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Abstract: Rolling contact fatigue (RCF) damage is the critical damage form faced by rails, especially
under rainy and humidity conditions. In order to deeply explore the mechanisms of RCF damage
under such conditions, a novel wet-dry alternation testing method (D/W-A test) was proposed, and

rail RCF damage evolution tests were conducted in this study. Detailed comparisons between the
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novel testing method and three widely used rail RCF methods were analyzed. The results show that

under wet-dry alternating conditions, the crack growth rate and wear rate were initially low, with
cracks predominantly located in the region near the rail surface. Thus, there was a significant
competitive relationship between crack propagation and wear in this period. Then, with the increase
in cycling number, RCF damage was gradually dominated by crack propagation, which extended
deeper into the material along its deformation orientation. Meanwhile, the severe material spalling
led to a rapid increase in wear rate. Through comparative analysis of the accuracy, repeatability,
evaluability, rationality, and practicability of the four testing methods, it was found that the novel
method proposed in this study had significant advantages in rationality and accuracy compared with
traditional RCF testing methods, providing a more effective tool for systematic studies on RCF

performance of rail materials.
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Nomenclature
RCF Rolling contact fatigue
SPD Severe plastic deformation
D/W-A Dry-wet alternation conditions
D Dry condition
D-W Dry followed by wet conditions
w Wet condition

1 Introduction
In recent years, with the high-speed and heavy-load development of railway transportation, the
problem of rail rolling contact fatigue (RCF) damage has become increasingly prominent, posing a

serious threat to the stability and safety of train operations [1, 2]. Under the continuous action of
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cyclic contact stress, plastic shear deformation occurs on the rail surface, which in turn leads to the

formation of continuous cavities between textures, ultimately resulting in the initiation of RCF
cracks [3-6]. Once cracks initiate, the contact stress continues to drive them to propagate along the
direction of plastic deformation. Meanwhile, the presence of liquids such as water and oil accelerates
the fatigue failure process [7]. From some typical RCF damage characteristics from the cross-section
view of rail material as shown in Fig. 1, it can be observed that as the crack depth increases, the
angle between the cracks and the rail surface gradually increases, usually ranging from 10° to 40° [8].
Within the plastic deformation zone, crack propagation is influenced by plastic deformation,
resulting in fewer branches. However, once the cracks extend beyond this zone, the probability of
branching increases significantly. When multiple cracks are interconnected, it leads to surface

spalling of the rail [9].

Fig. 1. Typical RCF damage in the cross-section of rails: (a) tread cracks in single-track rails; (b) gauge corner
cracks in severely side-worn rails [10]; (c) gauge corner cracks in rails without side wear; (d) gauge corner cracks

in heavy-duty rails [11]; (¢) Gauge corner cracks with peeling damage [12].

Currently, numerous scholars have investigated wheel-rail wear and rolling contact fatigue
behavior under dry conditions using a twin-disc rolling testing machine [13-16]. However, the RCF
cracks observed in these studies typically exhibit small propagation angles and are mainly confined

to the severe plastic deformation (SPD) zone, with limited propagation into the interior of the
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material [17, 18]. To accelerate crack propagation, wet conditions are often introduced in RCF tests.

The fluid entrapment mechanism on crack propagation is shown in Fig. 2. Under dry conditions, the
directions of plastic deformation of the wheel-rail samples are opposite to sliding behavior, and
cracks initiate and propagate along the deformation direction. When the contact interface is filled
with liquid, for the sample for which the plastic deformation direction is the same as the rolling
direction, the rolling contact between wheel and rail will first come into contact with the crack
opening, thereby leading to the closure of the crack and trapping the liquid inside the crack. Due to
the incompressibility of the liquid, the trapped liquid releases compressive stress by propagating the
crack when it is squeezed under the continuous wheel-rail cyclic load [19, 20]. Meanwhile, for the
other sample which the plastic deformation direction is opposite to the rolling and sliding direction,
the rolling contact between wheel and rail will first come into contact with the crack tip, and the
liquid inside the cracks will be extruded out, which will not accelerate the crack propagation.
Therefore, many researchers, in order to systematically study the RCF damage behavior of wheel-rail
systems, first conduct rolling contact tests under dry conditions to prefabricate plastic deformation
and initial cracks, and then conduct tests under wet conditions to accelerate crack propagation [5, 21-
24]. Also, tests conducted wholly under wet conditions were used to study the RCF lifetime of
wheel-rail materials, but these tests typically exhibited a lower degree of plastic deformation and
required a longer testing period [25, 26]. However, the actual contact condition of the wheel-rail
system is not a continuous dry or wet condition [5, 27]. Rainfall and humidity can cause the wheels
and rails to enter a wet condition, and even the rail can undergo multiple transitions from dry to wet
conditions within a day [28]. Bodini et al. [29] studied wheel RCF damage under dry-wet conditions
using image processing and vibration monitoring systems. However, the alternation period was long,
and they failed to explain the RCF damage behavior under such conditions. Therefore, a proper
method for an RCF test under dry-wet alternation conditions (D/W-A test) is lacking, and the RCF

damage mechanism of the rail under these conditions remains unexplained.
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Fig. 2. Schematic diagrams of the fluid entrapment mechanism.

2 Experimental details

This study was conducted on the MJP rolling contact wear and fatigue testing machine, as
shown in Fig. 3 [30]. The rotation of the two shafts was driven by two servo motors. Servo motor 1
was connected to the shaft where the rail sample was installed via two synchronous belts. Servo
motor 7 was connected to the wheel sample via a torque sensor. The shaft on the bearing block was
connected to the load transfer arm and the synchronous belt. The normal load between the wheel-rail

sample was realized by the hydraulic cylinder rod through the load transfer arm.
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Fig. 3. The schematic diagram of the MJP rolling contact wear and fatigue testing machine: 1, 7. Servo motors; 2.

Synchronous belt; 3. Load transfer arm; 4. Bearing block; 5. Hydraulic cylinder rod; 6. Torque sensor.

Testing methods used in this study are shown in Fig. 4, while the testing parameters are listed in
Table 1. Tests 1-4 were aimed at exploring an optimized testing method that could accurately and
stably simulate the typical RCF damage as shown in Fig. 1 (i.e., as the crack depth increases, the

angle between the cracks and the rail surface gradually increases). Thus, the adjustment of the
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contact parameters (rotational speed, vertical force, and slip ratio), dry-wet alternating methods

(duration of wet condition), and running-in tests were included in tests 1-4. The reasons for the

adjustments were explained in detail in the following section, in conjunction with the testing results.
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Fig. 4. The process of different testing methods, (a) dry-wet alternation method 1; (b) dry-wet alternation method 2;
(c) test 8; (d) test 9; (e) test 10.

Two kinds of dry-wet alternation methods are shown in Figs. 4a and b. As for the dry-wet
alternation method 1 (tests 1-2), the application of 20 puL water into the wheel-rail interface was
realized by a pipette every 30 seconds (20 puL/30 s) (Fig. 4a), regardless of whether the wheel-rail
contact surface recovered to a dry condition after 30 s. The procedure of the dry-wet alternation
method 2 (tests 3-4) is illustrated in Fig. 4b. During the wet condition, a peristaltic pump was used to
apply water medium into the wheel-rail interface at a flow rate of 5 mL/min, ensuring an adequate
supply of water at the interface. When transitioning from wet to dry conditions, the flow pump was

turned off, and high-pressure air was blown onto the wheel-rail interface to realize the restoring dry

6
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contact rapidly. Thus, by connecting the flow pump and the air pressure valve through a timed

cycling controller, the automation of dry-wet alternation was achieved. Mentioned that the duration
of the wet condition would have an impact on the results, as the water medium would accelerate
crack propagation. Also, the rotational speed, the vertical force, and the slip ratio in test 1 were 500
rpm, 2,750 N (contact stress of 1,150 MPa), and 1 %, respectively [31]. Among them, a contact
stress of 1150 MPa was adopted to simulate an axle load of 21 t, while a slip ratio of 1% was
commonly used in wheel-rail contact test investigations [32, 33]. Subsequently, the vertical load
(Test 2) and the slip ratio (Test 4) were reduced to 1,300 N (corresponding to a contact stress of 800
MPa) and 0.6%, respectively, with the aim of reducing the wear at the wheel-rail interface by
lowering the tangential force [34]. In this way, due to the competitive relationship between wear and
RCF behavior, RCF crack propagation behavior could be amplified. Furthermore, to ensure stability
during the initial stages of the test, a running-in test of 10,000 cycles under dry conditions before
conducting the wet-dry alternation testing process was considered to improve the testing method.
Based on the result that the characteristics of rail damage observed in test 4 were similar to the
typical rail RCF damage (Fig. 1), the dry-wet alternation testing method after a 10,000 cycles
running-in test was chosen as the optimized testing method. The rotational speed, the vertical force,
and the slip ratio were 500 rpm, 1,300 N, and 0.6 %, respectively. Thus, tests 5-7 were conducted to
study the evolution of rail damage based on the optimized testing method. After a running-in test of
10,000 cycles, the durations of tests 5-7 were 30,000, 60,000, and 100,000 cycles (i.e., 30, 60, and

100 cycles of 60 s dry/60 s wet), respectively.

Table 1 Testing parameters

Vertical Slio ratio Running-in test Formal test
Test number Test speed(rpm) load(N) I()o/) Dry/Wet number of cycles number of
? (r) cycles (1)
1 2,750 1 20uL water/30 s 0 20,000
2 1,300 1 20uL water/30 s 0 20,000
500
3 1,300 1 40 s Dry/20 s Wet 0 20,000
4 1,300 0.6 60 s Dry/60 s Wet 10,000 10,000
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5 1,300 0.6 60 s Dry/60 s Wet 10,000 30,000
6 1,300 0.6 60 s Dry/60 s Wet 10,000 60,000
7 1,300 0.6 60 s Dry/60 s Wet 10,000 100,000
8 500 2,750 1 Dry 0 100,000
9 500 2,750 1 Wet 10,000 10,000
10 1,500 2,750 1 Wet 0 2,030,000

Three typical RCF tests (Test 8-10) were used to compare and evaluate the D/W-A RCF test
and the existing RCF testing methods. Test 8 was performed under dry condition (D test), as shown
in Fig. 4c. Test 9 initially performed 10,000 cycles under dry conditions, followed by 10,000 cycles
under wet conditions, constituting the dry-wet test (D-W test), as illustrated in Fig. 4d. Test 10 was
conducted entirely under wet condition (W test), the test stopped when the vibration amplitude of
wheel-rail system exceeded 25 dB based on the failure criterion, at this time, the test was running for
2,030,000 cycles. It is worth noting that the D, D-W, and W test methods exhibited a significant
difference in principle. Therefore, the same cycling number cannot be applied, as this would fail to
achieve the intended purpose of the RCF tests.

After the completion of the tests, the wheel-rail samples were soaked in anhydrous ethanol and
cleaned using ultrasonic waves. Following the drying process, the samples were precisely weighed
on an electronic balance (JA4103, China) with an accuracy of +0.1 mg. The wear amount of the rail
was then determined by the mass difference before and after the test. The surface damage of the rail
was observed and analyzed using an optical microscope (OM, KEYENCE VHX-6000, Japan). As
depicted in Fig. 5, the rail samples were dissected using wire cut electrical discharge machining. The
cross-sectional samples were then mounted using a metallographic mosaic [18]. After undergoing
mechanical grinding and polishing, the polished cross-sections were etched using a 4 % nitric acid in
alcohol solution to reveal the microstructure. The plastic deformation of the rail was then observed
and analyzed using OM, while the crack propagation and microstructure evolution were examined
using a scanning electron microscope (SEM, Phenom Pro-SE, Netherlands). For the rail samples

from the D/W-A test, the methods for measuring crack depth, width, and length are shown in Fig. 6.
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Fig. 6. Measuring method of crack characteristics.

3 Result

The comparison of various dry-wet alternation testing processes in tests 1-4 is first discussed in
this section, and an optimal procedure is determined to be used in tests 5-7. Then, the evolution of
damage under dry-wet alternation conditions is discussed. Also, the comparison of RCF tests using
different methods is included to evaluate the RCF testing methods.
3.1 Exploration of testing methods for dry-wet alternation conditions

In tests 1-4, by analyzing the adhesion coefficient, wear, damage behavior, and RCF cracks
characteristics as shown in Figs. 7-10, it was verified whether the tests could accurately and stably
simulate typical RCF damage (Fig. 1). Based on these damage behaviors, the contact parameters,
wet-dry alternating methods, and running-in tests were further adjusted to explore the optimized

D/W-A test parameters.
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Fig. 7. Adhesion coefficient of different dry-wet alternation methods: (a) test 1; (b) test 2; (¢) test 3; (d) test 6.

It can be indicated from Fig. 7a that after each interval of water application in test 1, the

adhesion coefficient rapidly decreased and remained stable for a certain period, subsequently

increased gradually due to the depletion of water. Additionally, the low adhesion coefficient

condition (i.e., wet condition) accounted for approximately 35 % of the dry-wet alternation cycles.
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As shown in Fig. 8, test 1 had a rail wear amount of 0.18 g, with a relatively high wear rate (48.5

ug/m). A high level of wear indicated that RCF cracks were more prone to be removed, due to the
competition between rail wear and RCF [35, 36]. Cracks were spread over the rail surface and
accompanied by a large amount of black oxides (Fig. 9a) [37]. As for the depth of the plastic
deformation layer, it was evident that the plastic deformation in test 1 was the most significant.
Severe plastic deformation was accompanied by a high crack initiation rate, but also by a higher
wear rate. As presented in Fig. 10, it should be noted that in test 1, while the crack length and depth
were large, the ratio of crack depth to length was small. So, the cracks remarkably propagated along
the surface and not inwardly into the matrix along the plastic deformation orientation, which is

different from the typical rail crack morphology in Fig. 1.
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Fig. 8. Rail wear amount of different dry-wet alternation methods.

Therefore, in order to further amplify crack propagation behavior by reducing wear action (the
competitive relationship between wear and RCF), the contact stress in test 2 was reduced from 1,150
MPa to 800 MPa to reduce the wear action. Based on the observation of rail wear amount, damage
behavior, and crack characteristics presented in Figs. 8, 9b, and 10, it was evident that despite a
reduction in wear amount, the cracks did not propagate further into the material. Meanwhile, due to
the reduction of the contact stress, the depletion rate of water at the wheel-rail interface slowed down.
This resulted in an increase in the duration where a lower adhesion coefficient was observed,
accounting for 50 % of the alternation cycle. It was evident that when using the dry-wet alternation

method 1 (20 pulL/30 s), the time for the wheel-rail interface to resume a dry condition could not be

11
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guaranteed. Therefore, to conduct the test with greater precision, a peristaltic pump was used for

quantitative control of the testing durations in wet conditions (Fig. 4b, the dry-wet alternation

method 2) in tests 3 and 4.

Surface damage

100pum

| Subsurface damage ” Plastic deformation ”

(a) (b) (c) (d)
Fig. 9. Damage behavior of rails of different dry-wet alternation methods: (a) test 1; (b) test 2; (c) test 3; (d) test 4.

In the test 3, compared to the test 2, although the rail wear was lower and the ratio of crack
depth to length was also reduced, the damage characteristics still did not align with typical rail RCF
damage (Fig. 1). Then, it can be seen in Fig. 7, in tests 1-3, with the cycling number increasing, the
adhesion coefficient gradually increased, reached a certain level before slightly decreasing, and
finally stabilized. The phenomenon was mainly attributed to the smooth surface of the wheel and rail
samples before the test, as well as the inevitable installation error. However, as the test progressed,
the contact interface stabilized, and the period from the beginning of the test to the stable contact
state of the wheel-rail interface is called the running-in test. It was worth noting that the running-in
process exhibited instability under dry-wet alternation conditions. Consequently, in the subsequent
tests 4, a running-in test of 10,000 cycles was conducted under dry conditions before the tests were

carried out under dry-wet alternation conditions.

12
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Fig. 10. RCF cracks characteristics of tests 1-4: (a) crack depth, (b) crack width, (c) depth to length ratio.

Also in test 4, because the contact stress of 800 MPa is approximately the minimum value in the
railway operation, the slip ratio was further reduced from 1 % to 0.6 % to decrease the rail wear. At
the same time, the duration of wet condition was increased from 20 seconds to 60 seconds (60 s
Dry/60 s Wet), aiming to accelerate the propagation of cracks. As demonstrated in Fig. 9d, only a
certain area of the rail surface exhibited cracks, while the unaffected areas displayed yellowish-
brown rust spots. The most interesting finding was that cracks propagated inwardly into the matrix
along the plastic deformation orientation. Based on the characteristics of RCF cracks in tests 1-4, it
should be noted that although the rail crack length and depth in test 4 were the smallest, the ratio of
crack depth to length was maximal (Fig. 10). This indicated that cracks were more likely to
propagate deeper into the material. Ultimately, the characteristics of rail damage observed in test 4

were similar to the typical rail RCF damage (Fig. 1).
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3.2 Evolution of damage under dry-wet alternation conditions

It can be seen from Fig. 11 that the rail wear amount increased with the increase in the cycling
number, but this increase was not linear. During the first 10,000 cycles, the rail exhibited a low wear
rate. Subsequently, the wear rate began to increase, stabilizing between 30,000 cycles and 60,000
cycles. However, when the test was run after 100,000 cycles, the wear rate rapidly increased,
indicating severe wear conditions [35].
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Fig. 11. Rails wear amount with various cycling numbers.

The damage evolution in the rail is indicated in Fig. 12. It was observed that the surface of the
rail was riddled with dense cracks, accompanied by spalling. Based on the morphologies from a
cross-sectional view, it was evident that the plastic deformation layer depth gradually increased as
the test continued. Additionally, the RCF cracks steadily propagated deeper into the material, with
some cracks exhibiting a “C” shape at 100,000 cycles. The crack characteristics are displayed in Fig.
13. With the increase in the cycling number, the depth, width, and length of the cracks also steadily
increased. Meanwhile, the crack density slightly decreased from 6 cracks/mm to 5 cracks/mm. This
stable evolution of RCF crack characteristics indicated the controllability of the D/W-A testing

method.
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3.3 Comparison of RCF tests using different methods

The adhesion coefficient using various RCF testing methods is shown in Fig. 14. In the D RCF
test conducted under dry condition, the adhesion coefficient initially exhibited a rapid increase,
followed by a slight decrease, eventually stabilized at approximately 0.3 (Fig. 14a). In the D-W test,
the adhesion coefficient rapidly decreased from 0.4 to 0.15 after the application of water medium
(Fig. 14b). In the W RCEF test, the adhesion coefficient was consistently maintained below 0.1. This
was attributed to the lubrication effect of water and the original smooth surface of the wheel-rail
sample. Consequently, the wear rate was slow, resulting in an extended running-in period. So, before
reaching 400,000 cycles, the adhesion coefficient displayed significant fluctuations before gradually
increasing. Following this, during the following 1,200,000 cycles, the adhesion coefficient exhibited

another period of fluctuation before gradually declining towards the conclusion of the test.
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test.
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Fig. 15 displays the damage behavior in the rail of three kinds of RCF tests. It could be

indicated that the mildest RCF damage occurred during the D RCF test, while the crack depths and
angles were small. Then, in the D-W RCF test, the surface cracks appeared in a flake-like pattern,
with severe spalling. The thickness of the plastic deformation layer was significantly lower compared
to the D RCF test due to the less deformation under water conditions and the continuous material
spalling. Merely after running for 10,000 cycles under water conditions, the crack depth exceeded
300 pum, taking on a “C” shape and started to branch. This indicated that when using the D-W testing
method, crack propagation was extremely rapid, making it difficult to capture the crack growth at
different stages. Besides, the most severe RCF damage occurred in the W RCF test because the test
terminates upon severe spalling. Spalling pits with a width of 3 mm could be observed from the
surface view, while a dense network of cracks could be seen from the cross-section view, with the

minimum plastic deformation, with a depth of approximately 10 um.
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Fig. 15. Damage behavior of the rail of RCF test using different methods: (a) D RCF test; (b) D-W RCEF test; (c) W
RCEF test.
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4 Discussion

4.1 Damage mechanism of rails under dry-wet alternation conditions

To further understand the evolution of rail RCF damage behavior under dry-wet alternation
conditions, the damage mechanisms were discussed in three stages: the running-in test, the initial
period of the dry-wet alternation test, and the later period of the dry-wet alternation test. This
discussion was carried out in conjunction with previously revealed damage mechanisms in previous
studies under dry and wet conditions, as illustrated in Fig. 16.

As mentioned above, the running-in test was primarily designed to take advantage of the higher
wear rate under dry conditions, allowing the wheel-rail interface to quickly reach a stable contact
state [38], which can improve the repeatability of the D/W-A test. Under this stage, plastic
deformation accumulated and cracks initiated in the rail materials due to the ratcheting effect [35].
The RCF cracks initiated during this period were mainly characterized by small angles and typically
do not propagate deep into the material due to the lack of sufficient driving force for crack
propagation [3]. Then, in the initial period of dry-wet alternation, crack propagation was not
significantly accelerated by the fluid entrapment mechanism (Figs. 12 and 13). Although the fluid
entrapment mechanism was already operative once water infiltrated the cracks, its effect remained
limited at this stage. This was mainly because only a small amount of water was able to enter the
small cracks initiated during the running-in period, resulting in a relatively low crack driving force
induced by the fluid entrapment mechanism under wet conditions [33]. When the wheel-rail interface
transitioned to dry conditions, the wear action would increase due to the increase in adhesion
coefficient (Fig. 7). Some surface cracks were removed by wear due to the competitive relationship
between wear and RCF damage [35, 39]. Meanwhile, plastic deformation and crack initiation also
occurred on the rail surface during the dry phases of the dry-wet alternation cycles. Then, with the
continuous short-term alternation of dry and wet conditions at the wheel-rail interface, an interesting

phenomenon the distribution and propagation of cracks were not uniform, as shown in Fig. 9d. This
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was because individual cracks often propagated faster than others. These cracks were typically

initially aided by liquid compression force, resulting in rapid propagation in certain areas, as
illustrated in Fig. 9d. Cracks not only propagated into the material but also along the surface. After a

certain number of cycles, the cracks would eventually fill the entire contact area, as shown in Fig.

12a.
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Fig. 16. Schematic of RCF damage in the rail under dry-wet alternation conditions.

Finally, in the later period of wet-dry alternation, some cracks exhibited an increasing tendency

to propagate into the material interior (Fig. 13). This crack morphology allowed water to become
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more easily trapped within the cracks, enhancing the fluid entrapment and leading to an accelerated

crack propagation rate. The rail also experienced severe fatigue wear due to crack spalling [40],
resulting in a rapid increase in wear during this period (Fig. 11). After transitioning to a dry
condition, the dominant damage mode shifted to wear, and the surface cracks were worn off first.
The initiation of cracks and material deformation was always present, but as the depth and length of
cracks increased, contact stress could penetrate deeper through the cracks, leading to more severe
deformation (Fig. 12). Additionally, an interesting phenomenon under dry-wet alternation conditions
was that the crack was not prone to branching (Fig. 12c). This was because, in the deformation
region, cracks tend to propagate along the path orientation with the least resistance, resulting in less
crack branching [4, 41].

In summary, under dry-wet alternation conditions, the propagation rate of rail RCF cracks
exhibited a trend of slow growth followed by acceleration, accompanied by continuous wear and
plastic deformation. This dynamic coupling of crack propagation, wear, and plastic deformation
more accurately simulated the damage behavior of rails during actual service. Moreover, under dry-
wet conditions, the continuous propagation of RCF cracks further exacerbated rail wear. This
indicated that in regions with rainy and humid conditions (i.e., under dry-wet alternation conditions),
rails were not only prone to severe RCF damage but also experienced accelerated wear due to
intensive spalling.

4.2 Evaluation of RCF testing methods

This study exclusively conducted W, D-W, and W tests under single-parameter conditions,
aiming to compare the three testing methods and the D/W-A test using unified experimental
equipment, materials, and analytical methods. It should be noted that these three testing methods
have been widely employed in the field of wheel-rail rolling contact fatigue research. To
systematically evaluate the differences among the four RCF test methods, Table 2 specifically

compiles the typical wheel-rail RCF damage characteristics observed in studies that used these three
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testing methods. Additionally, the forms of rail crack morphologies that resulted from the four RCF

testing methods are displayed in Fig. 17.

The D RCF testing method was typically used to study the rolling wear and crack initiation
behavior of wheel-rail materials. Under dry condition, crack propagation was primarily concentrated
in the SPD region, exhibiting small-angle, long, and straight crack characteristics (Fig. 17a). Based
on the data in Table 2, the crack depth was generally less than 30 mm and much smaller than the
crack length, which was significantly different from the typical RCF damage morphology (Fig.1)
[42]. This was mainly attributed to the fact that, under dry conditions, although the wheel-rail
materials experienced a high rate of crack initiation due to the ratcheting effect, the driving force for
cracks to propagate into the deeper layers was insufficient. Meanwhile, the high wear rate of
materials under dry conditions led to a significant competition between wear and RCF [35, 39]. This
competitive mechanism made the shallow cracks more easily removed by wear, reducing the
correlation between crack size and test parameters or material properties, thereby affecting the

comparative evaluation of the RCF damage performance of wheel-rail materials [3, 43].

-

—
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Fig. 17. Schematic diagrams of crack profiles in the rail resulting from different RCF testing methods: (a) D test; (b)

D-W test;(c) W test; (d) D/W-A test.
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Table 2 RCF damage characteristics using different RCF test methods
* Contact stress
* Speed
Test Reference e Slip ratio Cy}cle number/ RCF damage characteristics
Method . 10° cycles
* Cycling number
* Materials
* 1230 MPa * Crack depth: 0 pm~24.5 pm
* 500 rpm
* Crack length: 0 um~410 pm
[42] *0.5% * 5~400 . .
* Crack depth and length increase rapidly at
* 3 types of wheel .
. first, then gradually with the cycle number
materials
« 850 MPa * Crack depth: 8.1 um~28.9 um
* Crack length: 65 pm~295 pm
* 200 rpm * Crack angle: 2.8°~11.6°
D test [3] *0.17 %~9.43 % * 180 5 )
« 3 tvpes of wheel * The influences of the creepage and
P materials on the depth and length of cracks
materials
are not clear
* 1,161 MPa;
* 500 rpm * Crack depth: 4.6 um~28.7 um
[35] * 0.5 %~5 % * 100 * Crack length: 58.5 pm~327 pm
* 3 types of rail * Crack angle: 3.8°~9.2°
materials
* 1,100 MPa * Dry: 15 * Crack depth: 27.6 pm~364 um
[33] * 500 rpm Wet: 5~50 * Crack length: 256 um~1036 um
*1% * Dry: 5~50 * Crack depth: 105 pum~423 pm
* U71Mn Wet: 15 * Crack length: 589 um~2056 um
D-W test .
© . ;(1)(3)1 l\r/[nPa * Crack depth: 185 pum~400 pm
[44] Y P * Dry: 10 * Crack length: 500 pm~1900 pm
2 4 Wet: 20 * As the material hardness increased, the
* Different wheel-rail
. crack depth and length decreased
materials match
° 5
« 1,450 MPa . 100 ;;; e3a>;el((1) cycles, no surface RCF cracks
* 1,440 rpm * 200 . 5
[45] «0.5% . 300 VAV::r: ;ri)(c)lu ch(;:les, the RCF surface cracks
W test QU whesl A « At 5.5%10° cycles, the bulk spalls (>3
e mm?) occurred to cause the RCF failure
* 1,230 MPa * The area of shelling ranged from 2 to 12
* 1,500 rpm . mm? without significant regularity
[46] *03% >14-2,583 Shelling and Net-like RCF subsurface

e D2 wheel materials

cracks

The D-W RCF testing method was the most widely used approach for experimental studies of

crack propagation in wheel-rail materials. Cracks initiated under dry conditions and subsequently

propagated under wet conditions with the aid of the fluid entrapment mechanism. This method

effectively overcame the technical bottleneck of crack propagation in dry conditions while also

offering the advantage of a short test duration, thus demonstrating outstanding practical value within

the current wheel-rail RCF testing system. However, the D-W test method still had several
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limitations. Firstly, the fully wet crack propagation mode differed significantly from the

predominantly dry contact service conditions of actual wheel-rail contact. Moreover, the low shear
stress environment under wet conditions suppressed the accumulation of plastic deformation,
resulting in the gradual thinning of the plastic deformation layer due to the spalling of surface cracks
and the formation of a network of propagating cracks in the matrix region (Fig. 17b) [40]. Secondly,
the crack propagation rate under wet conditions was excessively high, with a crack depth of 423 um
developing after only 15,000 cycles (Table 2) [33]. Although this high propagation rate significantly
reduced the test duration, it hindered the complete observation of the damage evolution process.
Thirdly, the crack initiation under the initial dry conditions significantly interfered with the
propagation behavior under the following wet conditions. In particular, the early dry contact of the
test often experienced running-in conditions with considerable fluctuations in crack initiation, which
further amplified the system error.

The W RCF test method was a standardized method widely used in the bearing and gear
industries to evaluate the rolling contact fatigue (RCF) life of metallic materials under lubricated
conditions. This test was typically terminated based on a fatigue failure criterion, such as when the
spall area exceeded a threshold of 3 mm?. The number of cycles corresponding to this failure point
was defined as the RCF life. The testing duration can extend up to 1x107 cycles, resulting in
significant costs [47]. In addition, due to the suppressive effect of full lubrication on the ratcheting
mechanism, the initiation rate of surface cracks was substantially reduced. As shown in Table 2,
surface cracking was observed only after 400,000 cycles [45]. It was noteworthy that, upon
termination of the W test (i.e., at RCF failure), the subsurface morphologies of material typically
exhibited irregular and deeply net-like cracks (Fig. 17c) [46, 48]. These features differed markedly
from the typical RCF damage morphology observed in actual rails (Fig. 1).

The D/W-A RCF testing method significantly enhanced the accuracy of simulating rail RCF

damage under humid and rainy environments through the design of dry-wet alternating conditions.
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This advantage was directly reflected in the high degree of consistency between the simulated RCF

crack morphology and typical field RCF damage (Figs. 1 and 17d). Experimental results
demonstrated that the D/W-A test not only reliably reproduced the full evolution process of RCF
damage but also accurately captured the characteristic behaviors at different stages of crack
propagation (Figs. 12 and 13). Moreover, wear behavior, plastic deformation accumulation, and
crack propagation exhibited an interaction mechanism under dry-wet alternating conditions (Fig. 16).
This provided a unique technical pathway for investigating the interplay of multiple damage modes
in the wheel-rail system. It is worth noting that this accurate simulation came with increased system
complexity of the test. However, as shown in Section 2, the integration of an automated dry-wet
switching control system effectively improved the precision of condition transitions and enhanced
overall test controllability.

To further evaluate the W, D-W, W, and D/W-A testing methods, a comprehensive evaluation
of their performance was conducted across five dimensions: Accuracy, Repeatability, Evaluability,
Rationality, and Practicability.

Firstly, the Accuracy of the testing method was aimed at assessing whether the testing method
can accurately simulate the typical rail RCF damage. As illustrated in Fig. 17, both the D test and W
test exhibited significant disparities in damage forms compared to typical RCF damage on rails.
Particularly noteworthy was the W test, which was more suited for simulating RCF on continuously
lubricated mechanical components. The D-W separated crack initiation and propagation, with an
excessively fast propagation rate. It simulated the RCF damage of rail spalling to a considerable
degree. Based on the rail damage behaviour in tests 4-7 (Fig. 12), the D/W-A test was particularly
accurate in simulating RCF damage due to its ability to comprehensively model the entire process of
wear, plastic deformation, crack initiation, and propagation.

Subsequently, the Reproducibility of the testing methods, specifically assessed to determine

whether the operational process was conducive to repetition and whether artificial factors were likely
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to introduce interference into the test results. The D test exhibited the highest reproducibility in wear

due to its stability and minimal operational steps. Although the W test was conducted under a single
operating condition, test results tended to exhibit significant randomness. In the D-W test, the test
under dry conditions could be regarded as the running-in test which the wheel-rail contact was not
stable. Thus, a significant error would occur in the size of the initiated crack under dry condition, and
then would have a significant impact on the subsequent crack propagation, leading to reduced
reproducibility. Although the D/W-A test required frequent alternating conditions, the automation
provided by the timed cycling controller will minimize the operational difficulty.

In terms of Evaluability, attention should be paid to the accessibility of evaluation indicators,
the possibility of horizontal comparison, and their ability to reflect the true extent of damage. Due to
the fact that the RCF life could be directly obtained with corresponding numerical results after the W
test, without the need for complex measurements and calculations, the Evaluability of the W test
proved to be the best. Other methods often relied on statistics of crack characteristics, among which
the D test suffered from large measurement errors due to small crack sizes, while the D-W test posed
difficulties in data acquisition because of the complex crack morphologies (Fig. 15). In the D/W-A
test, there was a noticeable reduction in crack branching, which consequently diminished the
difficulty of measurement, in comparison to the D-W test.

In terms of Rationality, it evaluated whether the test results could be reasonably explained. The
fatigue life of the W test was difficult to represent the RCF life of unlubricated open components.
The D test was mainly focused on wear, and crack statistics were insufficient to explain RCF damage.
In the D-W test, cracks propagated into the material interior along plastic deformation and branched
extensively, making the test rationality higher than the W test and D test. However, the complete
separation of crack initiation and propagation led to a significant discrepancy compared to the actual

crack propagation process in the rail. In the D/W-A test, it could observe different stages of crack
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propagation were observed, reflecting rail RCF damage behavior, especially under rainy and humid

conditions.

Finally, in terms of Practicability, the test operation, duration, and labor costs were considered.
The W test had the longest duration and the highest cost. The D test was the simplest to operate, and
crack statistics were straightforward. However, the D-W and D/W-A tests required experienced
operators, and crack statistics were relatively cumbersome.

Based on the comparison results from five dimensions, a radar chart was constructed, as
illustrated in Fig. 18. In this chart, the method with the most significant advantage received a score of
5, the next best received a score of 4, and the least advantageous method received a score of 2. The D
test demonstrates outstanding performance in terms of repeatability and practicability, but it has
slight shortcomings in the other three dimensions. This testing method was commonly used to
simulate the rolling wear of the rail. While the W test held the most significant advantage in
evaluability, it lacked notable strengths in accuracy, rationality, and practicability when it came to
simulating RCF. Meanwhile, the D-W test scored lower than the D/W-A test in Accuracy,
Repeatability, and Rationality, while the scores were the same in the other two terms. As for the
D/W-A test, it performed beyond other testing methods in terms of accuracy and rationality, while
maintaining a certain level of competitiveness in the other three dimensions as well. This indicated
that the overall performance of the D/W-A testing method was the best. Therefore, in the systematic

study of RCF performance in rails, the D/W-A test proved to be a more effective tool.

Accuracy

Practicability <~ < ’/\\3  Repeatability

N

Rationality' ‘Evaluability
—D test D-W test W test D/W-A test

Fig. 18. Multi-dimensional evaluation of different RCF testing methods for rail and wheel materials.
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Furthermore, due to the dynamic interaction among crack propagation, wear, and plastic

deformation accumulation under dry-wet alternating conditions, in the future, the D/W-A method can
be effectively used to quantitatively investigate the competitive relationship between wear and RCF.
In addition, the evolution of RCF damage under the D/W-A testing method was controllable and
stable, which greatly facilitated comparative studies on RCF damage characteristics across different
wheel-rail materials. It also provided a reliable foundation for exploring the influence of RCF
damage on other service behaviors of wheel-rail systems, such as plastic deformation, material
hardening, corrosion, and adhesion.

5 Conclusion

(1) A novel wet-dry alternation testing method was proposed, to simulate RCF damage of rails,
especially under rainy and humidity conditions.

(2) Under dry-wet alternation conditions, with increasing cycling number, RCF cracks initially
propagated slowly along the plastic deformation direction and subsequently entered a stage of rapid
propagation, gradually developing into “C” shaped cracks. During crack propagation, the rail
material experienced continuous wear and accumulation of plastic deformation, which was in good
agreement with the damage characteristics observed in actual rail service conditions.

(3) In the D test, cracks propagated within the SPD zone due to the lack of sufficient driving
force for crack propagation. In the D-W test, cracks quickly passed through the SPD zone, generating
numerous branches, and eventually forming a network of cracks. In the W test, cracks existed in a
dense network formation with a mild degree of plastic deformation. In the D/W-A test, cracks
propagated along the direction of plastic deformation with few branches.

(4) The D/W-A RCF test proposed in this study had significant advantages in rationality and
accuracy compared with traditional RCF testing methods, providing a more effective tool for

systematic studies on RCF performance of rail materials.
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