdmihe surface damage behaviours are
dominated by mild peeling and surface cracks, mithg that the wear mechanism in this
regime is attributed to slight fatigue wear. Whéae tvear changes to become severe, the
surface damage behaviours turns to be serious amadynmanifested as coherent peeling.
Thus, the wear mechanism in this regime rangesatigue wear. When the wear further
aggravates, with the surface damage becoming neoieus (dominated by severe spalling),
the wear of wheel material transforms into sevatigtfie wear.

According to the surface damage on rail rollers, daenage mechanism map of rail
material (Fig. 14b) is divided into two regions.eoof which is dominated by mild peeling and
surface fatigue crack, while another is dominatgdjalling and adhesion. Meanwhile, the
wear mechanism achieve a transition from fatiguarwe the combination of fatigue and
adhesion wear as tli&,/H, declines and the slip velocity rises (i.e., theeprage increasing).

4.2 Crack growth mechanisms

According to SEM observation and analysis of fatigwmacks under varioud,/H; and
creepage conditions, we can see that the creepadate a great influence on crack growth.
The fatigue cracks exacerbate with the enlargenmeateepage. It can be contributed to the
fact that the rise of creepage would increasertdw@ion coefficient, which can provide a large

driving force for crack growth [26,28]. Besidesgtlfatigue crack morphology is closely
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related to the material. Specially, it is dominabsdslender multi-layer cracks on ER7 and

CL60 wheels, while on C-class wheel steel, theks@re short and contain a large number of
interlayer broken materials. This can be explaibgdhe fact that the generation and growth

of fatigue cracks differs in the various microstwres of the three wheel materials, as shown
in Figs. 15-16.

The ER7 and CL60 wheel are hypoeutectoid steels laige amount of netted ferrite,
and the proeutectoid ferrites also act as graimbartes, as shown in Fig. 15a. Under cyclic
loading, the surface layer of wheel material undesgvere plastic deformation [41].
Meanwhile, the pearlite colonies are severe conspeesind broken while the ferrites was
stretched to shape flowing lines along the sheasst(Fig. 15b). The ferrite phase is soft and
its yield limit is small. Therefore, the dislocatitangles and pile-ups are primarily generated
at the highly strained ferrite phase boundarieg. [¥Mth the increase in strain, sub-grains
occur at the ferrite phase and the sub-grain baigslare made up of dislocation tanghsts
the same time, cavities are formed inside the rstthiferrite because of the movement of
dislocations [33,43]. With the further increasesimain, the strain-induced ultrafine grains
(UFGs) are formed in ferrite phase [41,44]. Meanghthe growth and join of cavities
induce the micro-crack. The process of micro-cracikiation is shown in Fig. 15c.
Sub-surface cracks are formed with the further ¢inoo¥ micro-cracks. Then, surface cracks
occurred as the surface material is removed. Bgsitle sub-surface cracks join with surface
crack tips gradually, resulting in the long andhdler multi-layer cracks (Fig. 15d).

The C-class wheel steel exhibits randomly orienpegrlite microstructure which

consists of lamellar cementite and ferrite. Meameyhpearlite colonies with different

14



orientations are separated through grain bounda@iesides, pearlite grains has little ferrite

(Fig. 16a). Similarly, as the deformation increasd® pearlite colonies whose lamellar

arrangement is consistent with the shear forcesawerely compressed, and the lamellar
spacing decreases sharply, while the pearlite cesomihich is arranged at an angle or
perpendicular to the shear force are twisted aolldor [45,46], as shown in Fig. 16b. During

the plastic deformation, dislocation tangles agyda occur at grain boundaries, resulting in
cavities and further forming micro-cracks (Fig. L@dotably, the grain boundaries of such

materials are not as obvious and continuous agef@rhase. Therefore, the surface cracks
are easy to fracture, and there are many interlangerials made up by the broken pearlites
inside the cracks, as shown in Fig. 16d.

In general, the cracks propagation of both micumstires is dominated by intergranular.
Specially, the fatigue cracks on ER7 and CL60 whmeaterials primarily generated at the
highly strained ferrite phase boundaries, and tgew and propagate along the ferrite
flowing lines by cavitation, resulting in the lorajnd slender multi-layer cracks. However,
there is almost no ferrite phase in C-class whestlsand the grain boundaries are not
obvious and discontinuous, thus short cracks witbriayer broken materials tend to initiate
in the sub-surface.

In summary, theH,/H; and creepage can be used as important parametstsdy the
wear and damage transition mechanism of wheettadls. The present work is the pre-study
for establishing a wear map basedHyiH; andTy/A, proposing a mathematical model for the
wear and RCF of high-speed wheel and rail underattteon of multiple parameters, and

optimizing the selection of wheel and rail mateyiah complex service environments.
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However, the range oH,/H; was too small and the observation of the microsune
evolution was not enough. Therefore, it is necgsiarcarry out experiments with a series
Hw/H: conditions and investigate the microstructure @tvwoh of wheel-rail materials using
Electron Backscatter Diffraction and transmissitec&on microscope, etc. in the following
study. Besides, errors are inevitable during thpedmental due to manufacturing and

measurement, therefore, experiments need to bategpt obtain statistically results.

5. Conclusions

1. With the Hy/H; increasing from 0.927 to 1.218, the wheel weae regduces
significantly in the case dfi,/H; = 1.218, the rail wear rate shows an increasiegadr Both
of the wheel and rail wear rates increase as thee\ad creepage enhanced.

2. As theH,/H; declines and the creepage rise, the wheel wednanemm changes from
mild peeling and slight fatigue wear finally to se® spalling and severe fatigue wear.

3. As theH,/H; declines and the creepage rise, the RCF damaghamem of rail
material changes from mild peeling and surfacegfticrack to spalling and adhesion, and
the wear mechanism achieve a transition from fatigear to the combination of fatigue and
adhesion wear.

4. The fatigue crack morphology is closely relatedhe microstructures of materials.
Fatigue damage on ER7 and CL60 wheels is domirateslender multi-layer cracks, while

on C-class wheel steel, the cracks are short anicolots of interlayer broken materials.
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Figure caption

Fig. 1. Scheme of the testing apparatus.

Fig. 2: Sampling position and sizes of wheel-railars.

Fig. 3: The microstructures of the wheel-rail matsy (a) ER7 wheel; (b) CL60 wheel; (c)
C-class wheel; (d) U75V rail.

Fig. 4: Sampling position of surface and sectiothmmwheel-rail rollers after tests.

Fig. 5: Adhesion coefficient, (a) as a functioncgtles Hy/H; = 1.025); (b) as a function of
creepage.

Fig. 6: Wear rate changing with thk/H; and creepage, (a) wheel; (b) rail.

Fig. 7: Surface hardness and hardening ratio (wisctlefined by the ratio of increasing
hardness to initial hardness), (a) wheel surfacdness; (b) wheel hardening ratio; (c) rail
surface hardness; (d) rail hardening ratio.

Fig. 8: Section hardness under different hardretsss; (a) wheel; (b) rail.

Fig. 9: SEM micrographs of surface damage of whaklrollers under different hardness
ratios (creepage = 2.38%), (d)/H, = 0.927; (bHw/H; = 1.025; (cHw/H, = 1.218.

Fig. 10: SEM micrographs of surface damage of whaiélrollers under different creepage
conditions Hy/H; = 1.025), (a) 0.17%; (b) 0.91%; (c) 4.55%; (d)33a

Fig. 11: OM micrographs of plastic deformation dieel-rail rollers under different creepage
conditions Hy/H; = 1.025), (a) 0.17%; (b) 0.91%.

Fig. 12: SEM micrographs of fatigue cracks on wheél rollers under different,/H;
conditions (creepage = 2.38%), th)/H; = 0.927; (bH./H; = 1.025; (cHw/H; = 1.218.

Fig. 13: Wear maps, (a) wheel; (b) rail.
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Fig. 14: Damage mechanism maps, (a) wheel; (h) rail
Fig. 15: Schematic illustration of the fatigue dcaggowth on ER7 wheel material.

Fig. 16: Schematic illustration of the fatigue drggowth on C-class wheel material.
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Fig. 1. Scheme of the testing appar atus.

1-DC motor; 2-Drive belt; 3, 8- Gear set; 4-Torgagmsor; 5-Revolution sensor; 6-Lower roller; 7-Uppe

roller; 9-Controller; 10-Computer; 11-Load sensi#t:Compressed spring.
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Fig. 2. Sampling position and sizes of wheel-rail rollers.
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Fig. 3: The microstructures of the wheel-rail materials, (a) ER7 wheel; (b) CL60 whesl;

(c) C-classwhedl; (d) U75V rail.
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Fig. 4: Sampling position of surface and section in the wheel-rail rollers after tests.
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Fig. 5: Adhesion coefficient, (a) as a function of cycles (H,/H, = 1.025); (b) as a function

of creepage.
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Fig. 6: Wear rate changing with the H,,/H, and creepage, (a) whed; (b) rail.
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Fig. 7: Surface hardness and hardening ratio (which is defined by theratio of increasing
hardness to initial hardness), (a) wheel surface hardness; (b) wheel hardening ratio; (c)

rail surface hardness; (d) rail hardeningratio.
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Fig. 8: Section hardness under different hardnessratios, (a) wheel; (b) rail.
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Fig. 90 SEM micrographs of surface damage of whed-rail rollers under different
hardness ratios (creepage = 2.38%), (a) H\/H, = 0.927; (b) Hw/H, = 1.025; (c) HW/H, =

1.218.
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Fig. 10: SEM micrographs of surface damage of wheel-rail rollers under different

creepage conditions (Hy/H, = 1.025), (a) 0.17%; (b) 0.91%:; (c) 4.55%; (d) 9.43%.
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Fig. 11: OM micrographs of plastic deformation of wheel-rail rollers under different

creepage conditions (Hw/H; = 1.025), (a) 0.17%; (b) 0.91%.
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Fig. 12: SEM micrographs of fatigue cracks on wheel-rail rollers under different Hy/H,

conditions (creepage = 2.38%), (a) Hw/H, = 0.927; (b) H/H, = 1.025; (c) HW/H, = 1.218.
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Fig. 13: Wear maps, (a) wheel; (b) rail.
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Fig. 14: Damage mechanism maps, (a) wheel; (b) rail.
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Fig. 15: Schematic illustration of the fatigue crack growth on ER7 wheel material.
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Fig. 16: Schematic illustration of the fatigue crack growth on C-class wheel material.
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Table caption

Table 1: Chemical compositions and hardness of ladadeollers.
Table 2: Summary of test parameters.

Table 3: The size statistics of fatigue cracks oV rollers.

Table 4: The size statistics of fatigue cracksadlfrollers.
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Table 1. Chemical compositions and hardness of whedl-rail rollers.

Component Grade c Cg:amlcal CO;AHEOSIUOMSA)) s Hardness/HY 5
ER7 <0.48 <0.40 <0.75 0.020 0.015 29616

Wheel CL60 0.55-0.65 0.17-0.37 0.50-0.80 0.035 0.040 327+
388+9

C-class 0.67-0.77 0.15-1.00 0.60-0.90 0.030 0.008@.

Rail U75v 0.65-0.75 0.15-0.58 0.70-1.260.025  <0.025 319+15
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Table2: Summary of test parameters.

Test Wheel Rail Hardness Test Maximum Total
number grade grade ratio/(Hw/Hr) Creepage/% speed/(r/min) contact number of
pressure/MPa cycles/N
1 ER7 u75v 0.927 0.17 200 850 180,000
2 ER7 u75v 0.927 0.91 200 850 180,000
3 ER7 u75v 0.927 2.38 200 850 180,000
4 ER7 u7sv 0.927 4.55 200 850 180,000
5 ER7 u75v 0.927 9.43 200 850 180,000
6 CL60 u75v 1.025 0.17 200 850 180,000
7 CL60 u75v 1.025 0.91 200 850 180,000
8 CL60 u75v 1.025 2.38 200 850 180,000
9 CL60 u7s5v 1.025 4.55 200 850 180,000
10 CL60 u7sv 1.025 9.43 200 850 180,000
11 C-class u75v 1.218 0.17 200 850 180,000
12 C-class u75v 1.218 0.91 200 850 180,000
13 C-class u75v 1.218 2.38 200 850 180,000
14 C-class u75v 1.218 4.55 200 850 180,000
15 C-class u75v 1.218 9.43 200 850 180,000
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Table 3: The size statistics of fatigue cracks on whesel rollers.

Hw/Hr=0.927

Hw/Hr=1.025 Hw/Hr=1.218
Creepage| Average Average Average Average Average Average
Average Average Average
(%) length angle length angle length angle
depth (im) depth (im) depth (im)
(wm) (Deg.) (um) (Deg.) (um) (Deg.)
0.17 126+45 9.74#3.3 4.4%1.3 12572 7.3£2.9 4.0+23 50£15 7.5%1.9 8.6+2.5
0.91 333498 32.5%13 5.242.1 207+101 15.5+5.6 43+1 7132 7.7£3.8 6.9+2.3
2.38 298+68 28.6+6.8 5.6+1.1 17557 17.5x7.7 57+1] 160459 20.1#5.3 7.6%1.9
4.55 214475 23.2+7.6 6.5+1.4 258469 32.5%10 7.3£1]3 152+35 18.8+6.0 7.3£2.5
9.43 380+116 45.9+7.7 7.2%+1.2 174+67 22.8+11 78+2] 15630 21.9+3.1 8.2+1.3
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Table 4: The size statistics of fatigue cracks of rail rollers.

Hw/Hr=0.927 Hw/Hr=1.025 Hw/Hr=1.218
Creepage| Average Average Average Average Average Average
Average Average Average
(%) length angle length angle length angle
depth (im) depth (im) depth (im)
(wm) (Deg.) (um) (Deg.) (um) (Deg.)
0.17 275+65 26.4+9.5 5.5+1.7 295482 25.7#5.1 540+1] 160+35 13.1+3.8 4.7+1.6
0.91 293+78 24.5+6.3 4.8+1.5 284+62 20.8+4.9 42+1] 199+42 9.742.6 2.8+1.1
2.38 226+48 14.6+4.8 3.7+#1.1 19957 9.743.3 2.8#14 6521 8.1+4.8 8.246.0
4.55 209+45 10.2+4.2 2.841.2 167+78 16.4+10 5.5+1 89+39 16.9+5.3 11.6+2.7
9.43 181+78 28.6+11 9.2+1.9 151+56 18.4+8.4 7.2£25 19082 28.9+21 8.2+2.8
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Highlights

. As H,/H: increases, the wheel wear rate declines while the rail wear rate
increases.

. With the slip ratio increasing, both of the wheel and rail wear rates increase.
. The wear and fatigue damage mechanisms transform as the H,/H; and slip
ratio increase.

. The fatigue crack morphology is closely related to the microstructures of

materials.
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