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Abstract

High manganese steel can improve its microstructure after aging treatment, which is
beneficial for enhancing strength, toughness, and wear resistance. This study aims to
explore the effect of aging treatment on mechanical properties and wear resistance of high
manganese steel (containing 25% Mn, called Mn25 steel) by designing different aging
temperatures (450 ◦C, 500 ◦C, and 550 ◦C) with the same aging time (1 h). The results
indicated that with the increase in aging treatment temperature, the surface hardness of
Mn25 steel first increased and then decreased, but was still higher than that of untreated
Mn25 steel. In addition, the impact toughness of steel decreased first and then increased
with the increase in aging temperature, with the optimal hardness and impact toughness
exhibited at 550 ◦C. The impact abrasive wear test results showed that the weight loss
of Mn25 steel decreased with the increase in aging treatment temperature. After aging
treatment at 550 ◦C, the weight loss is the lowest, which shows the optimal wear resistance
performance. Under a high-impact load of 5.0 J, the hardness increased by nearly 49.96%
after impact abrasive wear, and the effective hardening layer of the steel was the thickest,
about 3800 µm. This is mainly related to the best match between the hardness and impact
toughness of high manganese steel after aging treatment. The wear morphology is often
caused by various wear mechanisms working together to cause the wear loss of Mn25
steel during the impact wear process. The wear morphologies of the Mn25 steel were
mainly characterized by press-in particles, furrow, spalling, and strain fatigue. Through
experimental analysis, a suitable aging treatment process has been determined, providing
a theoretical basis for the practical application of high manganese steel.

Keywords: high manganese steel; aging treatment; aging temperature; mechanical proper-
ties; impact abrasive wear

1. Introduction
High manganese steel is widely used in mining machinery, railway turnouts, and other

working conditions under high-impact load because of its excellent work-hardening ability
and impact wear resistance [1–3]. However, in the process of dynamic wear, the material
surface is prone to fatigue spalling due to repeated impact, which leads to a reduction in
service life. For this reason, researchers have employed diverse strategies to optimize the
mechanical properties and wear resistance of high-manganese steel, including microalloying
or re-alloying [4–7], pre-hardening treatments [8–11], and heat treatment [12–18].
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Wang et al. [11] studied the effects of surface impact parameters on the performance of
pre-hardened high-manganese steel samples. The results revealed that impact hardening
increased the hardness of the top surface within a certain depth. In addition, the tested steel
exhibited good wear resistance after surface impact hardening. However, excess impact
induced microcracking along the top surface, resulting in deteriorated wear resistance.
Lee at al. [14] found that when the aging temperature is 550 ◦C, the Vickers hardness of
high-manganese steel increased with the aging time. Feng et al. [15] also found that after
aging at 550 ◦C, the hardness exhibited a continuous increase with the aging time and,
finally, stabilized around 480 HB. Shin J H et al. [16] found that k-carbide precipitated
within grain and on grain boundary during aging heat-treatment improved yield strength
and ultimate tensile strength, and reduced percentage elongation to fracture; for the aging
specimen, the fractography showed that the fracture type changed from intergranular frac-
ture with slip band and dimples to trans-granular fracture with dimples as test temperature
increased. Shan et al. [17] found that the volume fraction of precipitates increased with
aging treatment temperature. In addition, when the aging temperatures are higher than
450 ◦C, Young’s modulus and nano-hardness of the high-manganese steel are significantly
enhanced, and the overall Vickers hardness is also improved, which is mostly related
to the precipitation strengthening of precipitates. Ren J et al. [18] found that when the
aging temperature is at 800 ◦C, there is a pronounced increment of 100 MPa in both yield
and tensile strengths. Although previous studies have extensively investigated the use of
aging treatment processes to enhance the mechanical properties and wear resistance of
high-manganese steel, the effects of the aging treatment were different for different alloy
systems of high-manganese steels. Additionally, there are few reports on the impact wear
behavior of cast high-manganese steel with a high manganese content of 25%.

In this study, the effects of aging treatment temperature on mechanical properties,
and impact abrasive wear property of high-manganese steel (called Mn25 steel) were
systematically investigated, providing a theoretical basis for optimizing the heat treatment
process parameters of high-manganese steel and offering new insights into improving the
performance of novel high-manganese austenitic steels.

2. Experimental
The Mn25 steel was melted by a laboratory vacuum high-frequency induction furnace

in this work, and the actual chemical compositions were measured by direct-reading
spectrometer (QSN750, OBLF Co., Ltd., Witten, Germany) and cast into test pieces. The
chemical compositions of the sample studied are given in Table 1.

Table 1. The chemical compositions of the investigated high-manganese steel.

Elements C Si Mn Cr Ni Cu Mo P S Al Fe

Weight (wt%) 0.35 0.15 24.98 3.58 0.014 0.48 0.0079 0.007 0.0083 0.009 Balance

The test sample was prepared via the wire cutting mechanism. Specimens with
dimensions of 150 mm × 22 mm × 40 mm were solution-treated at 1050 ◦C for 0.5 h and
then water-quenched. After solution treatment, the specimens were aged at 450 ◦C, 500 ◦C,
and 550 ◦C for 1 h, respectively. The processing diagram of the aging treatment of the
specimens is as shown in Figure 1.
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Figure 1. Processing diagram of the aging treatment of the specimens.

Surface hardness of the steel before and after the impact wear test were tested by
a micro-Vickers hardness machine (HV-1000, Jinan Liling Testing Machine Co., Ltd., Ji-
nan, China). Each sample was randomly selected to measure the hardness at 5 points,
and the average value was taken as the final hardness value. Charpy impact tests were
carried out in accordance with the GB/T 229-2020 standard [19]. All test samples were
10 mm × 10 mm × 55 mm and were taken from the center area of the original steel sam-
ple, and the test temperature was 25 ± 0.5 ◦C. To ensure the accuracy of the test results,
each group of tests was repeated at least 3 times, and the results were average. Scanning
electron microscope (SEM, ZEISS Sigma 560, Oberkochen, Germany) was used to observe
morphologies of impact fracture surface.

After the 15 mm × 15 mm × 10 mm samples were washed with deionized water and
anhydrous ethanol for 5 min, they were placed in a drying dish for later use. The remaining
surfaces, except for the 15 mm × 15 mm working surface, were sealed with epoxy resin.
Phase identification was performed via X-ray diffraction (XRD, D8 ADVANCE, Karlsruhe,
Germany) with a Cu-Kα target. The scanning rate and range of XRD analysis were 2◦/min
and 20~100◦, respectively.

The impact wear tests were conducted with MLD-10 impact wear testing machine
(Shandong Hongde Industrial Co., Ltd., Jining, China) (as shown in Figure 2a). The impact
wear tests were performed under low-energy impact (2.0 J) and high-energy impact (5.0 J),
respectively. The upper specimens were the investigated steels with dimensions of 10 mm
× 10 mm × 30 mm (as shown in Figure 2b). Pre-grinding of the specimen before the wear
test is 20 min, in order to eliminate the upper and lower specimens of the assembly error
and other factors; after the end of the pre-grinding of the specimen, ultrasonic cleaning →
drying → weighing was performed, marking the mass at this time for M0 (i.e., the official
wear test of the initial mass). The specimen was removed every 20 min, cleaned, dried, and
weighed once, and recorded as Mi (i = 1, 2, 3, 4). The difference between the initial weight
M0 and Mi is considered to be the loss of weight of the specimen during a given wear time.
To characterize the wear mechanism of high manganese steel, scanning electron microscope
(SEM) was used to observe the wear morphology of the impacted abrasive wear specimens.
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Figure 2. The MLD-10 machine: (a) work diagram; and (b) size diagram of impact wear test specimen.

3. Results and Discussion
3.1. Effect of Aging Temperature on Mechanical Properties of High Manganese Steel

The effects of different aging temperatures on the hardness and impact toughness
of Mn25 steel are shown in Figure 3. As can be seen in Figure 3, the surface hardness of
Mn25 steel was improved after aging treatment. When the aging temperature is 400 ◦C,
the surface hardness of Mn25 steel reaches the maximum value (331.16 HV), and then the
surface hardness decreases with the aging temperature increase. And the impact toughness
of Mn25 steel, with the aging temperature, at first sharply decreased and then increased.
When the aging temperature continues to rise, the austenite matrix rises along with the
crystal precipitation carbides, resulting in a reduction in the toughness of the Mn25 steel. At
the aging temperature of 500 ◦C, the impact toughness performance of Mn25 steel reaches
the maximum value, which is 199.68 J. When at the aging temperature of 450 ◦C, the
impact toughness of Mn25 steel value is the smallest (153.92 J). When the aging temperature
is 550 ◦C, the impact toughness and hardness match better. Comprehensive analysis,
the purpose of aging treatment is to eliminate the internal stresses of Mn25 steel; the
precipitation phase is uniformly dispersed precipitation in the matrix, which can improve
the initial hardness of high manganese steel, while the toughness is not reduced [20].
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Figure 3. Hardness and impact toughness of Mn25 steel at different aging temperatures.
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Figure 4 shows that morphologies of the impact fracture surface of Mn25 steel under
different aging temperatures. As can be seen in Figure 4a,b, the surface of the fracture
is rough, which is mainly characterized by irregularly distributed holes and elongated
tear edges. The fracture surface is covered with evenly distributed deep truncated holes
and the edges of the truncated holes are smooth, indicating that the material undergoes
significant plastic deformation during fracture. As can be seen in Figure 4c,d, when the
aging temperature is 450 ◦C, the fracture surface mainly coexists with large-size deep tough
holes and small shallow holes, with significantly uneven distribution. When the aging
temperature is 500 ◦C (Figure 4e,f), the fracture is dominated by a uniformly distributed
deep dimple, indicating its excellent plastic deformation ability and energy absorption
ability. The fracture has no cleavage surface, and the tear edges are round and blunt, which
confirms that the brittle fracture mechanism is effectively suppressed. When the aging
temperature continued to rise to 550 ◦C, there were some cracks and large dimples on
the fracture surface, tiny holes gathered locally, and obvious shear bands on the edges
(Figure 4g,h). Carbide precipitation is present from the matrix to needle carbide, which is
favorable to improve the hardness of high manganese steel, and, at the same time, produce
new heat treatment stress, and induce cracks, resulting in high manganese steel impact
toughness decline [17]. This is consistent with the results of impact tests in this work.

（a）

100μm

（c）

100μm

（g）

100μm

（e）

100μm 10μm

10μm 10μm

10μm

（b） （d）

（f） （h）

Figure 4. Morphologies of the impact fracture surface of Mn25 steel under different aging tempera-
tures. (a,b) as-quenched, (c,d) 450 ◦C, (e,f) 500 ◦C, and (g,h) 550 ◦C.

3.2. Effect of Aging Temperature on X-Ray Diffraction Analysis of High-Manganese Steel

To further study the relationship between the composition of precipitates and their
mechanical properties of high manganese steel after aging treatment, X-ray diffraction
analysis was carried out on Mn25 steel after treatment at different aging temperatures, and
the results are shown in Figure 5. The post-water-quenching treatment of the organization
of Mn25 steel for austenite can be seen in Figure 5. When at the aging temperature of
450 ◦C, the matrix organization of Mn25 steel is still austenite, and at the same time the
carbide (Mn, Fe)3C diffraction peak appeared, indicating the austenite precipitation of (Mn,
Fe)3C carbides at this time. Subsequently, at the aging temperature of 500 ◦C, (Mn, Fe)3C
carbide diffraction peaks gradually become weaker. When at the aging temperature of
550 ◦C, (Mn, Fe)3C carbide diffraction peaks gradually become stronger.
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Figure 5. X-ray diffraction patterns of Mn25 aged at different aging temperatures.

3.3. Effect of Aging Temperature on Wear Characteristics and Work Hardening of High
Manganese Steel

Figure 6 shows that the wear weight loss of Mn25 steel under different impact wear
conditions. As shown in Figure 6a, in the low impact load (2.0 J) wear conditions, with
the increase in aging temperature, wear loss of Mn25 steel was a decreasing trend. In
addition, the wear loss of Mn25 steel at the aging temperature of 550 ◦C was significantly
lower than the wear loss of Mn25 steel at an aging temperature of 450 ◦C and 500 ◦C; the
abrasion resistance of Mn25 steel was the best. It can be seen in Figure 6b that when the
wear conditions are in the high-impact load (5.0 J), the wear weight loss of Mn25 steel
gradually decreases with the increase in aging temperature; while at aging temperatures
of 450 ◦C and 500 ◦C, the wear weight loss of Mn25 steel is almost the same. When the
aging temperature reaches up to 550 ◦C, a good combination of toughness and hardness
exhibits in Mn25 steel that contributes to the superior impact wear resistance of Mn25 steel.
It can be seen in Figure 6 that under high-impact load, the weight loss of high manganese
steel without aging treatment is lower than that under low impact load; that is, the wear
resistance of high manganese steel under high-impact load is higher than that under low
impact load. The wear resistance of high manganese steel is greatly restricted by the
working conditions. In high-impact contact abrasive wear, high manganese steel is easy
to produce work hardening and improve wear resistance, and then it can reflect its wear
characteristics [21–25].
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Figure 6. Wear weight loss of Mn25 steel under (a) low-energy impact 2.0 J and (b) high-energy
impact 5.0 J at different wear times.
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The impact abrasive wear of high manganese steel is different under different impact
energy, which is related to the good work-hardening ability of high manganese steel.
Hardness is one of the major properties that affects the wear resistance of materials [26,27].
Figure 7 shows the microhardness distribution of wear surfaces under high-impact loads
(5.0 J). As shown in Figure 7, the surface hardness of the high manganese steel specimens
showed a significant increase due to the hardening process; the highest hardness could
reach up to 461.52 HV. When at an aging temperature of 550 ◦C, with an increase of 245 HV
relative to the initial hardness, the percentage of hardening of the high manganese steel
specimens is up to 49.96 percent, and the depth of the hardened layer is up to 3800 µm. For
aging temperatures 450 ◦C and 500 ◦C, the affected layers are about 3000 µm and 3400 µm,
respectively. As the aging temperature increases, the effective hardening layer of Mn25
steel becomes deeper, the microhardness value of the wear section increases significantly,
and the magnitude of the increase in the microhardness of the wear section relative to the
initial hardness value increases to varying degrees. A deeper affected layer means good
wear resistance for the impact abrasive wear [28–30]. After aging treatment at 550 ◦C, the
Mn25 steel shows excellent work-hardening ability and wear resistance.
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Figure 7. Microhardness distribution of wear surfaces under high-impact energy of 5.0 J (the dashed
line refers to the surface hardness before friction test). (a) as-quenched, (b) 450 ◦C, (c) 500 ◦C, and
(d) 550 ◦C.

3.4. Effect of Aging Temperature on Wear Mechanism of High Manganese Steel

Figure 8a–h shows morphologies of the worn surface of Mn25 steel at different impact
energies. It can be seen in Figure 8a that press-in particles and furrows could be observed
on the wear surface of Mn25 under the low impact energy of 2.0 J. Owing to the fact that
the hardness of M25 steel is relatively low, abrasive particles are embedded into the surface.
As shown in Figure 8b–d, no obvious press-in particle could be found on the wear surface
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with the increase in aging treatment temperature. There are shallow cutting furrows on
the surface, most of which are fatigue spalling, and the amount of spalling on the wear
surface reduces when the temperature of the effect treatment is increased. When the impact
energy increases up to 5 J, as shown in Figure 8e–h, a large number of abrasive particles
are embedded into the surface. However, after the aging temperatures are higher than
500 ◦C, the press-in abrasive particles on the worn surface are significantly reduced, which
is the result of high hardness and good work-hardening behavior. A hardening layer could
be formed easily under the impact load. When the aging temperature is at 550 ◦C, the
worn surface of Mn25 steel is smooth, and the wear resistance is better under both low and
high-impact load. According to Figure 8, the wear mechanism of Mn25 steel under 2.0 J
and 5.0 J impact-load wear conditions have plastic fatigue-spalling and micro-cutting at
the same time; and, under low impact load of 2.0 J, the wear mechanism of Mn25 steel is
mainly micro-cutting, and there are obvious directional cutting furrows. In high-impact
load 5.0 J conditions, this time Mn25 steel mainly has a fatigue spalling wear mechanism.
Ojala et al. found that work-hardening and mechanical performance have a significant
effect on wear performance [31]. Comprehensive analysis, under the 2.0 J and 5.0 J impact
work of abrasive wear conditions with the increase in aging temperature, is that, after wear
1 h the wear weight loss of Mn25 steel is smaller and its wear resistance is better. Under
the 5.0 J impact power of abrasive wear conditions, the wear surface morphology of the
Mn25 steel fatigue-spalling pit becomes shallower, indicating that the impact abrasive wear
resistance of Mn25 steel is better.

(a) (b) (c) (d)

(e) (f) (g) (h)

50μm 50μm 50μm 50μm

50μm 50μm 50μm 50μm

 
Figure 8. SEM morphologies of worn surface of Mn25 steel at different impact energies. (a–d) 2 J,
(e–h) 5 J; (a,e) as-quenched, (b,f) 450 ◦C, (c,g) 500 ◦C, and (d,h) 550 ◦C.

For the abrasive wear behavior, the wear morphology is often caused by the joint
action of a variety of mechanisms [31]. Based on the above results, the wear model of the
experimental steel under impact wear conditions is summarized, and its schematic diagram
is shown in Figure 9. In the process of impact wear, the specimen is mainly subjected to
tangential and normal forces from abrasive particles. For the tangential force, furrows
easily appear on the surface with high plasticity, and a surface with low plasticity and high
hardness is easy to be micro-cut to produce chips. For the normal force, it mainly comes
from the impact stress generated when the hammer falls, which, on the one hand, causes
the abrasive particles to embed into the surface and form the crack source. On the other
hand, due to the continuous impact, such repeated plastic deformation eventually led to
the peeling of the material, which became debris.
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Figure 9. Schematic diagram of wear model of Mn25 steel under impact wear condition.

4. Conclusions
(1) With the aging temperature increases, the impact toughness first sharply reduced

and then increased, while the corresponding hardness was first increased and then
decreased. When the aging temperature is 400 ◦C, the surface hardness of Mn25
steel reaches the maximum value 331.16 HV, while its impact toughness value is the
smallest at 153.92 J. When the aging temperature is 550 ◦C, the impact toughness
and hardness match better. Combining the XRD patterns, the precipitation phase is
uniformly dispersed in the matrix, which can improve the initial hardness of high
manganese steel, while the toughness is not reduced.

(2) Under different impact wear conditions, with the increase in aging temperature, wear
loss of Mn25 steel was a decreasing trend. As the aging temperature increases, the
effective hardening layer of Mn25 steel becomes deeper, the microhardness value
of the wear section increases significantly, and the magnitude of the increase in the
microhardness of the wear section relative to the initial hardness value increases to
varying degrees. Under 5.0 J high-impact load abrasive wear conditions, when at
an aging temperature of 550 ◦C, with an increase of 245 HV relative to the initial
hardness, the percentage of hardening of the high manganese steel specimens is up
to 49.96 percent, and the depth of the hardened layer is up to 3800 µm. For aging
temperatures of 450 ◦C and 500 ◦C, the affected layers are about 3000 µm and 3400 µm,
respectively.

(3) For Mn25 steel in different impact load conditions, its wear mechanism is micro-
cutting and fatigue-spalling at the same time. Specifically, under 2.0 J low impact load
abrasive wear conditions, Mn25 steel wear is dominated by micro-cutting; with the
aging temperature increases, the degree of steel wear hardening increases, and micro-
cutting resistance is stronger. Under 5.0 J high impact load abrasive wear conditions,
the Mn25 steel wear tends to plastic fatigue-spalling; with the aging temperature
increases, the degree of steel wear hardening and the toughness of the wear layer and
subsurface layer increases. When at an aging temperature of 550 ◦C, the wear surface
morphology of Mn25 steel fatigue-spalling pit is shallow, which shows better wear
resistance. This is related to the better matching of hardness and impact toughness of
Mn25 steel after aging treatment, as well as better work-hardening ability.
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