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Study on the Influence of Sand
Erosion Process on the Wear and
Damage of Heat-Treated U75V
Rail Steel
Usually, rail materials are exactly affected by the erosion of windblown sand in the desert
environment. For this reason, the influence of impact angle, particle velocity, and particle
size on the erosion wear behavior of the U75V heat-treated rail steel, a material frequently
employed in Chinese railways, were studied in this work. The results showed that, with
increasing impact angle, the erosion rate increased between 15 deg and 45 deg, decreased
between 45 deg and 75 deg, and then increased again between 75 deg and 90 deg. The
highest erosion rate occurred at about 45 deg. When the particle velocity increased, the
erosion rate increased approximately in a quadratic way. As the sand particle size
increased, the erosion rate presented a decreasing trend. During the initial stage of
erosion, shear craters, indentation craters, and ploughing craters were the main surface
damage features. The shear craters predominated at the impact angle of 45 deg whereas
the indentation craters predominated at 90 deg. During the steady-state of erosion, the
rail damage was mainly composed of craters, platelets, and cracks. Both the length and
depth of craters increased almost linearly with increasing particle velocity, whereas the
increased rate of length was significantly higher than that of depth. The length and depth
of craters increased with increasing particle size at 90 deg, whereas only the length
increased with increasing particle size at 45 deg. The microstructure evolution and the for-
mation mechanism of platelet at low impact angles were different from those at high impact
angles. Platelet formation was the main erosion wear mechanism.
[DOI: 10.1115/1.4049110]
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1 Introduction
Because of the rapid development of railways transportation, the

service environmental conditions of rails became harsher. In many
regions, such as the Middle East, the North Africa, and the Western
China, many railways run through arid and desert areas [1], where
the rails have been suffering serious erosion of windblown sand, as
shown in Fig. 1 [2]. The rail surfaces can be damaged by the sand
particles, and the damage can deteriorate in the following service
and finally threaten the service safety of the railway line.
However, few studies on the erosion behaviors of rail steels in

realistic windblown sand environments have been carried out so
far. Previous studies have been performed to explore the solid

particle erosion behaviors on different types of materials. They
showed that the solid particle erosion process was closely related
to many parameters including impact angle, particle velocity of
erodent, and particle size of erodent [3,4]. Erosion rate (E) is
widely used to evaluate the erosion resistance of materials and is
often defined as the mass loss of the target material divided by
the mass of erodent particles. The effect of the impact angle on
the erosion behaviors of the target material deeply depends on the
nature of the material [5]. In general, the impact angle correspond-
ing to the highest erosion rate is in the range 15–30 deg for ductile
materials, such as steels [6–13], aluminum alloys [14–16], Ti–6Al–
4V alloy [14,17,18], high-velocity oxy-fuel (HVOF) coatings [19],
glass fiber, and epoxy composites [20,21], whereas it is about
90 deg for brittle materials, such as sodalime glass and Pyrex
glass [22], ceramics and ceramic composites [23], concrete materi-
als [24]. Particle velocity of erodent is another significant parameter
influencing the erosion behavior. The erosion rate of the target
material varies with the particle velocity according to a power
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law: E= kVn, where k is a constant depending on the material, V is
the particle velocity of the erodent, and n is the velocity exponent of
the specific erodent. The value of n for ductile materials is about
2.0–2.7, as reported in previous works [8,25,26]. In addition, the
particle size of erodent is an influencing factor for erosion behavior
as well. Sheldon [25] reported that the erosion rate of target material
changed with the particle size according to a power law and the par-
ticle size exponent for ductile materials (such as annealed tool steel)
was about 3. However, Tilly [26] found that the erosion rate pre-
sented an increasing trend with increasing particle size until the par-
ticle size reached a limit value; after that, the erosion rate remained
relatively stable as the particle size increased further. Besides, the
correlation between erosion rate and particle size was different for
different steels [27]. Therefore, particle size has a relatively compli-
cated effect on the erosion rate.
Heat-treated U75V rail steel is one of the most widely used rail

steels on high-speed and heavy-haul lines in China due to its
good wear resistance. However, the sand erosion behavior of this
rail steel in the presence of windblown sand is still unknown.
Accordingly, the purpose of the current work is to investigate the
erosion behavior of the heat-treated U75V rail steel in realistic
windblown sand environments. To this end, the influence of the
impact angle, the particle velocity, and the particle size on sand
erosion behavior of the rail steel was carefully explored experimen-
tally. The erosion rate, surface damage, and subsurface damage
were analyzed in detail. Furthermore, the microstructure evolution
and sand erosion mechanism of heat-treated U75V rail steel were
discussed as well.

2 Experimental Details
2.1 Materials

2.1.1 Rail Specimen. Rail specimens for the erosion tests were
taken from the heat-treated U75V rail. The mechanical properties
and chemical compositions of the rail steel are detailed in
Table 1. All rail specimens were cut from the rail head and the
dimensions of specimen are illustrated in Fig. 2(a). In order to
observe and analyze the erosion behavior of the rail steel clearly,
the upper surface of the rail specimen was grounded through SiC

abrasive papers and then polished by means of diamond abrasion
paste until its roughness reached 0.06 ± 0.01 μm. Figure 2(b)
shows that the microstructure of the rail steel is mainly lamellar
pearlite. The mean interlamellar spacing is about 116 nm.

2.1.2 Erodent Particles. To make the experimental conditions
closer to those in the field, the sand was selected as the best erodent
material for the erosion tests and was directly collected from the
Gobi region near the south Xinjiang railway in China. The sand
is composed primarily of SiO2. The hardness of the sand is about
7 Mohs. The original sand is named R sand in the present work.
Figure 3(a) shows the distribution of particle sizes of the R sand,
obtained by using a laser particle size analyzer (Mastersizer 2000,
Worcestershire, UK). The original sand (R sand) was sifted into
three groups of sand particles with different size ranges: small
sand (20–250 μm, named S sand), middle sand (250–500 μm,
named M sand), and large sand (500–1700 μm, named L sand).
The proportions of S sand, M sand, and L sand in the R sand are
shown in Fig. 3(b). The mean diameters of R sand, S sand, M
sand, and L sand are around 277 μm, 171 μm, 366 μm, and
730 μm, respectively. The optical micrographs of these four types
of sands (Fig. 4) reveal that the sand particles have irregular
shapes and different colors.

2.2 Erosion Testing. Based on the ASTM G76-95 standard
test method [28] and the real characteristics of windblown sand
environment, an erosion testing machine was specially designed
for the sand erosion tests of the rail steel, as shown in Fig. 5. The
sand particles flowed through the sand trap (6), then were sucked
into the sandblasting gun (3), accelerated by the high-speed
airflow in the nozzle, and finally struck the surface of rail specimen
(7). The erosion tester was able to control several variables such as
the impact angle, the particle velocity, and the feed rate of erodent
particles. The impact angle can be changed by rotating the specimen
holder (8). The particle velocity can be changed by adjusting the
pressure regulating valve (2) and was determined by using the
double-disc method [29]. The erodent particles feed rate can be con-
trolled by adjusting the sand trap (6).
The erosion testing fixed conditions are specified in Table 2.

Three series of tests were carried out with six impact angles
(15 deg, 30 deg, 45 deg, 60 deg, 75 deg, and 90 deg), five particle
velocities (13, 20, 27, 34, and 41 m/s) [30,31], and four types of par-
ticle size (R sand, S sand, M sand, and L sand), as shown in Table 3.
The relationship between the particle velocity and the applied air jet
pressure is shown in Table 4. Although the sand (especially R sand)
used in the erosion tests had a large range of particle sizes, the velo-
cities of particles with different sizes were pretty similar to each
other because saturated acceleration was available for these sand
particles relying on the suction force and thrust force of the high-
speed airflow.
Before and after each erosion test, the rail specimens were

immersed in ethanol, washed with an ultrasonic cleaner, dried,
and weighed by a digital balance with a resolution of 0.1 mg
(JJ324BC, Shanghai, China). Each erosion test under the same con-
ditions was repeated at least twice. After the erosion tests, the
damaged surfaces and the cross sections were cut from the speci-
mens. The cross sections were embedded in resin, grounded and

Fig. 1 Railway in the windblown sand environment [2]

Table 1 Mechanical properties and chemical composition (wt%) of the rail steel

Heat-treated U75V rail steel

Tensile strength (MPa) ≥ 1180
Percentage elongation after fracture (%) ≥10
Hardness (HV0.5) 366±7
Composition
C Si Mn P S V Al
0.71–0.80 0.50–0.80 0.70–1.05 ≤ 0.030 ≤ 0.025 0.04–0.12 ≤ 0.010
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polished, and then etched with a 4% nital solution. The damaged
surfaces and cross sections were analyzed using a scanning electron
microscope (SEM) (Phenom Pro-SE, Eindhoven, The Netherlands).

3 Results and Discussion
3.1 Erosion Rate. Figure 6 shows the variation of the mass

loss of the rail as a function of the erosive time at different

impact angles. It is clear that the mass loss increased unsteadily
with the increase in erosive time during the initial stage and then
increased almost linearly, whereas the erosion rate is the rate of
the mass loss of the rail with respect to the mass of sand which is
the product of the sand particles feed rate and the erosive time.
Therefore, it also means that the erosion rate fluctuated during the
initial stage and then tended to steady. Simultaneously, steady-state
erosion rate can also be obtained from the slope at the steady-state.

Fig. 2 Details of the rail specimen: (a) sampling position and dimensions (mm) of the
rail specimen and (b) microstructure of the rail steel

Fig. 3 Sizes of the sand particles: (a) distribution of particle sizes of the R sand and
(b) proportions of the S sand, M sand, and L sand in the R sand

Fig. 4 Optical micrographs of the sands: (a) R sand (20–1700 μm), (b) S sand (20–
250 μm), (c) M sand (250–500 μm), and (d ) L sand (500–1700 μm)
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The erosion rate in the following sections is referred to as the
erosion rate at the steady-state.

3.1.1 Effect of Impact Angle on Erosion Rate. Figure 7 illus-
trates the correlation between erosion rate and impact angle for the
R sand and the particle velocity of 20 m/s. It is clear that when the
impact angle increased, the erosion rate increased as well first, reach-
ing a maximum at about 45 deg. Subsequently, the erosion rate
dropped until reaching a minimum at about 75 deg, afterward it
increased again between 75 deg and 90 deg. The highest erosion
rate occurred at 45 deg in this study, whereas it usually occurs at
impact angles between 15 deg and 30 deg for ductile materials.
The evolution trend of the erosion rate as a function of the impact
angle of the U75V rail steel was quite similar to that of heat-treated
1078 steel consisting of fine pearlite microstructure [8]. It is
known that the material microstructure has a significant influence
on the cutting and deformation properties. At the same time, the
erosion wear of the materials is usually caused by cutting wear and
repeated deformation wear [32]. Therefore, it is reasonable that the
correlation between erosion rate and impact angle was significantly
affected by the microstructure of the material.

3.1.2 Effect of Particle Velocity on Erosion Rate. Figure 8
shows the correlation between erosion rate and particle velocity
for the R sand at the impact angles of 45 deg and 90 deg. The
erosion rate increased significantly with increasing particle velocity.
For instance, the erosion rate at 41 m/s is approximately 13 times
the rate at 13 m/s. This was mainly because the sand particles
with higher velocity had greater kinetic energy, resulting in
greater impact stress when they struck the rail surface, which
made easier the removal of the rail material. In addition, the
erosion rate at 45 deg was always larger than that at 90 deg under
the same conditions. The experimental curves were fitted using
the Least-squares Algorithm, and a power-like correlation

Fig. 5 Schematic diagram of the erosion testing machine: (1)
compressed air, (2) pressure regulating valve, (3) sandblasting
gun, (4) sand storage hopper, (5)sand regulating valve, (6) sand
trap, (7) specimen, (8) specimen holder, and (9) Erosion chamber

Table 2 Erosion testing fixed conditions

Erosion testing conditions

Sand particles feed rate (g/min) 10
Mass loss measurement intervals (min) 8
Nozzle inner diameter (mm) 9.3
Nozzle to specimen distance (mm) 10
Nozzle length (mm) 274
Test temperature Room temperature
Test gas Dry compressed air

Table 3 Erosion testing variable parameters

Series Impact angle (deg)
Particle velocity

(m/s) Particle size (mm)

1 15, 30, 45, 60, 75, 90 20 R
2 45, 90 13, 20, 27, 34, 41 R
3 45, 90 20 S, M, L, R

Table 4 Air jet pressure versus particle velocity

Air jet pressure (bar) 0.4 0.8 1.1 1.6 1.8

Particle velocity (m/s) 13 20 27 34 41

Fig. 6 Variation of the mass loss of the rail as a function of the
erosive time at different impact angles (R sand; particle velocity
of 20 m/s)

Fig. 7 Correlation between erosion rate and impact angle
(R sand; particle velocity of 20 m/s)

Fig. 8 Correlation between erosion rate and particle velocity at
45-deg and 90-deg impact angles (R sand)
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between erosion rate and particle velocity was found: E= kVn. The
fitted curves had an excellent fitting degree with the actual data. The
k and n parameters at the impact angle of 45 deg were 0.04 and 2.0,
respectively, whereas the k and n values at 90 deg were 0.01 and
2.2, respectively. The values of n were both in the range between
2 and 3, which is consistent with that of ductile materials in previous
works [8,25,26,33,34].

3.1.3 Effect of Particle Size on Erosion Rate. Figure 9 shows
the erosion rates with different sizes of sand particles at the
impact angles of 45 deg and 90 deg (particle velocity of 20 m/s).
The erosion rate decreased with increasing particle size. Addition-
ally, the erosion rate of the R sand was similar to that of the M
sand. The trend of the erosion rate with particle size was consistent
with that in Ref. [27]. A possible explanation is that the number of
the sand particles decreases if the particle size increases (for the
same mass of sand); thus, the number of the impacts on the same
spot of the rail surface decreases with increasing particle size,

which results in a lower material removal capacity for larger sand
particles although the total kinetic energy is still the same for the
same mass of sand with different sizes.
Figure 9 also shows that the erosion rate at 45 deg was always

greater than that at 90 deg as expected. This was mainly because
the shear stress and normal stress were simultaneously produced
on the specimen surface at low impact angles whereas the normal
stress was mainly produced at high impact angles [35]. Another
reason for this trend was that the probability of rebounding particles
and fragments colliding with incoming particles at low impact
angles is lower than that at high impact angles. Such collisions
could lead to a loss of kinetic energy and change direction of the
incoming particles [36], affecting the capability of material
removal. The erosion rates with S sand, M sand, and L sand at
45 deg were 42%, 84%, and 136% larger than those at 90 deg,
respectively. It showed that the difference in erosion rate between
45 deg and 90 deg increased with increasing particle size. The
results also revealed that the erosion rate at 45 deg was less sensitive
to the particle size than that at 90 deg.

3.2 Surface Damage of the Rail Steel

3.2.1 Surface Damage During the Initial Stage. In order to
explore the surface damage of the rail during the initial stage,
erosion tests of series 3 in Table 3 were conducted for 3 sec.
Figures 10 and 11 show the SEM photographs of damaged surfaces
in the initial stage at 45 deg and 90 deg (particle velocity of 20 m/s),
respectively.
It is shown in Fig. 10 that after the test at 45 deg, the shear crater

was the most principal damage feature in the initial stage, and the
size of the shear crater increased with increasing particle size.
Ploughing crater and indentation crater were also observed on the
damaged surfaces (e.g., Figs. 10(a)–10(c)). In Fig. 10(d ), a thick
lip was formed at the end of the shear crater due to the shear
action of an L sand particle with a large particle size. In addition,
some shallow ploughing craters were generated at the bottom of

Fig. 9 Correlation between erosion rate and particle size at the
impact angles of 45 deg and 90 deg (particle velocity of 20 m/s)

Fig. 10 SEM photographs of the damaged surfaces during the initial stage at 45-deg
impact angle (particle velocity of 20 m/s): (a) R sand, (b) S sand, (c) M sand, and (d ) L sand

Journal of Tribology AUGUST 2021, Vol. 143 / 081703-5

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/tribology/article-pdf/143/8/081703/6603284/trib_143_8_081703.pdf by Southw

est Jiaotong U
niversity user on 18 January 2021



the shear crater, which was mainly caused by the irregular shape of
the sand particle.
It is clear from Fig. 11 that, after the test at 90 deg, the indentation

crater was the most important damage feature during the initial
stage, and the size of the shear crater increased when the particle
size increased. Shear crater and ploughing crater can also be
observed on the damaged surface (e.g., Fig. 11(a)). Besides, a
long indentation crater was observed in Fig. 11(c). It may also be
caused by an M sand particle with a long shape. In Fig. 11(d ), a
large number of shallow shear craters were generated at the
bottom of the indentation crater due to the irregular shape of sand
particles.

Fig. 11 SEM photographs of the damaged surfaces during the initial stage at 90-deg
impact angle (particle velocity of 20 m/s): (a) R sand, (b) S sand, (c) M sand, and (d ) L sand

Fig. 12 SEM-EDS analysis of the material embedded into the
damaged surface

Fig. 13 SEM photographs of the damaged surfaces during the steady-state with different particle
sizes and particle velocities at 45-deg impact angle: (a) R sand, 20 m/s, (b) R sand, 34 m/s, (c) S
sand, 20 m/s, (d ) M sand, 20 m/s, and (e) L sand, 20 m/s
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Comparing the surface damages during the initial stage at impact
angles of 45 deg and 90 deg, it can be concluded that three types of
craters (shear crater, indentation crater, and ploughing crater) can be
formed on the surface, which were mainly caused by the different
impact angles of the individual particles [37]. Shear crater predom-
inated at the impact angle of 45 deg, whereas indentation crater pre-
dominated at 90 deg. In both the cases, the size of the craters
increased when the particle size increased.
Furthermore, many small sand particles were embedded into the

damaged surface (e.g., Fig. 10(a)). Figure 12 shows that the princi-
pal elements of material embedded into the surface were Si and O
using scanning electron microscope-energy disperse spectroscopy

(SEM-EDS) analysis. It demonstrates that the main material embed-
ded into the damaged surface was sand particle (or its fragment) as
expected.

3.2.2 Surface Damage During the Steady-State. Figures 13
and 14 show the SEM photographs of the surface damages during
the steady-state at the impact angles of 45 deg and 90 deg, respec-
tively. It can be observed from Fig. 13 that the surface damage in the
steady-state at an impact angle of 45 deg consisted mainly of shear
craters with different sizes and various platelets. Figures 13(a) and
13(b) show the damaged surfaces caused by R sand with particle
velocities equal to 20 m/s and 34 m/s, respectively. The depth of

Fig. 14 SEM photographs of the damaged surfaces during the steady-state with different sand particle sizes
and particle velocities at 90 deg impact angle: (a) R sand, 20 m/s, (b) R sand, 34 m/s, (c) S sand, 20 m/s, (d ) M
sand, 20 m/s, and (e) L sand, 20 m/s

Fig. 15 SEM photographs of the damaged cross sections during the steady-state with different sand particle
sizes and particle velocities at 45-deg impact angle: (a) R sand, 20 m/s, (b) R sand, 34 m/s, (c) S sand, 20 m/s,
(d ) M sand, 20 m/s, and (e) L sand, 20 m/s
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the shear crater increased with increasing particle velocity. On the
other hand, Figs. 13(c)–13(e) show the surfaces damaged by S
sand, M sand, and L sand, respectively, with a particle velocity
equal to 20 m/s. It can be observed that there was no significant dif-
ference in the surface damage feature among these three types of
sand during the steady-state, even if the crater dimensions increased
with the increase in particle size during the initial stage. Besides, the
embedded sand particles were also observed on the damaged
surface during the steady-state (e.g., Fig. 13(c)).
It can be seen from Fig. 14 that the surface damage during the

steady-state at the impact angle of 90 deg consisted mainly of
indentation craters with different sizes and various platelets.
Figures 14(a) and 14(b) show the surfaces damaged by R sand at
the particle velocities of 20 m/s and 34 m/s, respectively. There
was no evident difference in the surface damage feature when
eroded by sand with different particle velocities. Figures 14(c)–
14(e) show the surfaces damaged by S sand, M sand, and L sand,
respectively, with particle velocity equal to 20 m/s. It can be
observed that the surface damage features produced by S sand
and M sand were quite similar. However, the damage surface

created by L sand was much cleaner than those caused by S sand
and M sand. This was probably because the contact area between
sand particle and specimen increased with increasing particle size.

3.3 Subsurface Damage During the Steady-State. Figure 15
shows the SEM photographs of the cross sections of the damaged
rail during the steady-state at the impact angle of 45 deg. It is
clear that shear craters, platelets, and cracks were formed on the
cross sections produced by different particle velocities and different
particle sizes. Shear craters were adjacent to each other along the
rail specimen surface and their shapes were quite similar. It is
evident that the material near the specimen surface, especially at
the bottom of the shear craters, exhibited plastic flow, where the
pearlite interlamellar spacing was much smaller than that of the
matrix material. Platelets had significant differences in size and
shape, and most of the platelets were generated above the end
(right side) of the shear craters. Cracks mainly occurred at the
bottom of the shear craters, and their orientations were roughly par-
allel to those of the plastic flows. Figures 15(a) and 15(b) show the
subsurface damages caused by R sand with particle velocities of
20 m/s and 34 m/s, respectively. The dimensions of shear craters
and the size of platelets significantly increased with increasing par-
ticle velocity. On the other hand, Figs. 15(c)–15(e) shows the sub-
surface damages due to S sand, M sand, and L sand, respectively,
with a particle velocity of 20 m/s. The dimensions of shear crater
appeared to increase with increasing particle size.
In order to better understand the correlation between shear crater

dimensions and particle velocity, particle size, the dimensions of
shear craters under various conditions were measured as shown in
Fig. 16. Figure 16(a) shows the scheme of length (L) and depth
(H ) of the shear crater at 45-deg impact angle. Figure 16(b)
shows the correlation between the shear crater dimensions and par-
ticle velocity. Both the length (L) and the depth (H ) of the shear
crater increased almost linearly when the particle velocity increased,
whereas the increase rate (i.e., the slope of the curve) of the length
was significantly higher than that of the depth. On the other hand,
Fig. 16(c) shows the correlation between the shear crater dimen-
sions and particle size. The length of the shear crater increased
with increasing particle size. However, the depths of shear crater
caused by S sand and M sand were quite similar, and the depth
caused by L sand was the highest. In addition, both the length
and depth caused by R sand fell in between those caused by M
sand and L sand.
Figure 17 shows that indentation craters, platelets, and cracks can

be observed on the cross sections of damaged rail at the impact
angle of 90 deg as well. Indentation craters had semi-circular arc
shapes, and these craters were covered by platelets with different
sizes and shapes. Figures 17(a) and 17(b) show the subsurface
damage caused by R sand with particle velocities of 20 m/s and
34 m/s, respectively. Both the dimensions of the indentation
craters and the size of the platelets significantly increased with
increasing the particle velocity, which was consistent with the
fact that the sand with higher particle velocity can lead to a
higher erosion rate. Figures 17(c)–17(e) show the subsurface
damages due to S sand, M sand, and L sand, respectively, with a
particle velocity of 20 m/s. There was some difference in the dimen-
sions of indentation crater created by these three types of sand. As
shown in Fig. 18, the dimensions of indentation crater under various
conditions were measured as well. Figure 18(a) shows the scheme
of length (L) and depth (H ) of indentation crater at 90-deg impact
angle. Figure 18(b) shows the correlation between the indentation
crater dimensions and particle velocity. Similarly, both the length
(L) and the depth (H ) of the shear crater increased almost linearly
when the particle velocity increased, whereas the increase rate
(i.e., the slope of the curve) of the length was significantly higher
than that of the depth. On the other hand, Fig. 18(c) shows the cor-
relation between the indentation crater dimensions and particle size.
Both the length and the depth of the indentation crater increased
with increasing particle size, whereas the increase in depth was

Fig. 16 (a) The scheme of the shear crater at 45-deg impact
angle: L—length of shear crater, H—depth of shear crater, (b)
correlation between the shear crater dimensions and particle
velocity at 45-deg impact angle (R sand), and (c) correlation
between the shear crater dimensions and particle size at the
impact angles of 45 deg (particle velocity of 20 m/s)

081703-8 / Vol. 143, AUGUST 2021 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/tribology/article-pdf/143/8/081703/6603284/trib_143_8_081703.pdf by Southw

est Jiaotong U
niversity user on 18 January 2021



relatively slight. In addition, both the length and the depth of the
indentation crater caused by R sand were similar to the one
created by S sand.
To summarize, comparing the subsurface damages during the

steady-state at the impact angles of 45 deg and 90 deg, it can be
concluded that craters, platelets, and cracks were the most signifi-
cant features. Shear craters prevailed at the impact angle of
45 deg, whereas indentation crater predominated at 90 deg. Both
the length and depth of craters increased almost linearly with
increasing particle velocity, whereas the increase rate of the
length was significantly higher than that of the depth. The length
and depth of craters increased with increasing particle size at
90 deg, whereas only the length increased with increasing particle
size at 45 deg.

3.4 Erosion Wear Mechanism. Different erosion mecha-
nisms for ductile materials were proposed to clarify the material
removal processes when solid particles impacted on the material
surfaces. In 1960, Finnie [38] reported that the removal of ductile
materials was caused by the cutting of solid particles. Afterward,
Bitter [32] reported that the wear of materials eroded by solid par-
ticles resulted from cutting action and repeated deformation. Fur-
thermore, these two actions occurred simultaneously. Tilly [39]
found that the erosion mechanism for ductile materials could be
divided into two stages. In the first stage, an indentation was gener-
ated, and probably, a small piece of target material was removed
when a particle struck the material surface. In the second stage,
the secondary damage could be caused by the fragments coming
from the breakup of the particle in the first stage. Bellman and
Levy [37] found that heavily distressed platelets were formed on
the damaged surface of ductile metals due to forging-extrusion
action. These platelets would shed from the surface after having suf-
fered the impacts of the subsequent particles, which resulted in the
removal of the target material at both low and high impact angles.
Later, on the basis of the results observed in the Ref. [37], Levy
[9] proposed the platelet mechanism: in this case, thin platelets
were produced by extrusion and forging, and then, the platelets
shed from the eroded surface subsequently.
Although the erosion wear mechanisms have been well studied,

few studies have focused on the evolution of material microstruc-
ture in the erosion process. Therefore, in this work, both the rail
microstructure evolution in the erosion process and the erosion
wear mechanism would be discussed. Combining the analysis of
surface damages (Figs. 10 and 13), subsurface damages (Fig. 15),

Fig. 17 SEM photographs of the damaged cross sections during the steady-state with different
sand particle sizes and particle velocities at 90-deg impact angle: (a) R sand, 20 m/s, (b) R sand,
34 m/s, (c) S sand, 20 m/s, (d ) M sand, 20 m/s, and (e) L sand, 20 m/s

Fig. 18 (a) The scheme of the shear crater at 90-deg impact
angle: L—length of the shear crater, H—depth of shear crater,
(b) correlation between the shear crater dimensions and particle
velocity at 90 deg impact angle (R sand), and (c) correlation
between the shear crater dimensions and particle size at the
impact angles of 90 deg (particle velocity of 20 m/s)
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and the platelet mechanism described in Ref. [9], a schematic
diagram of the microstructure evolution and the material removal
process for the considered rail steel at low impact angles was pro-
posed in Fig. 19(a). The term fresh surface is referred to as the
surface of the specimen that has not been eroded yet [37]. As
shown in the first stage, the pearlite of the lips was elongated and
bent along the erosion direction, and the interlamellar spacing of
pearlite was significantly shortened. It led to the formation of
some shear craters and lips on the specimen surface. In addition,
a small amount of material was removed from the specimen
surface. After the impacts of subsequent sand particles, as shown
in the second stage, the pearlite of the lips was further elongated
and its interlamellar was further shortened, which caused the lip
to gradually deform and develop into a platelet. As the platelet con-
tinued to be impacted by sand particles, it covered the end of the
shear crater resulting in the formation of a crack, as shown in the
third stage. The formation mechanism of the crack is different
from that of the general crack which is developed from the
defects of material. The platelets became distressed, and the pearlite
almost reached its critical strain hardening [40,35]. After a certain
number of subsequent impacts, the pearlite of the crack tip was frac-
tured, and then, the platelet was shed off from the damaged surface,
as shown in the fourth stage.
Whereas the microstructure evolution in the material removal

process at high impact angles was different from that at low
impact angles. Based on the analysis of surface damages (Figs.
11 and 14), subsurface damages (Fig. 17), and the low-cycle
fatigue mechanism described in Refs. [3,6], a schematic diagram
of the microstructure evolution and the material removal process
at the high impact angle was proposed in Fig. 19(b). In the first
stage, the pearlite around the bottom of the indentation crater was

compressed into a spring shape, and some indentation craters
were formed on the surface. As the number of impacts increased,
fatigue cracks were generated because the pearlite was repeatedly
compressed further and partially reached its critical strain harden-
ing, as shown in the second stage. Subsequently, in the third
stage, the fatigue cracks gradually propagated, resulting in the for-
mation of platelets. Finally, the cracks coalesced and then the plate-
lets shed off from the damaged surface of the rail in the fourth stage.
Overall, it can be concluded that the platelet mechanism was the

main reason for material removal for the heat-treated U75V rail
steel suffering sand erosion, although the microstructure evolution
and the formation mechanism of the platelets at low impact
angles were different from those at high impact angles.

4 Conclusions and Future Work
Through studying the sand erosion behaviors of heat-treated

U75V rail steel at different impact angles, different particle veloci-
ties and different particle sizes, the following conclusions were
drawn:

(1) The impact angle, particle velocity, and particle size signifi-
cantly affected the erosion rate of the rail steel. With the
impact angle increased, the erosion rate increased between
15 deg and 45 deg first, and then declined between 45 deg
and 75 deg, afterwards, increased between 75 deg and
90 deg. The highest erosion rate occurred at 45 deg. The
erosion rate increased with increasing particle velocity
according to a power function with the velocity exponent
of about 2. The erosion rate declined with increasing particle
size.

(2) In the initial stage of sand erosion, three types of craters
(shear crater, indentation crater and ploughing crater) were
the main surface damage features. The shear crater predom-
inated at the impact angle of 45 deg while the indentation
crater predominated at 90 deg. The size of the crater
increased with increasing particle size.

(3) In the steady-state of sand erosion, the surface damage con-
sisted mainly of craters with different sizes and various plate-
lets. The most significant features of subsurface damage were
crater, platelet, and crack. As the particle velocity increased,
both the depth of the crater and the size of the platelet
increased significantly. The depth of the crater increases
with increasing particle size at 45 deg, while the increase is
not obvious at 90 deg.

(4) Although the microstructure evolution and the formation
mechanism of the platelets at low impact angles were differ-
ent from those at high impact angles, the platelet mechanism
was the predominant mechanism for the material removal of
heat-treated U75V rail steel suffering sand erosion.

In this work, the erosion behavior of the rail steel in the wind-
blown sand environment was been investigated. The rolling
contact fatigue behaviors of the wheel and rail steels under the
rolling-sliding contact in the windblown sand environment will be
investigated in the future.
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