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Abstract: When a railway vehicle moves on a curved rail, sliding contact between the rail head side
and wheel flange causes wear on the wheel flange. Traditionally, a wheel with thinned flange is
machined to get a minimum flange thickness specified for structural safety. This operation reduces
the rim thickness and shortens the life of the wheel. In the present study, the thinned flanges were
hard-faced by submerged arc welding. A welding wire, which has good weldability to the base
material of the wheel and does not generate thermal cracking, was developed. The effects of welding
polarity on the microstructure, hardness, friction coefficient, and wear characteristics of the welded
wheel were studied. The hardness of the wheel welded with reverse polarity was similar to that of
welded with straight polarity. The wear rates of the wheel disc welded with reverse polarity and its
counterpart rail disc were 11% and 27% lower than those welded with straight polarity. Delamination
wear due to subsurface crack propagation and oxidation wear were mixed. The hardness of the rail
before the wear test was in the range of 250–300 HV. After the wear test, it soared to 500 HV.

Keywords: submerged arc welding; railway wheel; rolling contact fatigue; welding polarity;
friction; wear

1. Introduction

Hardfacing has been widely used in industry to extend the lifetime of worn-out
parts and to protect the wear of machine parts such as chisel plowshare [1], valve seat
ring [2], pipeline valves [3], excavator teeth [4,5], turbine blades [6,7], casting roller [8],
coal crusher [9], crane wheels [10,11], railway wheels [12,13], etc. Overlay welding and
laser cladding are useful for hardfacing. Laser cladding uses a high-power laser as a heat
source to melt and attach metal powder to a base metal. Laser cladding has been applied to
improve the hardness of metal surfaces [14,15], corrosion resistance [16–18], and abrasion
resistance [19,20]. Additive manufacturing by laser cladding has the advantages of robust
bonding with the matrix, small heat-affected zone, and fine microstructures. However, it
has not yet been utilized for parts such as railroad wheels subjected to high contact stress
of more than 1000 MPa and toughness of about 100 MPa.

Overlay welding includes plasma transfer arc welding, gas metal arc welding (SMAW),
laser beam welding, and submerged arc welding (SAW) [21]. Zahiri [22] hard-faced
ferroalloy powder mixtures to mild steel by submerged arc welding. He claimed that the Ni
and Si components improve the toughness of the weldment and suppress crack formation
in the joint with the base metal. Öteyaka and Arslan [23] hard-faced AISI 1030, 1040, and
1050 steel surfaces with plasma transfer arc and shielded metal arc welding to improve
wear and corrosion resistance. SiC+B4C coating by plasma transfer arc welding gave the
materials a good corrosion resistance. Günther et al. [24] performed FeCrC hardfacing with
gas metal arc welding to improve the wear resistance of materials for mining and drilling.
They presented a method to independently control the dilution and microstructure using
a hot wire in addition to the welding electrode and showed that this method improves
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the wear resistance compared to single-layer GMAW. Existing studies on steel wheel
hardfacing of tracked vehicles closely related to this study are as follows. Malinov et al. [10]
reconditioned worn crane wheels by welding and obtained weld metal containing austenite
reinforced with carbide. The weld metal showed a self-quenching effect by martensitic
transformation under service loading. Anan’ev et al. [11] investigated the effect of welding
wire on microstructures and the wear resistance of hard-faced crane wheels.

Figure 1 shows the wheel of a train with a worn flange. Figure 2 shows schematically
overlay welding of the worn flange and reprofiling of the wheel with flange wear of 10 mm
and tread wear of 9 mm. The minimum flange thickness satisfying the wheel management
regulations is about 22 mm. The machining depth of the wheel tread required to secure the
minimum flange thickness on the worn wheel is 25 mm. If the worn flange got welded as
shown in Figure 2, the depth of tread machining required to restore the flange shape is 1 mm.
Therefore, the saved wheel radius due to welding is 24 mm, which can extend the life of the
wheel a lot. The production of one wheel weighing 150 kg emits about 1.75 tons of carbon
dioxide; and it is estimated that there are more than 10 million wheels on railroad cars
worldwide. Therefore, extending the life of the wheel can greatly contribute to reducing
carbon dioxide emissions. Two basic material requirements for railway wheels and rails
are wear resistance and rolling contact fatigue resistance. In general, these properties
are incompatible with each other. Conventionally railway wheels and rails are made of
ferritic-pearlitic alloys. Although they have many merits like low cost, wear resistance,
good weldability, easy production, etc., improving further their mechanical strength and
rolling contact fatigue resistance is difficult. One alternative is bainitic steel, which is
known to have higher mechanical strength and fracture toughness than ferritic-pearlitic
steel. Gianni et al. [25] presented a bainitic railway wheel for heavy-haul freight cars and
demonstrated by field tests in a service track that it had a better rolling contact and thermal
fatigue resistance than an AAR Class C wheel with ferritic–pearlitic microstructures.

Metals 2022, 12, 1381 2 of 17 
 

 

method improves the wear resistance compared to single-layer GMAW. Existing studies 
on steel wheel hardfacing of tracked vehicles closely related to this study are as follows. 
Malinov et al. [10] reconditioned worn crane wheels by welding and obtained weld metal 
containing austenite reinforced with carbide. The weld metal showed a self-quenching 
effect by martensitic transformation under service loading. Anan’ev et al. [11] investigated 
the effect of welding wire on microstructures and the wear resistance of hard-faced crane 
wheels. 

Figure 1 shows the wheel of a train with a worn flange. Figure 2 shows schematically 
overlay welding of the worn flange and reprofiling of the wheel with flange wear of 10 
mm and tread wear of 9 mm. The minimum flange thickness satisfying the wheel man-
agement regulations is about 22 mm. The machining depth of the wheel tread required to 
secure the minimum flange thickness on the worn wheel is 25 mm. If the worn flange got 
welded as shown in Figure 2, the depth of tread machining required to restore the flange 
shape is 1 mm. Therefore, the saved wheel radius due to welding is 24 mm, which can 
extend the life of the wheel a lot. The production of one wheel weighing 150 kg emits 
about 1.75 tons of carbon dioxide; and it is estimated that there are more than 10 million 
wheels on railroad cars worldwide. Therefore, extending the life of the wheel can greatly 
contribute to reducing carbon dioxide emissions. Two basic material requirements for rail-
way wheels and rails are wear resistance and rolling contact fatigue resistance. In general, 
these properties are incompatible with each other. Conventionally railway wheels and 
rails are made of ferritic-pearlitic alloys. Although they have many merits like low cost, 
wear resistance, good weldability, easy production, etc., improving further their mechan-
ical strength and rolling contact fatigue resistance is difficult. One alternative is bainitic 
steel, which is known to have higher mechanical strength and fracture toughness than 
ferritic-pearlitic steel. Gianni et al. [25] presented a bainitic railway wheel for heavy-haul 
freight cars and demonstrated by field tests in a service track that it had a better rolling 
contact and thermal fatigue resistance than an AAR Class C wheel with ferritic–pearlitic 
microstructures. 

 
Figure 1. Wheel with worn flange. Figure 1. Wheel with worn flange.

There has been considerable research on wheel flange hard facing in Ukraine, and
hard-faced wheels are in service to commercial trains. Gajvoronsky et al. [12] hard-faced
a wheel with a composition of 0.625 wt. % C; 0.73 Mn; 0.31 Si; 0.11 V by submerged arc
welding. They investigated the influence of post-weld cooling rate on the microstructures
and mechanical properties. When the cooling rate changed from 33 ◦C/s to 11.1 ◦C/s,
martensitic content in the heat-affected zone decreased; the volume fraction of the ferrite-
pearlite component increased, the bainite content got stabilized. Markashova et al. [13]
studied the effect of welding wire composition on microstructure and mechanical properties.
A welding wire with C 0.12 wt. %, Mn 1.0, Si 0.35, Cr 0.67, Ni 0.8, V 0.1, and Mo 0.4
produced a weld metal composed of bainitic and martensitic phases. The weld metal
showed a relatively higher yield strength and fracture toughness. Goo et al. [26] developed
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a new process and welding wire for restoring worn-out railway wheels by submerged arc
welding and carried out wear tests using a full-scale disc–disc rolling tester. According to
their results, the wear depth of the weld-repaired wheel with bainitic microstructure was
much greater than the wear depth of the commercial wheel; but it was less than half of the
wear depth of the weld-repaired wheel with ferritic–pearlitic microstructures.

Metals 2022, 12, 1381 3 of 17 
 

 

 
Figure 2. Overlay welding and reprofiling of worn wheel. 

There has been considerable research on wheel flange hard facing in Ukraine, and 
hard-faced wheels are in service to commercial trains. Gajvoronsky et al. [12] hard-faced 
a wheel with a composition of 0.625 wt. % C; 0.73 Mn; 0.31 Si; 0.11 V by submerged arc 
welding. They investigated the influence of post-weld cooling rate on the microstructures 
and mechanical properties. When the cooling rate changed from 33 °C/s to 11.1 °C/s, mar-
tensitic content in the heat-affected zone decreased; the volume fraction of the ferrite-
pearlite component increased, the bainite content got stabilized. Markashova et al. [13] 
studied the effect of welding wire composition on microstructure and mechanical prop-
erties. A welding wire with C 0.12 wt. %, Mn 1.0, Si 0.35, Cr 0.67, Ni 0.8, V 0.1, and Mo 0.4 
produced a weld metal composed of bainitic and martensitic phases. The weld metal 
showed a relatively higher yield strength and fracture toughness. Goo et al. [26] devel-
oped a new process and welding wire for restoring worn-out railway wheels by sub-
merged arc welding and carried out wear tests using a full-scale disc–disc rolling tester. 
According to their results, the wear depth of the weld-repaired wheel with bainitic micro-
structure was much greater than the wear depth of the commercial wheel; but it was less 
than half of the wear depth of the weld-repaired wheel with ferritic–pearlitic microstruc-
tures. 

Recently, the study of welding polarity on the mechanical and metallurgical proper-
ties of the weld has attracted attention. Aloraier et al. [27] investigated the effect of chang-
ing the welding polarity when repairing low carbon steel AISI 1020 with shielded metal 
arc welding (SMAW). They argued that if the first layer got welded with straight polarity 
and the second layer with reverse polarity, the second weld with more heat input had the 
effect of tempering the first layer. Zhang et al. [28] studied the effects of electrode polarity 
on the droplet transfer mode in self-shielded flux-cored arc welding using a high-speed 
camera. They welded mild steel (Q235) plates. According to their experimental results, 
the electrode polarity had a more significant effect on droplet size and generation fre-
quency than arc current and voltage. In the light of arc stability and spatter, reverse po-
larity welding showed superior characteristics to straight welding. Zhao and Chung [29] 
simulated droplet transfer behavior in alternating current gas metal arc welding 
(GMAW). They showed that the droplet size during AC-GMAW welding was larger than 
that of DC-GMAW welding, and the temperature at the moment of falling off the electrode 
was lower. 

In the present study, the main focus was on welding rods that are useful for hardfac-
ing worn wheels without generating cracks, and the effect of direct current polarity on the 
mechanical properties, microstructures, fatigue properties, wear properties, and friction 
of the submerged arc welded wheels. Test specimens were machined using the wheel 
welded with straight and reverse polarity; and metallurgical and mechanical properties 
were evaluated by testing. 

Figure 2. Overlay welding and reprofiling of worn wheel.

Recently, the study of welding polarity on the mechanical and metallurgical properties
of the weld has attracted attention. Aloraier et al. [27] investigated the effect of changing
the welding polarity when repairing low carbon steel AISI 1020 with shielded metal arc
welding (SMAW). They argued that if the first layer got welded with straight polarity and
the second layer with reverse polarity, the second weld with more heat input had the effect
of tempering the first layer. Zhang et al. [28] studied the effects of electrode polarity on the
droplet transfer mode in self-shielded flux-cored arc welding using a high-speed camera.
They welded mild steel (Q235) plates. According to their experimental results, the electrode
polarity had a more significant effect on droplet size and generation frequency than arc
current and voltage. In the light of arc stability and spatter, reverse polarity welding showed
superior characteristics to straight welding. Zhao and Chung [29] simulated droplet transfer
behavior in alternating current gas metal arc welding (GMAW). They showed that the
droplet size during AC-GMAW welding was larger than that of DC-GMAW welding, and
the temperature at the moment of falling off the electrode was lower.

In the present study, the main focus was on welding rods that are useful for hardfacing
worn wheels without generating cracks, and the effect of direct current polarity on the
mechanical properties, microstructures, fatigue properties, wear properties, and friction
of the submerged arc welded wheels. Test specimens were machined using the wheel
welded with straight and reverse polarity; and metallurgical and mechanical properties
were evaluated by testing.

2. Materials and Methods
2.1. Materials and Welding

After preheating the wheel to 150 ◦C, the wheel tread surface was welded to a thickness
of about 20 mm. Figure 3 shows the welding of a worn wheel. Post-weld heat treatment was
performed at 300 ◦C. Specimens were produced from the welded wheel. The magnitude
of current and voltage is closely related to the width and height of the bead, spatter,
and welding quality. After several trials, the welding parameters were set. The welding
voltage was 30 V; The welding current was 380 A; the rotation speed of the wheel was
365 (mm/min); the wire feeding speed was 7 cm/min. A welding wire of Φ2.0 mm was
applied. Since the contact surface of the wheel and rail is under high contact pressure and
deformation, it is necessary to develop a welding rod that can secure the wear resistance and
toughness of the weld metal. A welding wire containing Cr, Ni, and Mn was developed.
Cr forms carbides to improve wear resistance. Mn refines pearlite, improves abrasion
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resistance, and inhibits the formation of micropores. Ni is an efficient component for
improving low-temperature toughness and ductility. The chemical compositions of the
wheel and welding wire were analyzed using optical emission spectroscopy (Model: QSN
750-II, OBLF GMBH, Witten, Germany), and the chemical composition of the rail is from
the Korean standard (Table 1).
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Table 1. Chemical compositions of the wheel, welding wire and rail.

Material C Si Mn Ni Cr Al Ti V Fe

Wheel 0.66 0.25 0.72 0.02 0.08 0.006 0.012 0.001 Bal.
Welding wire 0.16–0.20 1.37–1.76 2.0–2.35 0.41–0.62 0.82–1.23 0.03–0.04 0.04–0.06 0.04–0.06 Bal.

Rail 0.63–0.75 0.15–0.30 0.70–1.10 - - - - - Bal.

2.2. Hardness and Microstructures

Specimens were extracted from wheels welded with straight polarity (electrode neg-
ative) and reverse polarity (electrode positive). Vickers micro hardness was measured
according to KS B 0811 at 0.5 mm intervals using a durometer (Wilson VH3300, Buehler,
Lake Bluff, IL, USA). The microstructure was analyzed using a scanning electron micro-
scope (SEM-IT500, JEOL, Tokyo, Japan). Etching of the specimen was carried out according
to ASTM E407-07e1.

2.3. Rolling Contact Friction and Wear Test

Similar to hardness specimens, test specimens were taken from the welded wheel as
shown in Figure 3. Both discs have the same shape and dimensions (Figure 4a). With a
metal saw, the wheel and rail were machined to a bit larger size than the drawing size of
the specimen and then processed into a specimen shape with a machine tool and finally,
polished. The contact surface roughness measured in the axial direction after fabrication
was about 0.64 for the wheel disc and 0.32 in the case of the rail disc on the Ra scale. The
difference in the surface roughness of the two specimens was due to different manufacturing
processes. Figure 4 shows the disc shape and the sampling locations of the specimens. The
three types of wheel specimens were obtained from the positions marked in Figure 4b. The
rail disc, the counterpart of the wheel disc, was machined from a commercial rail head as
shown Figure 4c. The side faces of the rail disc were parallel to the longitudinal direction
of the rail. Figure 5 is a schematic diagram of the disc/disc type rolling contact wear tester.
The friction coefficient was obtained from the torque and force that were measured by a
torque transducer and a load cell, respectively. The wear test was conducted at a Hertzian
contact pressure of 1100 MPa and a slip ratio of 1 %. The contacting discs were cooled by
blowing natural air. After 100,000 rotations at an average rotation speed of 500 rpm, the
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disc weight was measured with a precision scale. The maximum Hertzian contact pressure,
P0 is obtained from Equation (1) [30]:

P0 =

(
PE

πBR

)1/2
(1)

where P is the normal force; B is the disc thickness; E is the elastic constant; R is the
equivalent radius of the two discs. R is defined as

1
R

=
1

Rr
+

1
Rw

(2)
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The slip rate was calculated by dividing the difference between the relative speeds of
the two rolling discs by the average speed as in Equation (3).

Slip rate (%) =
200(Rrwr − Rwww)

(Rrwr + Rwww)
(3)

where R is the radius of the disc; w is the angular velocity of the disc. The subscripts r and
w denote the rail and the wheel, respectively.
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3. Results and Discussion
3.1. Hardness and Microstructures

Figure 6 shows the microhardness distribution of wheels welded with reverse and
straight polarity with a load of 9.81 N. The average hardness of the weld metal welded with
reverse polarity; 359 HV was slightly higher than in the case of the positive polarity, 356 HV.
The maximum hardness in the HAZ was 386 and 396 HV, respectively. This trend was
also in the experiments obtained by Aloraier et al. [31] on AISI 1020 mild carbon steel. The
hardness of the weld metal welded with reverse polarity was slightly higher than that with
straight polarity. In reverse polarity, the electrons go from the specimen to the electrode,
and positive ions of the shielding gas flow toward the specimen, which is the anode, and
hit the surface of the specimen to clean oxide films on the surface. About 70% of the arc
heat goes to the electrode, and 30% of the heat goes to the specimen. In straight polarity,
the opposite is the case [31]. The weld bead width welded with straight polarity was wider
than that with reverse polarity. The HAZ size with straight polarity was larger. In straight
polarity welding, more heat enters the specimen, so the temperature of the fusion zone is
higher, and the cooling rate is slower. As a result, the grains grow larger, and the hardness
is lower than in the case of reverse polarity. Figures 7 and 8 show microstructures of the
specimens welded with reverse polarity and with straight polarity, respectively. The base
material and HAZ were composed of ferritic and pearlitic microstructures similar to those
of a general low alloy steel wheel [32]. Acicular ferrite with a relatively soft texture existed
at the boundary of the pearlitic grains. In the case of straight polarity welding, more ferrite
was in the HAZ. Widmanstätten ferrite (ferrite grown from the grain boundaries) was in
the HAZ. Comparing the microstructure of the HAZ in Figure 7b or Figure 8a, the grain
size of the HAZ welded with straight polarity with more heat input was larger. Weld metal
appeared to be composed of martensite, bainite, and pearlite. Similar microstructures were
observed in general carbon steel weld metals [33].
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3.2. Rolling Contact Friction and Wear Test

Figure 9 shows the wear rates and friction coefficients for specimens taken from
wheels welded with reverse polarity and straight polarity. The wear rate was defined as
the amount of wear divided by the rolling distance and the Hertzian contact area. The
friction coefficient decreased in the order of straight polarity welded wheel, reverse polarity
welded wheel, HAZ wheel, and base metal wheel. The effect of welding polarity on the
coefficient of friction was negligible. The average values of the coefficient of friction for
the entire mileage were 0.424, 0.419, 0.378, and 0.371, respectively. The straight polarity
welded specimen and the reverse polarity welded specimen had almost constant friction
coefficients, whereas the friction coefficients of the HAZ specimen and the base metal
specimen gradually decreased with the running distance. One characteristic was that the
wear rate of the weld metal disc welded with straight polarity was less than the wear rate
of its counterpart, the rail disc. To find out the cause, the microhardness was measured at
0.5 mm intervals along the radius from the contact surface after the wear test. Figure 10a
shows the hardness distribution of the weld metal disc, HAZ disc, and its counterpart rail
disc welded with reverse polarity. Figure 10b shows the hardness distribution of a weld
metal disc welded with straight polarity and its counterpart, a rail disc. The hardness values
of the wheel disc and the rail disc depended on the sampling locations of the specimens.
The hardness value of the rail disc before the test was 250–300 HV, which was lower than
that of the weld metal (350–400 HV). After the wear test, the hardness of the rail disc near
the contact surface was higher than that of the weld metal disc. As shown in Figure 10a,
the weld metal disc and the rail disc showed almost the same hardness near the surface.
The hardness value of the counterpart rail disc of the weld metal disc welded with straight
polarity increased up to 500 HV (Figure 10b). Work-hardening of the rail disc by large
plastic deformation induced a significant increase in hardness. On the other hand, in the
case of the welded metal wheel disc, the hardness increased by 30–40 HV near the surface.
The increment is small compared to the increment in the rail disc or HAZ disc. It means
that the plastic deformation at which cracks occur is not severe in the case of weld metal
discs. It is reported in [13] that plastic deformation of the wheel surface layer increases the
strength by 170–230 % and decreases the fracture toughness by 50%.
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Figure 11 are photographs of the surfaces of the rail and wheel specimens after the
wear test. Spalling and cracks were observed in the rail specimen, which had relatively
lower hardness compared to the wheel. The surface of the rail specimen in contact with
the base wheel had the least damage. No cracks or flaking marks were observed on the
surface of the base wheel specimen. It is reported that the main mechanism of this kind
of wear is oxidation [34]. The left side of the HAZ specimen was subjected to high heat
during welding and the microstructure was changed, so the damage was more severe



Metals 2022, 12, 1381 11 of 17

than the right side, which had the same structure as the base material. The surface of the
wheel specimen welded with straight polarity and reverse polarity suffered severe spalling,
adhesive wear and delamination. The degree of damage of the two specimens was similar.
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Figure 12 shows optical micrographs of the contact area of the specimens welded with
reverse polarity observed from the side. Overall, the test specimens underwent severe
shear deformation and cracks grew from the surface, tilted slightly with the surface, and
propagated inward to form fractured fragments. Such deformation behavior and wear
patterns appeared in the literature [34]. Figure 12a shows the deformation behavior of
the base wheel specimen. The white part was pearlite, and the brown part was ferrite.
The microstructure near the surface was subjected to severe shear deformation in the left
direction due to repeated shear stress, and cracks occurred on the surface and propagated
parallel to the surface to a depth of about 7 µm. The crack propagated along the direction
opposite to the slip force acting on the contact surface. The deformation behavior similar
to that of the parent wheel specimen occurred in the HAZ wheel specimen (Figure 12b);
and cracks were observed along the plastic slip band boundary under the surface. In
the weld metal wheel specimen shown in Figure 12c, the cracks generated on the surface
developed at a larger angle from the surface and produced larger wear particles. This
fact was consistent with the phenomenon in Figure 11 that the wear surface of the weld
metal specimen was rougher than that of the parent and HAZ specimens. The deformation
behavior of the rail specimen was also similar to that of the wheel specimen. Figure 12d
shows the deformation behavior of the rail specimen, which was the counterpart of the
parent wheel specimen. The surface layer underwent severe shear deformation, and cracks
occurred on the surface and progressed along the shear deformation boundary. In the
HAZ rail specimen, the inclination angle of the crack propagation was greater (Figure 12e).
Several surface cracks were in the test specimen of the counter material of the weld metal
wheel (Figure 12f), and the wear surface was rough due to the larger delaminated particles.
In addition, several microcracks existed in the subsurface, so the amount of wear was
expected to be great. This result was consistent with Figure 9 showing the amount of wear.



Metals 2022, 12, 1381 13 of 17

Figure 13 shows optical micrographs of the contact area of the specimens welded with
straight polarity observed from the side. The plastic deformation of the subsurface layer
of the rail disc was very severe, and the cracks generated at a depth of 60 µm developed
almost parallel to the contact surface. The plastic deformation of the subsurface layer of the
rail disc was very severe, and the cracks generated at a depth of 60 µm developed almost
parallel to the contact surface. It is inferred that the delamination due to crack propagation
that occurred deep under the contact surface could be the cause why the wear rate of the
rail disc was greater than that of the weld metal, which was the counterpart material.
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4. Conclusions

The hardfacing of worn railroad car wheels by sub-merged arc welding is a subject
of great interest. In this study, the effects of straight and reverse polarity welding on
the hardness, microstructure, friction, and wear characteristics of the welded wheel were
experimentally studied. There were no welding defects or cracks when the wheels were
hard-faced with the welding wire and welding procedure presented in this research. The
hardness of the weld metal welded with reverse polarity was 3 HV greater than that of
welded with straight polarity. The difference was negligible. More ferrite was observed
in the HAZ in the case of straight polarity welding. In the twin disc wear test using a
commercial rail as a counterpart, the friction coefficients of straight polarity weld metal
and reverse polarity weld metal were similar. The wear rates of the wheel disc welded
with reverse polarity and its counterpart rail disc were 11% and 27% lower than those
welded with straight polarity, respectively. The hardness of the rail before the wear test
was in the range of 250–300 HV. After the wear test, it soared to 500 HV. In the case of the
weld metal disc, the surface hardness did not change significantly. In the wear test of the
base wheel and rail specimens, delamination wear due to subsurface crack propagation
and oxidation wear were mixed. In the case of HAZ and weld metal, delamination by
surface crack propagation was considered the principal wear mechanism. Since the wheel
of a railroad car must satisfy the fracture toughness and Charpy impact absorption energy
standards, further research on these needs to be carried out in the future.
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