The
University
g Of

(T

"o Qheffield.

This is a repository copy of Comparison of wear and rolling contact fatigue behaviours of
bainitic and peatrlitic rails under various rolling-sliding conditions.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/165345/

Version: Accepted Version

Article:

Hu, Y., Guo, L.C., Maiorino, M. et al. (7 more authors) (2020) Comparison of wear and
rolling contact fatigue behaviours of bainitic and pearlitic rails under various rolling-sliding
conditions. Wear, 460-461. 203455. ISSN 0043-1648

https://doi.org/10.1016/j.wear.2020.203455

Article available under the terms of the CC-BY-NC-ND licence
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s://eprints.whiterose.ac.uk/




Comparison of wear and rolling contact fatigue behaviours of bainitic and

pearlitic rails under various rolling-sliding conditions

Y. Hu*?, L.C. Guo?®, M. Maiorino®, J.P. Liu¢, H.H. Ding?, R. Lewis®, E. Meli¢, A. Rindi¢,

Q.Y. Liu®, W.J. Wang®+

? Tribology Research Institute, State Key Laboratory of Traction Power, Southwest Jiaotong University,
Chengdu 610031, China
b Department of Mechanical Engineering, The University of Sheffield, Mappin Street, Sheffield, S1 3JD,UK
¢ Department of Industrial Engineering, University of Florence, Via S. Marta 3, 50139 Firenze, Italy

4 Metals and Chemistry Research Institute, China Academy of Railway Sciences, Beijing, 100081, PR China
Abstract: Rolling-sliding wear experiments were performed to investigate the wear and rolling contact
fatigue (RCF) behaviours of a premium pearlitic rail (PH), a carbon-free bainitic rail (BH) and two standard
pearlitic rails (U71Mn and U75V). The wear regime and RCF damage evolution of the PH and BH materials
in terms of 7)/4 (i.e. creepages and contact pressures) were compared and analyzed. The high-hardness BH
steel presented a wear resistance similar to U71Mn and U75V rail materials, whereas lower wear rate was
shown by the PH steel. Concerning the RCF performance, the damage of BH steel (comparable to U75V)
was more severe than that of PH steel (comparable to U71Mn). Finally, with the increase in creepages and
pressures, the wear and RCF damage of both PH and BH steels increased. These information could provide
a guide in choosing rail materials and in development of bainitic rails.
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1. Introduction

Rail repair and replacement have always been a major proportion of railway operating
costs. Wear damage, typified by side wear of the rail-gauge and corrugation of the rail head,
and RCF damage, dominated by gauge corner cracking, head checks, squats, shelling, etc. [1-
3], are the two main factors that could accelerate the degradation and shorten the service life of
rails. One of the most effective ways to reduce wear and RCF and extend rail service life is to
develop and use premium rails with improved tribology properties and RCF resistance.

The most commonly-used rail materials in most countries have been pearlitic steels, which
are composed of alternative ferrite and cementite lamellas. In recent years, advanced rail
materials possessing excellent mechanical properties have been developed by increasing the
carbon content up to even hypereutectoid levels and refining the lamellar structure through
alloying or heat treatment, as shown in Table 1 [4-6]. It can be seen that the carbon content of
European rail materials has increased from 0.40 wt% ~ 0.60 wt% in R200 rail to 0.9 wt% ~ 1.0
wt% in the advanced rail grade 400UHC. The hardness has also increased from 200 ~ 240 HB
to nearly 400 HB. Meanwhile, the mechanical properties of the advanced rail materials have
been greatly improved, for example, the tensile strength of 400UHC grade rail has been
enhanced up to 1240 MPa. Besides, laboratory research and field tests presented excellent wear
resistance and low RCF crack growth rate for the advanced R350HT and 400UHC rails [4,7-
11]. The standard U71Mn and U75V rails have been widely used and researched in Chinese
railway networks [12,13], whereas few investigations on the wear and RCF performance of the

Chinese advanced rail materials have been performed.



Table 1: European and Chinese rail steels and their properties [4-6].

. Improvement
. Micro- Rmmi/ Asmi/  Hardness/B .
Steel grade category Rail grade structure C/wt% MPa % HN rat'10 of wear
resistance [5]
European soft R200 [6] Pearlite 0.40-0.60 680 14 200-240 1
European standard R220 Pearlite 0.50-0.60 770 12 220-260 1.7
R260 Pearlite 0.62-0.80 880 10 260-300 3
R320Cr Pearlite 0.60-0.80 1080 9 320-360
European advanced R350HT Pearlite 0.72-0.80 1175 9 350-390 8.5
370LHT Pearlite 0.70-0.82 1175 9 >370 /
400UHC Pearlite 0.90-1.00 1240 9 >380 /
Chinese standard U71Mn Pearlite 0.65-0.75 880 9 260-300 /
uU75v Pearlite 0.71-0.80 980 9 280-320 /
Chinese advanced U78CrVH Pearlite 0.75-0.8 1366 12 385 /
U75VH Pearlite 0.72-0.77 1274 14.5 354 /

It is well known that the strength of pearlitic rail steels has reached a limit [14]. Besides,
an increase in carbon content would affect the toughness and weldability of rail materials [5].
For example, compared with the hypoeutectoid R200 rail, the elongation of the hypereutectoid
400UHC rail reduces down to 9% (Table 1). Therefore, there is a strong need for other
alternative materials. Bainitic steel, providing both high strength and excellent ductility, has
been considered to be one of the most promising candidates.

There are many structures of bainitic steels. According to the transformation temperature,
they can be divided into upper bainite and lower bainite. Lower bainite is widely used and
studied for rail materials due to its excellent properties in terms of strength, toughness and RCF
resistance [ 14]. According to the phase composition, it can be classified into carbide bainite and
carbide-free bainite. Carbide-free bainitic steel has a special structure with bainitic ferrite and
retained austenite films. A general investigation of the wear performance of lower bainitic steels
showed that the carbide-free bainitic steels perform well [15-18]. More precisely, according to
carbon content, bainitic steel can be classified into ultra-low carbon bainite, low carbon bainite,
medium carbon bainite, and high carbon bainite. Most of the studies showed poor wear

resistance of high carbon bainitic steels due to their special microstructures whereas positive
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results for low and medium carbon bainitic steel could be observed [19-22]. Currently, the
bainitic rails used in Japan, Switzerland, France and Czech Republic are carbide-free bainitic
steels (lower bainite) with a carbon content of 0.2 wt% ~ 0.3 wt% [14-18].

With the extensive application of bainitic steel in railway networks, one key question has
arisen for companies and researchers: which rail possesses the better wear and RCF
performance, bainitic rail or pearlitic rail? Bainitic rail steels have been generally found to show
better resistance to RCF damage than pearlitic rail steels [23-27], focusing on superior flaking
resistance, excellent weldability and high low cycle fatigue life (about twice that of pearlitic
rail). However, the above research results [23-27] were mainly from fatigue tests. Under the
rolling-sliding contact at the wheel/rail interface, the anti-RCF property of bainitic rails may
show different characteristics because of the competition and restriction effects of wear and
RCEF. For example, severe spalling and transverse cracks have been found on bainitic rails and
crossings in the field [28].

Similarly, even though extensive sliding and rolling wear investigations on bainitic and
pearlitic rails has been carried out during past decades, there is no common conclusion on whose
wear performance is better. The results of previous studies [27,29-37] are provided in Appendix
A. It indicates that the good wear resistance of bainitic rail steels partially depends on the rail
grades (hardness) of the pearlitic rail steel considered in the comparison. For standard pearlitic
rails, the bainitic rails generally presented good wear resistance [29,34,35], while it was poor if
compared to advanced pearlitic rails [33,35]. Besides, work hardening is a key consideration in
comparison of pearlitic and bainitic rail steels. The low work hardening for bainitic rails was

believed to be responsible for their poor wear response [32,35,38]. Moreover, contact



conditions also play a significant role in the wear response of rail materials [39-41], where the
two most important factors are creepage and contact pressure (influenced by axle load and
profiles).

For these reasons, a definitive conclusion on the characteristics of the bainitic steels needs
a more systematic investigation of the wear, work hardening and RCF performance of standard
pearlitic rails, advanced pearlitic rails and bainitic rails under various loading conditions.

A fear will arise that introducing harder pearlitic and bainitic rails will have a detrimental
influence on the matched wheels. For this issue, different results have been found in previous
studies: At first, it was believed that using hard rail steels would give an increase in wheel wear
loss [42,43]; whereas, a full-scale study [8] showed that the harder R350HT rail reduced rail
wear with a simultaneous reduction in wheel wear, indicating that the high-hardness rail steel
was beneficial to the matched wheel steel. Furthermore, Lewis et al. [44] performed an
investigation across all scales experiments in both laboratory and field, and found that the wheel
wear did increase with rail hardness, but the total wear reduced, thereby, they believed this fear
was unfounded.

In this study, a series of rolling-sliding wear experiments were carried out to investigate
the wear, work hardening and RCF behaviours of two kinds of Chinese standard rails (U71Mn
and U75V), a newly developed premium pearlitic rail and a new carbon-free bainitic rail.
Besides, the wheel and total wear responses were analyzed when using different rail materials.
Specifically, the wear regime and RCF damage evolution of the premium pearlitic rail and the

bainitic rail under different creepages and pressures were compared and analyzed.



2. Experimental procedure

2.1 Materials and processing

Four types of rail materials (U71Mn, U75V, PH and BH) and one kind of wheel material
(C-class) were used in this study. Their chemical compositions and hardness’ are summarized
in Table 2. U71Mn and U75V are standard pearlitic rail steels. The rail steels marked PH and
BH are a newly developed pearlitic steel and a new carbide-free bainitic steel, respectively. The
letter “H” indicates that the rail steel underwent some special heat treatment. Compared with
the conventional rail steels (U71Mn and U75V), the PH with high carbon content of 0.90 wt%
~ 0.95 wt% possesses a relatively high hardness of 405 HVo.5. However, the bainitic steel is
even harder than the PH steel due to its unique structure.

Table 2: Chemical compositions and mechanical properties of wheel and rail discs.

Chemical composition (wt%) Bulk
Component Grade
C Si Mn P S hardness/HVo.s
Wheel C-class 0.67-0.77  0.15-1.00  0.60-0.90 0.030 0.005-0.040 354+10
U71Mn 0.65-0.75  0.15-0.35  1.10-1.40 <0.030 <0.030 278+12
Rail u7sv 0.71-0.80  0.50-0.80  0.70-1.05 <0.030 <0.030 303+14
ai
PG5 (PH) 0.90-0.95 0.48-0.52  0.94-1.02  0.01-0.014 0.04-0.07 405+17
U22SiMn (BH)  0.20-0.26  1.30-1.45  2.00-2.10 <0.025 <0.025 451£10

The microstructure images of wheel and rail materials, taken by scanning electronic
microscope (SEM), are presented in Fig. 1. The wheel material, C-class steel, has ferrite-pearlite
microstructure which is composed of lamellar pearlite and a little proeutectoid ferrite (Fig. 1e).
U71Mn, U75V and PH rail steels behave as almost fully pearlitic microstructures with
alternating ferrite and cementite lamella (Fig. 1a-c). It is well known that the average pearlite
lamellar spacing (Sp) plays a vital role in the mechanical properties of pearlitic steels. The

statistical results for Sp, measured by means of the circular line method (Sp=0.5L/N, where L is



length of the circle and N is number of intersections between the circular line and the lamellae)
[45], show a decreasing trend in U71Mn, U75V and PH rail materials (238.4+51 nm, 202.44+49
nm and 96.8+28 nm, respectively). The BH rail steel presents a typical carbide-free bainitic
microstructure, consisting of bainitic ferrite (BF) plates, the “film-like” retained austenite (RA)

and blocky RA (Fig. 1d).

Fig. 1. SEM micrographs of wheel and rail materials: (a) U71Mn; (b) U75V; (c) PH; (d) BH; (e) C-class.
The sampling positions and detailed sizes of the wheel and rail samples are presented in
Fig. 2a. Wheel and rail samples were cut from the treads of C-class wheels and the head of the
four types of rails, respectively. The diameter was 50 mm for both the wheel and rail samples,

and the contact width was 5 mm.
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Fig. 2. (a) Sampling position and size of wheel and rail specimens; (b) sampling position of cross-sectional
samples.
2.2 Rolling-sliding experimental details

As an open system, the wheel-rail interface is subject to environmental conditions and
contaminants. This study focused on the influence of different rail materials and rolling-sliding
loads on the wear response. In order to avoid the environmental factors affecting the results, all
experiments were assumed to be carried out in an ideal dry condition.

The experiments were performed through a twin-disc apparatus (MJP-30A, China), which
allows two discs to run against each other with controlled normal and tangential forces to
simulate the rolling-sliding contact of wheel and rail, as shown in Fig. 3. These two discs are
driven by two independent electric motors. The required creepages can be achieved by adjusting
the different rotational speeds of discs.

The test parameters are listed in Table 3. Wear tests for four rail materials were performed
under a general rolling-sliding condition (contact pressure 1500 MPa, creepage 1%). In order
to compare the wear response of the new PH and BH materials in various common conditions,
wear tests for PH and BH rails were conducted under three creepages (0.2%, 1%, 5%) and three

contact pressures (800 MPa, 1100 MPa, 1500 MPa). Each set of test was repeat twice.



1-Test machine base; 2-Workbench; 3-Servo motor; 4-Coupling; 5-Torque sensor; 6-Lower drive shaft; 7-

lower disc; 8-Oil box; 9-Upper disc; 10-Vibration sensor; 11- Upper drive shaft; 12-Hydraulic device

Fig. 3. Schematic diagram of MJP-30A twin-disc apparatus

Table 3: Summary of test conditions.

Test Rail Wheel Hardness Contact
. Creepage/% Speed/(rpm) Cycles/N
number  grade grade  ratio/(Hr/Hw) pressure/MPa
1 U71Mn  C-class 0.783 1 1500 500 25,000
2 U75V  C-class 0.854 1 1500 500 25,000
3 PH C-class 1.144 1 1500 500 25,000
4 BH C-class 1.273 1 1500 500 25,000
5 PH C-class 1.144 1 800 500 25,000
6 BH C-class 1.273 1 800 500 25,000
7 PH C-class 1.144 1 1100 500 25,000
8 BH C-class 1.273 1 1100 500 25,000
9 PH C-class 1.144 0.2 1500 500 25,000
10 BH C-class 1.273 0.2 1500 500 25,000
11 PH C-class 1.144 5 1500 500 25,000
12 BH C-class 1.273 5 1500 500 25,000

The wear loss of wheel and rail discs was calculated by considering the weight difference
of the pre-test and post-test discs and measured using an electronic balance (JA4103, accuracy:
+0.0001g). The surface hardness of wheel and rail discs was measured by using a Vickers
hardness instrument (MVK-H21, Japan) with 4.9 N load (HVo5) and 10 s dwell time. Fig. 2b
shows the sampling position for metallographic observations of surface damage and sub-surface

damage. Each section piece was prepared for microstructure observation by standard



metallographic procedures. The surface damage, plastic deformation and fatigue cracks were
characterized by using optical microscopy (OLYMPUS BX60M, Japan) and SEM (JSM-
7800FPRIME, Japan). The length and depth of each surface crack were measured using OM

equipped with an image analysis software.

3. Results

3.1 Wear rate and hardness

Fig. 4 presents the wear rates (mass loss (pg) per rolling distance (m)) for different rail
materials. Under the same contact condition (creepage 1%, pressure 1500 MPa), the PH rail
steel exhibits the best wear resistance (Fig. 4a) due to its high bulk hardness, whereas the wear
losses of U71Mn, U75V and BH rail steels are similar and severe, although the BH steel features
the largest bulk hardness. Notably, the wear loss of the C-class wheel appears to be related to
its coupled rail material and, accordingly, the wheel running against the PH steel shows the
largest wear rate (Fig. 4b). It potentially supports the results in the literature [42-44] that
increasing the hardness of pearlitic rails would increase the wheel wear loss. Besides, the four

sets of experiments present a similar total wear loss, which is in the range of 80 pg/m ~ 100

pg/m (Fig. 4c).
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Fig. 4. Wear rates for different rail materials (1%, 1500 MPa): (a) rail; (b) wheel; (c) total.

Fig. 5 shows the wear rate variation with contact pressures for experiments related to the
C-class-PH pair and the C-class-BH pair. Under the same creepage condition (1%), the wear
rates of both PH and BH rail steels, the associated wheel wear rates and the total wear rates
increase with the rising contact pressure. Compared with PH rail steel, the BH rail steel displays
a poor wear resistance (Fig. 5a), but relatively low wheel wear rates are shown for C-class-BH
pairs under any contact pressure condition (Fig. 5b). A similar result was drawn in the literature
[35] that the carbon-free bainitic rail was friendly to the matched wheel. Besides, there is no

significant difference in the total wear rate between the two sets of pairs (Fig. 5c¢).
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Fig. 5. Wear rates as a function of contact pressure (creepage 1%): (a) rail; (b) wheel; (c) total.

Fig. 6 shows the wear rate variation with creepages for C-class-PH pair and C-class-BH
pair under the same stress condition (1500 MPa). As the creepage increases, the wear rates of
PH and BH rail steels and of the C-class wheel matched with BH rail steel increase; however,
the wear rate of the wheels matched with PH rail decreases when the creepage increases from
1% up to 5% (Fig. 6b). The PH rail steel seems to have a better wear resistance than that of the
BH rail steel at any creepage (Fig. 6a). Specially, at a large creepage of 5%, the rail wear rate,
wheel wear rate and total wear rate for C-class-PH pair are lower than that for C-class-BH pair.

It implies that the PH rail steel may possess excellent wear properties at severe sliding

conditions.
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The surface hardness evolution of rail discs before and after experiments is shown in Fig.
7. The rail discs have undergone significant work hardening during rolling-sliding. The post-
test rail surface hardness values of the rail materials across all experiments increase up to 700
HVo.5 ~ 800 HVys. Fig. 7a shows similar post-test surface hardness values for the four types of
rail steels, although their pre-test hardness’ are significantly different. The post-test surface
hardness’ of PH and BH rail steels under different pressures also show similar values (Fig. 7b).
On the contrary, a visible effect of creepage on the work hardening of BH steel can be observed

in Fig. 7c: the post-test surface hardness of BH steel at a small creepage of 0.2% is much lower

than that at larger creepages.
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Fig. 7. Rail surface hardness before and after experiments: (a) changing with rail materials (creepage 1%,
pressure 1500 MPa); (b) as a function of contact pressure (creepage 1%); (c) as a function of creepage
(pressure 1500 MPa).

Fig. 8 presents the trend of rail/wheel hardness ratio (Hx/Hw) and rail hardening rate
(Hardening rate = (Hpos-Hpre)/Hpre, Where Hpos and Hpye are the pre-test and post-test surface
hardness’, respectively). The values of post-test Hz/Hw in nearly all experiments are close, in a
range of 0.8 ~ 1.0. The possible reason is that the post-test surface hardness’ of the wheels and
rails are similar across all experiments (Fig. 7), and the work-hardening ability of the wheel
material with pearlite-ferrite phase is generally higher than that of the rail material with pearlite
phase. Specially, the post-test Hr/Hw values for the C-class-PH pair and the C-class-BH pair
are markedly smaller than their pre-test Hr/Hw values (Fig. 8a). Fig. 8b,c shows that as the
contact pressure and creepage increase, the post-test Hr/Hw values for the C-class-PH pairs and
the C-class-BH pairs still stabilize at 0.8 ~ 1.0. This means a greater drop from pre-test Hr/Hw
to post-test Hr/Hw values for the C-class-BH pairs.

Fig. 8a shows that the hardening rate of the premium PH rail with high bulk hardness is
significantly smaller than that of the standard U71Mn and U75V steels, whose hardening rate
is about 1.6. Meanwhile, the BH steel with the highest bulk hardness presents the lowest

14



hardening rate (about 0.75) due to its typical carbide-free bainitic microstructure. The hardening
rates of PH and BH steels increase slightly as the contact pressure increases from 800 MPa to
1100 MPa, and then remain stable as it increases up to 1500 MPa (Fig. 8b). The hardening rates
of PH and BH steels increase rapidly as the creepage increases from 0.2% to 1%, and reduce
slightly as it further increases to 5% (Fig. 8c). Besides, under different rolling-sliding conditions,

the hardening rate of PH steel is greater than that of BH steel (Fig. 8b,c).
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3.2 Surface damage
The surface damage of the rail discs is shown in Figs. 9-11. Under the same contact
condition (creepage 1%, pressure 1500 MPa), the surface damage of U71Mn and U75V rail
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steels is severe, mainly by peeling (Fig. 9a,b), whereas that of PH steels is slight and dominated
by ratcheting (the earlier stage of peeling), as shown in Fig. 9c. Notably, the hardest BH steel
with bainitic structure is severely damaged and adhesion can be observed in Fig. 9d besides
peeling damage. As the contact pressure increases, the surface damage of both PH and BH steels
increases gradually (Fig. 10). Specifically, the surface damage of PH steel changes from
ratcheting at 800 MPa (Fig. 10a) to peeling at 1500 MPa (Fig. 9c), whereas the one of BH steel
shifts from mild peeling and ratcheting (Fig. 10b) to peeling and adhesion (Fig. 9d). With the
increase in creepage, the surface damage of both PH and BH steels deteriorates significantly
(Fig. 11). More in detail, the surface damage of PH steel transforms from ratcheting at 0.2%
(Fig. 11a) to peeling and ploughing at 5% (Fig. 11¢), whereas the one of BH steel changes from
slight peeling (Fig. 11b) to adhesion and ploughing (Fig. 11d). Notably, also in this case, the
surface damage of BH steel is more severe than that of PH steel under the same rolling-sliding
conditions (Figs. 10,11).
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Fig. 9. Surface damages for different rail materials (creepage 1%, pressure 1500 MPa): (a) U71Mn; (b)
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Fig. 10. Surface damages of PH and BH rails under different contact pressures (creepage 1%): (a) 800
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Fig. 11. Surface damages of PH and BH rails under different creepages (pressure 1500 MPa): (a) 0.2%-PH;
(b) 0.2%-BH; (c) 5%-PH; (d) 5%-BH.
3.3 Sub-surface plastic deformation
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The sub-surface of rail discs shows varying extents of plastic deformation during cyclic
loading, as illustrated by Fig. 12. The deformation extent of pearlitic rail steels seems to be
closely related to their bulk hardness. For example, at 1% creepage and 1500 MPa contact
pressure, the deformation thickness of the PH steel (Fig. 12c) with high bulk hardness is visibly
lower than that of the standard U71Mn and U75V steels (Fig. 12a,b). Furthermore, the plastic
deformation of BH steel (Fig. 12d) with typical bainitic structure is relatively thin as well (about
140 pm). It is well known that plastic deformation is one of the major driving forces to promote
the work hardening of pearlitic steels. The lower deformation extent may be the main reason to
explain why PH and BH steels were less work hardened than other materials in Fig. 8a.

Fig. 13 presents the thickness statistics of plastic deformation for PH and BH rails under
various creepages and pressures. As the contact pressure increases, the deformation of both PH
and BH steels tends to rise slightly (Fig. 13a). Fig. 13b highlights a marked effect of the
creepage on the deformation of PH and BH materials. At a small creepage of 0.2%, there is
almost no visible deformation of both the materials. As the creepage increases up to 5%, the
deformation thickness of the PH steel increases up to about 200 um. Furthermore, the bainitic
BH steel exhibits thinner deformation and less obvious plastic flow than PH steel under various

working conditions.

= 420 um

200 pm
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Fig. 12. Plastic deformations of different rail materials (creepage 1%, pressure 1500 MPa): (a) U71Mn; (b)

U75V: (c) PH; (d) BH.
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Fig. 13. Thickness statistics of plastic deformation of PH and BH rails: (a) as a function of contact pressure
(creepage 1%); (b) as a function of creepage (pressure 1500 MPa).

In order to compare the microstructure evolution of the four rail materials, SEM
observations were performed at different depths from the surface, as shown in Fig. 14. Naturally,
the topmost layer of the three types of pearlitic rail steels (Fig. 14a,c,e) have been severely
degraded, without lamellar pearlite features. A fibrous structure parallel to the surface is visible
on the topmost layer of U71Mn, U75V and PH discs. Moreover, at a certain depth from the
surface, the kinks and fragmentations of cementite, as well as the rearrangement of the fine
ferrites toward the shear stress direction are visible (Fig. 14b,d,f).

The microstructure evolution of bainitic steels is different from that of pearlitic steels
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during plastic deformation. As reported from a previous study [46], during the deformation of
carbide-free bainitic steel, the metastable RA deformed first and, subsequently, transformed into

strain-induced martensite. At that point, all the microstructural constituents (BF, martensite, RA)
deformed simultaneously. In this work, Fig. 14h shows that the deformed “film-like” RA, the

blocky RA and the rearrangement of BF in shear stress direction appear on BH rail steel at 100

um below surface. Besides, in the topmost layer of BH material (Fig. 14g), the marked

refinement of martensite and BF, as well as the formation of fibrous structure, is visible.

The similar fibrous structure on the topmost layer of the four rail materials may be the
main reason for the similar post-test surface hardness (Fig. 7a). The discontinuous “film-like”
RA and the transformation induced plasticity (TRIP) effect make the compatible deformation
capacity of BF-RA-martensite crystal structure in bainitic steel better than that of cementite and

ferrite in pearlitic steel, resulting in a relatively thin deformation on BH rail steel (Figs. 12,13).

: :”:"

e
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Fig. 14. Microstructure evolutions of different rail materials (creepage 1%, pressure 1500 MPa): (a,b)
U71Mn; (c,d) U75V; (e,f) PH; (g,h) BH. Images (a,c,e,g) are taken from topmost surface and (b,d,f,h) are
taken from different depth sections according to the deformation depth.

Plastic flow and residual stresses generated and accumulated on the rail surface layer
during the deformation. The plastic flow raised the elastic limit, whereas residual stresses
suppressed plastic flow. The combined effect was marked as “work hardening” [47]. The
hardness variation of the four rail steels, as a function of the distance from the contact surface,
was measured at intervals of 50 pm as shown in Fig. 15. A decrease in hardness with increasing
depth from the surface can be observed. At the same depth, the hardness of BH rail steel is
higher than that of U71Mn, U75V and PH, whereas, due to the high bulk hardness of BH steel,
it’s work hardening extent is lower than the pearlitic rails. The work hardening of pearlitic
materials is related to dislocation density and ferrite grain refinement during the deformation
[48], whereas the work hardening of bainitic materials is connected to the density of mobile
dislocations in BF, the strain-induced transformation of RA to martensite and the refined size
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of BF grains [46]. Therefore, it is necessary to perform further observations such as electron
backscattered diffraction (EBSD) and transmission electron microscopy (TEM) to explain the

lower hardening rate and the higher wear rate on the BH rail steel.
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Fig. 15. Hardness variations for different rail materials in depth (creepage 1%, pressure 1500 MPa).

3.4 Fatigue cracks

Fig. 16 and Table 4 present the SEM observations and the size statistics of fatigue cracks
for the four types of rail materials. One wheel disc and one rail disc were randomly selected for
each set of experiment. Three small pieces of about 1 mm length were taken from each disc and
each piece was separated by 120° from the others, as shown in Fig. 2b. All cracks in the three
small pieces were measured and counted. Numerous surface cracks and sub-surface cracks are
found on the four kinds of rail steels. Under 1% creepage and 1500 MPa contact pressure, the
cracks initiated near the surface and then grew intergranularly into the rail at a shallow angle
(8.6° ~ 10.8°). For pearlitic rail materials (U71Mn, U75V and PH), the crystal orientation and
grain boundary distribution of the refined pearlite colonies have significant effects on fatigue
crack initiation and propagation [49]. Crack tip blunting, that occurred at numerous broken
cementite and kink structures, is visible in Fig. 16a-c. Besides, Fig. 16¢ exhibits branching and

a change in crack propagation direction at the kink structures. This is because the dense
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ferrite/cementite interfaces in these structures can absorb crack propagation energy and
effectively reduce the stress intensity factor at the crack tip, hindering the plastic flow and crack
propagation. For the bainitic BH rail steel, the cracks are blunted by the presence of deformed
“film-like” RA, as shown in Fig. 16d. The stress intensity factor at the crack tip was reduced
by the TRIP effect, the blocks micro-crack propagation (BMP) effect and the change of residual
stresses, hindering the further growth of cracks in bainitic steel [50].

The appearance of both short and long cracks in the cross section of rail discs results in a
certain variance of the statistical crack size, as listed in Table 4. In general, the average values
of crack depth and length for PH and U71Mn steels are small (about 15 um deep and 100 um
long), suggesting that these two materials possess excellent RCF resistance. On the contrary,
the U75V and BH steels present poor RCF resistance according to the larger average crack

depth and length.

X

Surface cracks Surface cracks
} S_u_b—surface cracks :

Fig. 16. Fatigue cracks for different rail materials (creepage 1%, pressure1 500 MPa): (a) U71Mn; (b)

U75V; (¢) PH; (d) BH.

23



Table 4: The size statistics of fatigue cracks for various rail materials (creepage 1%, pressure 1500 MPa).

Rail Average Maximum Average Maximum Average Maximum

grades  depth (um) depth (um) length (um)  length (um)  angle (Deg.) angle (Deg.)

U71Mn  14.1£73 332 99.5+63.2 2719 92+34 15.8
U755V 21.0%183 90.2 148.5+89.9 436.8 8.6+3.7 14.5
PH 15.5+7.1 34.0 99.4+67.4 306.4 10.8+4.9 274
BH 18.6+11.1 44.1 147+102.9 3933 8.7+3.8 20.5

The fatigue cracks of PH and BH rail steels are counted and analyzed as a function of
creepage and contact pressure, as shown in Fig. 17 and Table 5. Generally, the fatigue crack
sizes (especially crack length) in these two rail materials show an upward trend with increasing
creepage and contact pressure. Specifically, at a small creepage of 0.2%, the PH steel is typified
by short surface cracks (Fig. 17a), with an average depth of 3.7 um, an average length of 24 um
and an average angle of 9.6°, whereas the BH steel presents a longer surface crack, with an
average length of 69.1 pm (Fig. 17b). A change in surface crack propagation direction along the
deformed RA can be seen in Fig. 17b. At a large creepage of 5%, the crack depth and angle of
PH steels significantly increase due to the large shear stress up to 25.3 um and 16.3°,
respectively (Fig. 17¢). Besides, the cracks in PH steel grows into the matrix transgranularly.
The fragmentation and branch of cracks is visible in Fig. 17¢, while such phenomenon is very
weak in BH steel (Fig. 17d).

In general, the crack length in BH discs is greater than that in PH discs under the same
conditions. However, because of the better compatible deformation capacity of bainitic
structure, the BH rail steel exhibits a thinner deformation thickness (Fig. 13) and a smaller

change of crack depth and angle with contact conditions (Table 5).

24



' FCHLO TS

Surface crack
10 pm

Transgranular growth

\ Breaking and branch
10 um

Fig. 17. Fatigue cracks of PH and BH rails under different creepages (pressure 1500MPa): (a) 0.2%-PH; (b)

0.2%-BH; (c) 5%-PH; (d) 5%-BH.

Table 5: The size statistics of fatigue cracks on PH and BH rail discs under various conditions.

PH BH
Creepage/ Average Average
Average Average Average Average
Pressure angle angle
depth (um) length (um) depth (um)  length (um)
(Deg.) (Deg.)

0.2%/1500MPa  3.74+2.0 24.0+10.7 9.6t4.2 83142 69.11£31.2 72+23
1%/1500MPa  15.5+7.1 99.4+67.4 108+49 18.6+11.1 147.1+102.8 8.7%3.8
5%/1500MPa  253+10.7 111.7£63.8 163%8.7 19.0+7.5 1282+552 8.8+2.6
1%/800MPa 73+5.0 58.3+46.9 8.6+3.9 14.8+6.6 92.5+49.7 9.8+3.1
1%/1100MPa  16.8+6.1 141.0+644  7.7%28 183+£7.8 122.3+534 89+25
1%/1500MPa  15.5%£7.1  99.4+67.4 108+49 18.6*x11.1 147.1+102.8 8.7%3.8

4. Discussion

4.1 Wear regime transition
In order to directly compare and analyze the relationship between wear loss and contact

conditions, an energy approach has been extensively adopted [7,12,39,41], which involves
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plotting wear rate in ug/m/mm? against 7)/4, where T is the tangential force at the contact
interface in N, y the creepage and 4 the contact area in mm?. Fig. 18 presents the wear results
of this work and previous studies [7,12,39-41,49,51-55] as a function of 7y/4. According to the
sudden change of the wear rate with 7y/4, three wear regimes could be identified for rail and
wheel materials in this work (Fig. 18a,c,e): Type I (mild), Type II (severe) and Type III
(catastrophic). As the Ty/4 increases from 0 to 120 N/mm?, wear rates of rail and wheel are seen
to increase steadily in Type I, then level off in Type Il and finally increase rapidly in Type III.
Obviously, the wear rates of this work are mainly distributed in Type I and Type II. The
wear rates of PH and BH rail steels (Fig. 18b) are similar with that of other rail materials
(standard carbon rail [55], BS11, UICA, UICB, 1% chrome rails [54], UIC60 900A rail [53],
U75V rail [12,39,49] and U71Mn [39,40,51]) for the Ty/A values less than 20 N/mm? (i.e. Type
I), whereas they are significantly lower than that of standard rail steels with lower hardness’ for
the higher 7y/4 values (about 30 N/mm?). However, the advanced R400HT rail (435HV)
presents slightly lower wear rates than that of PH and BH rail steels for nearly all 7)/4 values
(Fig. 18a,b). Besides, the matched C-class wheel material shows a remarkable wear resistance
for all the 7y/A4 values (Fig. 18c,d). Notably, the total wear rate in Fig. 18e presents only a weak
correlation with test machines (SUROS, WR-1, MJP) and wheel-rail pairs, but is mainly related
to Ty/A. Similarly, it can also be divided into the above three stages. Nevertheless, probably due
to the excellent wear resistance of C-class wheel, the total wear rates of C-class-PH pair and C-

class-BH pair are lower than that of E8-R400HT pair for the high 7/4 values (about 30 N/mm?).
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Fig. 18. Comparison of wear rates in this work with previous studies [7,12,39-41,49,51-55]: (a,b) Rail wear
rate vs. Ty/A; (c,d) wheel wear rate vs. Ty/4; (e,f) total wear rate vs. Ty/A.

In addition to contact conditions, hardness and work hardening also play vital roles in wear

response for wheel and rail. It is well known that there is a distinct trend of decreasing wear

rate with increasing hardness for pearlitic and bainitic steels. In this work, the wear rate of the

harder PH rail steel (405 HVy.5) is considerably lower than those of the soft U71Mn (278 HV.5),
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U75V (303 HVo5) rail steels and other standard rail steels (standard carbon rail with 247 HV
[55], BS11 with 250 HV [54], UICA with 270 HV [54], UICB with 260 HV [54], UIC60 900A
with 270 HV [53]). Meanwhile, the wear rate of the high-hardness bainitic BH rail steel
(451HV5) is similar to those of U71Mn and U75V steels and lower than those of other rail
steels [53-55] possessing hardness’ less than 300 HV. Besides, the hardening rate of bainitic
steel is significantly lower than that of pearlitic steel (Fig. 8). This was considered to be the key
reason for the high wear loss of bainitic steel [32,35,38]. However, the PH steel with low
hardening rate shows a better wear resistance than U71Mn and U75V steels with high hardening
rate (Fig. 8a). Therefore, the poor wear response of bainitic rails may also be attributed to its
unique structural evolution.

Furthermore, the wear performance of wheel and rail materials is affected in some cases
by the matched materials in addition to its own bulk hardness [48]. For example, increasing the
hardness of wheel or rail may increase the wear on the matched rail or wheel while reducing its
own wear. Comparing the E8-R400HT pair [7] with the C-class-PH pair and the C-class-BH
pair, the reason for the low wear rate of the R400HT rail may not only be the superior
performance of the R400HT rail, but also the fact that the matched E8 wheel (260 HV) is softer
than the C-class wheel (354 HV.5), which is also the main reason for the higher total wear rate
of E8-R400HT pair (Fig. 18f). Consequently, to accurately compare the wear characteristics of
different materials, it is necessary to maintain the consistency of the matched materials and
contact conditions.

4.2 RCF damage evolution of PH and BH rail materials
The above analysis of sub-surface damage indicated that the RCF damage of PH rail steel
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significantly increased with the increasing contact condition (creepage and pressure, i.e., Ty/4).
Specifically, as the Ty/4 increased from 0.321 N/mm? up to 30.084 N/mm?, the surface damage
of PH steel transformed from ratcheting (Fig. 11a) to peeling and ploughing (Fig. 11c¢), and the
plastic deformation thickness increased from 80 um up to 200 pm (Fig. 13a). Meanwhile, the
formation of a fibrous structure induced by the refinement and rearrangement of pearlite grains
resulted in the appearance of work hardening from the inside of the material toward the contact
interface (Fig. 15).

Besides, the fatigue crack size of PH material also showed an increasing trend with 7y/4.
The distribution of crack size as a function of the creepage is shown in Fig. 19 (pressure 1500
MPa). At 0.2% creepage (Ty/4 = 0.321 N/mm?), the crack depth, length and growth angle are
mainly distributed in the intervals 0 ~ 10 pm, 0 ~ 50 um and 0 ~ 25°, respectively. Their average
values are 3.7 um, 24.0 pm and 9.6°, respectively. As the creepage reaches 5% (7y/4 increases
up to 30.084 N/mm?), the crack depth is distributed in the range 0 ~ 60 um with average value
increased up to 25.3 um, the crack length is located in the range 0 ~ 300 um with average value
increased up to 111.7 um, and, finally, the crack angle is scattered in the range 0 ~ 45° with
average value increased up to 16.3°. Furthermore, due to the high stress intensity factor at the
crack tip for large 7)/A, the crack propagation mechanism changed from intergranular
propagation (cracks grow along grain boundaries, shown in Fig. 17a) to a mixed mode of
intergranular and transgranular propagation (cracks grow through grain boundaries, shown in

Fig. 17¢).
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Fig. 19. Fatigue crack size histogram for PH rail under different creepages (pressure 1500 MPa).

Similarly, the RCF damage of BH rail steel also presented an ascending trend with 7y/4.
Notably, the surface damage of BH steel was more severe than that of PH steel under the same
rolling-sliding conditions (Figs. 10, 11). The relatively shallow plastic deformation thickness
of BH steel (Fig. 13) may be the main reason for the low level of work hardening of the BH
steel (Fig. 15). In general, the crack length in BH discs was greater than that in PH discs under
the same conditions. However, because of the better compatible deformation capacity of the
bainitic structure induced by TRIP effect, the cracks of BH rail mainly grew along grain
boundaries and were not prone to transgranular propagation.

In summary, the premium PH steel showed good wear resistance and anti-RCF
performance, while the BH steel was comparable to standard pearlitic steels (U71Mn and

U75V). However, the reasons for the differences in wear response and hardening rate are still
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unclear. Therefore, further study on the microstructure evolution, hardening mechanism and

their correlation with wear response of the four rail materials should be systematically carried

out to help develop improved bainitic rail materials.

5. Conclusions

In this work, the wear and RCF of a premium pearlitic rail (PH), a carbon-free bainitic rail

(BH) and two Chinese standard pearlitic rails (U71Mn and U75V) were investigated and

compared to each other. The wear regime and RCF damage evolution of the PH and BH rail

materials under different contact conditions (creepage and pressures, i.e. 7y/4) were analyzed.

The following main conclusions can be drawn:

I.

Under the same rolling-sliding condition, the high-hardness carbon-free bainitic steel,
BH, was similar to the standard rail steels, U71Mn and U75V, in terms of wear
resistance. Compared with the BH steel, the high-performance pearlitic steel, PH,
presented a better wear resistance for all the contact conditions. Whereas, using the BH
steel would be better for the wheel wear.

The post-test rail/wheel hardness ratio (Hr/Hw) was centralized in 0.8 ~ 1.0, and the
post-test surface hardness of the four types of rail materials was similar. The hardening
rates of high-hardness PH and BH steels were significantly lower than those of U71Mn
and U75V steels, and the bainitic steel (BH) underwent minimal work hardening due
to the low extent of deformation.

The surface damage of pearlitic rails (U71Mn, U75V and PH) was typified by
ratcheting and peeling, while that of the bainitic rails (BH) was accompanied by

31



another damage, adhesion. Besides, the surface damage of BH steel was more severe
than that of PH steel under the same rolling-sliding conditions.

4. As Ty/A increased from 0.321 N/mm? up to 30.084 N/mm?, the wear and RCF damage
of both PH steel and BH steel increased. The crack depth and angle of PH steel
increased significantly, and the crack growth mechanism changed from intergranular
propagation to a mixed mode dominated by intergranular and transgranular growth.

5. The experimental evidence showed that the high-hardness pearlitic rail would still be
a good choice under general working conditions (79/4<30 N/mm?). For the further
development of bainitic rails, it is necessary to consider its microstructure evolution

and work hardening during rolling-sliding contact.
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Appendix A

Comparison of wear properties between pearlitic and bainitic materials [27,29-37], where B represents bainitic steel and P represents pearlitic steel

Reference Steel Chemical composition (wt%) Hardness/  Rmmin/  Asmin/ Wear fest type Lower
C Si Mn Cr Ni+Mo+V HV MPa % mass loss
B04 (B) 0.04 0.19 0.8 2.76 2.18 275 924 5
Garnham ef al., B20 (B) 0.20 0.16 0.67 2.29 1.95 378 1235 8 Twin-disc line contact, 3%, 500-1800 B52
1992 [29] B52 (B) 0.52 0.22 0.37 1.7 1.71 355 1321 6 MPa, dry
R52 (P) 0.52 0.2 1.07 <0.01 <0.04 220 781 11
Singh et al. A (B) 0.44 0.94 0.70 1.02 0.74 342-376 1239 15 S
2001 [30] ’ B (B) 0.37 0.88 0.70 0.98 0.79 340-370 1155 14 Twin-disc line contact, 236MPa, dry P
880 (P) 0.70 0.31 1.16 0.034 0.005 250-278 900 15
C.C. Vi'afara et AISI 15B30 (B) 0.35 1.5 400-420 Pin-disc line contact, sliding wear, 10 p
al., 2005 [31] AISI 1070 (P) 0.65-0.75 0.6-0.9 320-340 N, dry
Lee et al., 2005 J6 (B) 0.26 1.81 2 1.93 41.65HRC Ball-disc point contact, sliding wear, p
[32] J6 (B) 0.26 1.81 2 1.93 41.65HRC 10 N, dry
B320 (B) 0.35 0.17 1.46 0.029 320
Zapata et al., B370 (B) 0.35 0.17 1.46 0.029 370 L
2011 [33] P320 (P) 0.668 0.537 1.09 0.05 320 Twin-disc line contact, 470 MPa, dry  B370
P370 (P) 0.668 0.537 1.09 0.05 370
S1(B) 0.24 1.44 1.76 1.58 1.14 416 1410 13
Feng et al., S2 (B) 0.24 1.44 1.76 1.58 1.14 404 1370 16 Pin-disc line contact, sliding wear, 5- B (S2)
2014 [27] S3 (B) 0.24 1.44 1.76 1.58 1.14 381 1400 16 40 MPa, dry
U75V (P) 0.71 0.68 0.86 0.09 360 1230 12
Hasan et al., BRL(B) 02 123 13 ! 1.05 375 1314 18 Twin-disc line contact, 10%, 877
BR2 (B) 0.23 1.45 1.5 1.2 1.2 419 1586 16 BR2
2018 [34] MPa, dry
PR (P) 0.75 0.3 1.05 268 887 11
. U78CrVH (P) 0.75-0.8 0.6-0.8 0.7-0.85 <0.414 385 1366 12 AT
Liu e’[gg]’ 2019 U75VH (P) 0.72-077 0507  0.8-09 <0.077 354 1274 145 Twin-dise hlr\’/fpcamgf;t’ 2%, 1430 p
U22SiMn (B) 0.2-0.26 1.3-1.45 2-2.1 <0.589 401 1283 16 ’
Chen et al., ABI1 (B) 0.18-0.28 1.5-2.5 0.9-1.9 0.3-1 0.1-0.6 420 >1280 Ring-block contact, sliding wear, 600 B
[36]2019 U71Mn (P) 0.65-0.76 0.15-0.35 1-14 330 >880 MPa, dry
Rezende et al., Wheel (B) 0.71 0.43 0.84 0.27 0.27 457 1600 11 Twin-disc point contact, 0.75%, 2200
2019 [37] Wheel (P) 0.71 0.43 0.84 0.27 0.27 357 1103 16 MPa, dry
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