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A B S T R A C T

Introduction. Cast high-manganese steel exhibits excellent work hardening and high impact toughness, mak-
ing it well suited for impact wear applications. Significant wear may occur in the early stages of steel service before 
sufficient work hardening develops near the surface. To mitigate this initial wear, this study investigates the micro-
structural characteristics of the hardened layer formed by shot peening and its effect on wear. The purpose of this 
work is to investigate the effect of pre-strain induced by shot peening on hardness and abrasive wear. Materials and 
methods. Specimens of 1.1% C-13% Mn steel were shot peened using a machine with a treatment area of 100% of 
the specimen surface. A cast steel ball with a nominal diameter of 2 mm was used, and the direction of impact on the 
specimen surface was set at 85°. The air pressure was 0.35–0.50 MPa, and the treatment duration was in the range 
of 5–120 min. Vickers microhardness was measured using a microhardness tester under an applied load of 0.49 N for 
10 s. The morphology of the worn surface was examined using an optical microscope and a scanning electron micro-
scope (SEM). The surface wear profile was measured with an optical profilometer. The surface structure of the speci-
mens was examined by X-ray diffraction (XRD) with Cu Kα radiation using a Shimadzu XRD-7000 diffractometer. 
Results and discussion. Severe non-uniform plastic deformation was observed at a depth of approximately 60 μm 
from the surface. It was shown that the surface layers of the shot-peened samples consist of austenite, without any 
martensitic transformations. To confirm whether stress-induced austenite-to-martensite transformation occurs in the 
strain-induced twin layers formed by steel shot peening, the subsurface cross-sectional microstructure was analyzed 
using EBSD. The surface hardness of the original 1.1% C-13% Mn steel specimen increased by a factor of 1.2–2.5 
after varying treatment times. An increase in abrasion resistance in wear tests was observed after shot peening.  
A cutting wear pattern was dominant for the original untreated specimen. However, for the shot-peened specimen, 
the cutting-mark morphology completely disappeared. Abrasion wear tests showed that higher maximum hardness in 
the hardened layer corresponds to lower wear loss. These results demonstrated that shot peening effectively improves 
the wear resistance of high-manganese cast steel by promoting the formation of a hardened surface layer.

For citation: Karlina Yu.I., Konyukhov V.Yu., Oparina T.A. Increased hardness and wear resistance of 1.1% C-13% Mn steel after shot 
peening. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2026, vol. 28, no. 3, pp. 269–
285. DOI:  10.17212/1994-6309-2026-28.3-269-285. (In Russian).
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Introduction

Austenitic cast steels with a Mn content of 11–14 wt.% (Hadfield steel; the Russian equivalent is 
110Г13Л steel) are widely used in aggressive erosive environments involving abrasive wear and impact 
loading, owing to their non-magnetic properties, excellent toughness, and wear resistance [1–5]. The Mn 
and C contents vary depending on the application, with appropriate amounts of alloying elements such as 
Cr, Mo, and V being added to the composition. The key characteristic of Hadfield steels is their exceptional 
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ability to work-harden under deformation while maintaining impact toughness. This is why Hadfield steels 
are ideally suited for applications requiring wear resistance and strain hardening, such as in the mining 
industry, where they are used as linings for cone crushers that undergo indentation (strain hardening) and 
abrasive wear. Owing to the increasing demand for extended service life of castings, the development of 
high-manganese cast steels continues to be an active area of research [5–10].

Typically, castings such as railroad crossings, linings, impellers, blades, and hammer crusher jaws are 
produced by vacuum forming (V-process) and self-hardening in sand molds. These castings must be heat-
treated (water-quenched) before use, since eutectic carbides formed at austenite grain boundaries during 
post-casting cooling reduce impact toughness [10–14]. After heat treatment, the finished cast components 
are put into service. However, significant wear may occur during the early stages of operation, before 
sufficient work hardening develops near the surface.

It should be noted that a large body of high-quality scientific literature – including articles and mono
graphs – has been published on austenitic manganese steels, covering their mechanical and microstructural 
properties [3–14]. The number of publications in this field has increased almost three-fold over the past two 
decades [15], with a marked rise in recent years, indicating active research efforts by many groups on the 
development of these steels and their processing methods.

It is well known that high-manganese cast steel undergoes surface hardening during impact loading 
in service, leading to the formation of a surface-hardened layer. Wear resistance depends on the thickness 
and maximum hardness of this layer. However, in most high-manganese steel castings, wear and fracture 
readily occur in the early stages of operation, before full work hardening has taken place. To enhance 
wear resistance and deformation resistance, considerable efforts have been made to harden the surface of 
high-manganese steel castings prior to service. Typical surface hardening processes include high-speed 
impact treatment, explosive hardening, repeated impact hardening, and shot blasting [15–22]. Each of these 
processes has its advantages and limitations [23–27]. The surface-hardened layers produced by high-speed 
impact treatment, explosive hardening, and repeated impact treatment are relatively thick; however, these 
methods require expensive equipment and are not suitable for castings with complex geometries.

Shot blasting is a surface hardening technique that primarily improves surface properties by high-velocity 
projection of fine particles onto the material surface. The impact energy of the shot particles induces plastic 
deformation in the surface layer, generating compressive residual stresses [8–12] and enhancing mechanical 
strength, wear resistance, fatigue strength, and corrosion resistance [18–20, 28–29]. In addition, the impact 
energy can promote grain refinement and microstructural improvement [28, 29], thereby improving 
overall material performance. Although numerous macroscopic studies have consistently confirmed that 
the impact energy during shot blasting has a significant strengthening effect on material properties, the 
specific mechanism of interaction between the shot particles and the processed surface at the microscopic 
level remains poorly understood. Similarly, the fundamental principles underlying grain refinement and 
microstructural changes induced by impact energy are still not fully clarified.

Extensive experimental and simulation studies have been conducted to evaluate various surface hardening 
methods and to elucidate their mechanisms with regard to the mechanical and fatigue properties of materials. 
The authors of [19] investigated the effect of shot blasting on the surface characteristics of structural steel. 
After shot blasting, surface roughness, residual stresses, hardness, and wear resistance were measured, 
and the influence of processing temperature on surface properties was examined. The results showed that 
shot blasting significantly improved the wear resistance of the workpiece surface. However, the hardened 
layer obtained in that study was limited to a thickness of no more than 0.1 mm. Several studies have been 
published not only on the experimental level but also on the practical application of shot-blasting surface 
hardening to high-manganese cast steel [5, 6, 19, 24, 25]. To improve surface characteristics, considerable 
modifications to shot-blasting techniques have been explored, such as stress impact, solid shot blasting, and 
thermal shot blasting [27, 28]. Nevertheless, there are very few reports on how the microstructure evolves 
under shot-blasting treatment before and after service operation of machine parts and mechanisms.

The present study examines the effect of shot blasting on the hardness and wear behavior of austenitic 
high-manganese steel. As noted above, large compressive residual stresses in the surface layer after shot 
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blasting are very effective in increasing the fatigue strength of components. Therefore, shot blasting is 
widely used to prevent the initiation and propagation of cracks. However, it should be recognized that 
excessive deformation can itself be a source of fatigue failure [28, 29]. Virtually no open-literature studies 
are available on this specific aspect.

The purpose of this work is to evaluate the effect of shot-blasting time on the hardness and wear 
resistance of 1.1% C–13% Mn steel, addressing the following tasks:

– determination of shot-blasting process parameters to achieve the required hardness values;
– comprehensive characterization of the surface layer after shot blasting using optical and electron mi-

croscopy and X-ray phase analysis;
– abrasive wear testing with instrumental assessment of the surface topography of the samples after shot 

blasting.

Materials and methods

Plates of 1.1% C–13% Mn steel with dimensions of 100×100 mm and a thickness of 10 mm were 
selected as the starting material. The chemical composition is shown in Table 1.

T a b l e  1

Chemical composition of 1.1% C-13% Mn steel castings according to GOST 977-88
Element C Si Mn Cr Ni Cu S P
GOST 

specification, 
wt.%

0.90–1.50 0.30–1.00 11.50–15.00 ≤1.00 ≤1.00 ≤0.30 ≤0.05 ≤0.120

Actual content, 
wt.% 1.12 0.98 12.34 0.60 0.10 0.20 0.05 0.034

The steel samples were subjected to shot blasting using an S100-type machine (manufacturer: China) 
with 100 % coverage of the sample surface. A cast steel ball with a nominal diameter of 2 mm was used as 
the blasting medium, and the impact angle relative to the sample surface was set to 85°. The air pressure 
ranged from 0.35 to 0.5 MPa, and the treatment duration varied from 5 to 120 minutes.

Vickers microhardness was measured using an MX-5 microhardness tester at an applied load of  
0.49 N for a dwell time of 10 s. The morphology of the worn surface was examined using a C-2700 scanning 
electron microscope (SEM). The wear profile in cross-section was assessed using a Bruker Contour GT-K1 
optical profilometer equipped with a rotary head; this fully automated, programmable instrument was used 
to measure the depth of wear grooves and to construct three-dimensional surface maps.

The morphology of the surface layer after shot blasting was examined using a C-2700 SEM. Cross-
sections of the treated samples were first observed under an optical microscope. The surface structure was 
studied by X-ray diffraction (XRD) using Cu Kα radiation in a Shimadzu XRD-7000 diffractometer. The 
microstructural features of the surface layer were further characterized by electron backscatter diffraction 
(EBSD). For EBSD analysis, the sample surfaces were ground on a Mitsui precision grinding machine 
(model: 300HMD) with abundant coolant to minimize thermal effects. The samples were mounted on the 
magnetic chuck of a rotary surface grinder, and the grinding wheel speed was set to 1,200–1,500 rpm. 
EBSD data were acquired using a Zeiss Supra 55VP scanning electron microscope equipped with an Oxford 
Symmetry EBSD camera and an Oxford X-Max EDS detector. Data collection was performed using Oxford 
AZtec software (version 4.2 SP1) at an accelerating voltage of 20 keV and a beam current of 5 nA. After 
automated diffraction pattern indexing and EBSD map acquisition over an 8-h period, the quality of the data 
sets was evaluated. The average indexing rate for the samples was 84–89 % [20, 21].

Wear resistance tests were conducted in accordance with GOST 23.208-79 “Conditions for Testing 
Wear Resistance by Rubbing a Sample Against a Loose Abrasive”. The sample was pressed with a force of  
54.1 ± 0.25 N against a rubber roller rotating at a speed of 50 ± 2 rpm, with abrasive particles passing over 
the sample surface. The reference material was 1.1% C–13% Mn steel in the as-delivered condition, and 
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grade 12A electrocorundum (according to GOST 28818-90) was used as the abrasive. The abrasive wear 
index was calculated as M = m1 – m2, where m1 is the initial mass of the sample and m2 is the final mass after 
testing. The samples were weighed on an Acculab electronic balance with an accuracy of ±0.0001 g. Each 
test was performed at least three times. The relative wear resistance (Ci) of the test material was calculated 
according to GOST 23.208-79 using the following formula:

,ref test test
i

test ref ref

g N
C

g N

ρ
=

ρ

where gref and gtest are the densities of the reference and test materials, respectively, g/cm3; Nref and Ntest  
are the number of roller revolutions during testing of the reference and test materials, respectively; ρref  
and ρtest are the mass loss of the reference and test samples, respectively, g.

Results and discussion

The investigated 1.1% C–13% Mn alloy exhibited a single-phase austenitic microstructure with grain 
sizes ranging from about 100 to 200 μm. Fig. 1 presents an optical microscopy image of the cross-sectional 
structure of the Hadfield steel following 20 min of shot-blasting treatment. Intense plastic deformation is 
readily discernible down to a depth of approximately 60 μm beneath the top surface. It is evident that the 
deformation is inhomogeneous.

                                                 a                                                                                     b
Fig. 1. Microstructure of 1.1% C-13% Mn steel after 20-minute shot peening (optical microscopy): 

a – general view of the surface layer; b – hardened layer with traces of deformation twinning

Fig. 2 presents the X-ray diffraction pattern recorded from the treated surface. Five well-defined peaks 
were detected at 2θ angles of 43.7°, 50.8°, 74.9°, 90.2°, and 96.3°, corresponding to distinct crystallographic 
planes of the austenitic phase. Apart from a consistent angular shift, the peak positions showed no significant 
variation among the samples.

Analysis of the X-ray diffraction results showed that with increasing shot-blasting time, all diffraction 
peaks of the shot-blasted samples shifted significantly toward higher Bragg angles. This displacement 
indicates a continuous increase in plastic deformation and the associated development of residual 
compressive stresses [24–29]. At the same time, no new diffraction peaks were observed in the patterns 
of the shot-blasted samples, indicating the absence of martensite, carbide, or other new phase formation 
during processing.

Fig. 3 shows the surface of the sample under an electron microscope together with an inverse pole figure 
(IPF) color map of the as-received material.

The color variations within the grains qualitatively reflect differences in internal disorientation. Hadfield 
steels have an austenitic (face-centered cubic) structure and a low stacking fault energy (SFE) [1, 2, 7, 
8, 24–29]. The low SFE promotes the formation of deformation twins, while the high concentration of 
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Fig. 2. X-ray diffraction pattern of the surface  
of 1.1% C-13% Mn steel

                                     а                                                                                                       b

c
Fig. 3. Results of microstructural characterization of the surface layer of 1.1% C-13% Mn steel  

after shot peening: 
a – SEM image of the austenite grain structure in the surface layer; b , c – EBSD inverse pole figure maps
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interstitial carbon atoms significantly increases the friction stress, which affects the nucleation stress for 
twinning. During deformation, continuous nucleation and growth of twins occur [3, 15], leading to a 
sustained strengthening effect via the dynamic Hall–Petch mechanism and a high strain-hardening rate, 
thus imparting excellent strength and ductility to the alloy.

During shot blasting, metallic balls repeatedly impact the surface at high velocity, generating high-
density dislocations and deformation twins. On the one hand, the dislocations produced can rearrange under 
stress to form dislocation networks, which leads to the formation of nanocrystallites separated by blurred 
grain boundaries [24, 25]. On the other hand, deformation twins effectively subdivide the original grains 
by introducing new boundaries, resulting in a refined microstructure. Some studies, based on transmission 
electron microscopy observations, have reported the formation of a nanocrystalline structure with random 
orientation in the surface layer of Hadfield steel [24–26]. According to the authors of [24], the formation of 
nanocrystallites can be attributed to several factors: very large deformation, extremely high strain rates, and 
cyclic loading during shot blasting. The substantially increased strain and strain rate activate a high density 
of dislocations and multiple-system deformation twins to accommodate the applied stress [22–25].

Fig. 3,b, c shows inverse pole figure (IPF) maps obtained from the EBSD analysis of the investigated 
samples. The sample without shot blasting shows no significant deformation bands (Fig. 3,a). After 5–15 min 
of shot blasting (Fig. 3,b), deformation bands formed within the grains. As the processing time increased, 
these bands became increasingly dense, indicating progressive accumulation of plastic deformation from 
repeated impacts, which gradually subdivided the original grains. When the shot-blasting duration was 
extended to 40 min, the density of deformation bands reached a maximum, which subsequently led to 
grain fragmentation. The random crystallographic orientation of these newly formed grains is reflected in 
a more dispersed and chaotic color distribution on the map in Fig. 3,c. After 60 min of shot blasting, the 
color distribution showed no significant further changes, indicating stabilization of the grain fragmentation 
process and saturation of the deformation band density.

The measured average grain size as a function of shot-blasting duration is consistent with the 
microstructural observations. The grain size decreased from 100 μm (0 min) to 62 μm (40 min) and finally 
to 57 μm (60 min). These data confirm that shot blasting effectively refines the γ-Fe grains.

Analysis of low-angle grain boundary (LAGB) maps (misorientation angles <15°) of samples subjected 
to shot blasting for various durations revealed a significant proportion of LAGBs in all conditions. The 
quantitative data presented in Table 2 show a marked increase in the LAGB fraction after shot blasting. 
In particular, this fraction increased from 27.4 % in the untreated sample to over 70 % in all shot-blasted 
samples, confirming the high density of LAGBs generated by the process. It is noteworthy that a value of 
69.2 % was achieved after only 5 min of treatment. These results indicate that shot blasting generates a large 
number of dislocations. During plastic deformation, these dislocations become tangled, and their motion is 
hindered by obstacles such as grain boundaries and twin boundaries, leading to the formation of dislocation 
clusters. The subsequent accumulation and reorganization of these dislocations result in the formation of 
the observed low-angle grain boundaries.

T a b l e  2

Change in the fraction of low-angle grain boundaries in the studied steel with different shot peening 
durations

Shot peening time (min) 0 5 10 15 40 60
Low-angle grain boundary fraction LAGB (%) 27.4 69.2 74.5 79.9 79.3 74.3

Fig. 4 presents the hardness profiles as a function of depth (Fig. 4,a) and as a function of shot-blasting 
duration (Fig. 4,b). The surface hardness was substantially increased by shot blasting, rising from 300 HV in 
the untreated state to 743 HV after 30 min of treatment. Extending the processing time to 60 min produced 
a modest further increase to 774–785 HV. These peak hardness values are close to the maximum hardness 
attainable in high-manganese steel via surface impact hardening, as documented in previous studies [10, 
16, 17, 24].
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For all shot-blasted samples, hardness gradually decreased with increasing distance from the surface, 
eventually approaching the level of the untreated sample. A slight increase in hardness at a depth of  
0.7–0.8 mm (see Fig. 4,a) does not affect the general trend of decreasing hardness from the surface through 
the depth of the hardened layer and is most likely associated with features of the metallurgical process.

The thickness of the hardened layer, defined as the depth at which the hardness was at least  
450–500 HV, was 20, 170, 310, 480, and 600 μm for samples treated for 5, 10, 15, 40, and 60 min, 
respectively. It is noteworthy that the hardness gradient became less pronounced with increasing shot-
blasting time. Overall, the results confirm that shot blasting successfully created a hardened layer on the 
surface of the high-manganese steel, and that the layer depth increases with processing time; however, the 
depth increase is naturally not linear, even at 60 min. The formation of this hardened layer is crucial for 
enhancing the wear resistance of the material.

Our results surpass those reported in [19] in terms of both hardness and hardening depth. In that study, 
after shot blasting, the hardness at a depth of 0.03 mm reached a maximum of 600 HV when using hardened 
steel shot and 580 HV when using low-carbon steel shot. However, at a depth of 0.1 mm from the surface, 
the hardness dropped to 220 HV, which is similar to the untreated sample.

The results of the abrasive wear tests are shown in Fig. 5. The mass loss of the steel in the as-cast state 
and after shot blasting, as a function of test duration, is presented in Fig. 5. It can be seen from the figure that 
mass loss increases with test time for all conditions. The difference between the samples lies in the rate of 
mass loss. The untreated sample exhibited higher mass loss under all conditions. Samples subjected to shot 
blasting for 15 min and above showed low mass loss values. The relative wear resistance of 1.1% C–13% 
Mn steel after shot blasting is presented in Table 3.

                                             a                                                                                                    b
Fig. 4. Microhardness values of the surface layer of 1.1% C-13% Mn steel after shot peening: 

a – depth-dependent hardness distribution from the surface after 15-minute shot peening; b – variation of surface layer 
hardness with shot peening duration

Fig. 5. Results of abrasive wear tests as a function  
of test duration: 

1 – untreated sample; 2 – shot-peened for 15 min; 3 – shot-
peened for 30 min; 4 – shot-peened for 60 min)
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T a b l e  3

Relative wear resistance of 1.1% C-13% Mn steel after shot peening

No. Specimen / treatment m0–m1 m1–m2 m2–m3 m3–m4 m4–m5
Overall 
wear (g)

Relative wear 
resistance com-

pared  
to 1.1% C-13% 

Mn steel

1 1.1% C-13% Mn steel, 
untreated 1.0714 0.3525 00.2588 0.2202 0.1465 22.0494 1.0000

2 1.1% C-13% Mn steel, 
treated for 5 min 0.4945 0.2179 0.1567 0.1546 0.1456 1.1693 1.7527

3 1.1% C-13% Mn steel, 
treated for 10 min 0.4829 0.2050 0.1602 0.1435 00.1216 1.1132 1.8410

4 1.1% C-13% Mn steel, 
treated for 15 min 0.7196 0.1452 0.0827 0.0612 0.0520 11.0607 1.9321

5 1.1% C-13% Mn steel, 
treated for 30 min 0.5284 0.2143 0.0961 0.1086 0.0646 1.0120 2.0251

6 1.1% C-13% Mn steel, 
treated for 40 min 0.5884 0.2043 0.0734 0.1016 0.0921 0.9112 2.2494

7 1.1% C-13% Mn steel, 
treated for 60 min 0.3929 0.1218 0.1233 0.1029 0.1002 00.8411 2.4368

                                    a                                                                                       b
Fig. 6. SEM topography of the worn surfaces: 

а – untreated; б – after 30-min shot peening treatment

Fig. 6 shows SEM images of wear scars obtained after friction testing. The worn surface of the untreated 
sample (Fig. 6,a) is covered with deep grooves and light irregular particles or spots. These features are 
likely wear debris, such as delamination particles, transferred material, or oxides formed due to frictional 
heating. This morphology suggests that local adhesion and subsequent detachment occurred during sliding. 
Significant abrasive wear is also evident. Thus, the main wear mechanism for the untreated sample is 
considered to be adhesive wear, accompanied by substantial abrasive and fatigue wear.

In contrast, the shot-blasted samples exhibited regular rectangular (or nearly rectangular) wear marks. 
Their worn surfaces were relatively smooth, with minor scratches and few wear particles, indicating that 
abrasive wear is the dominant mechanism with minimal adhesive contribution.

This transition from adhesive to abrasive wear as the dominant mechanism demonstrates how shot 
blasting changes the wear behavior of high‑manganese steel. The increased surface hardness achieved 
through shot blasting impedes plastic deformation of surface asperities, leading to a pronounced “plowing 
effect” during abrasive wear.
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Fig. 7 shows three‑dimensional general morphology of wear scars observed on all tested samples. 
It is clearly seen that the width of the wear scar on the untreated sample is significantly larger than on 
the shot‑blasted samples. The surface profile is characterized by pronounced peaks and troughs. This is 
attributed to the rapid increase in surface hardness after shot blasting, which hinders surface plasticization. 
However, quantitative parameters such as wear depth cannot be obtained directly from these initial 
morphological images. For quantitative comparison, the three‑dimensional morphology data were aligned 
using the intact area of each sample as a reference plane. A comparative analysis of the wear scars is 
shown in Fig. 7,b and Fig. 8,b. Fig. 7,a shows the wear profiles of the tested samples. It can be seen that 
the untreated sample exhibits the greatest wear depth and its wear scar width is significantly greater than 
that of the shot‑blasted samples. This result is consistent with the data in Fig. 8,a. For shot‑blasted samples, 
the maximum wear depth gradually decreased with increasing shot‑blasting time, reached a minimum at 
40 min, and then increased again. The maximum wear scar depth and volume loss (i.e., mass loss) show an 
almost identical trend, with the exception of the maximum wear depth of the untreated sample. Although 
the untreated sample has the greatest depth, it also exhibits the greatest volume loss due to the greater width 
of the wear scar. However, after shot blasting, the surface hardness increases significantly, and volume loss 
gradually decreases with increasing shot‑blasting time. At 40 min, volume loss reached a minimum, and 
then increased again. Thus, in our tests, the sample demonstrated optimal wear resistance at a shot‑blasting 
time of 40 min. The observed increase in wear at longer times requires additional investigation, which will 
be addressed in future work.

The results of our research, together with an analysis of the work of other authors [20–25], show that 
intense, repetitive impacts of steel shot smooth surface irregularities, thereby rapidly reducing surface 

a

b
Fig. 7. Topography of the worn surface measured by optical profilometry (untreated 

specimens): 
a – surface profile; b – height variation of surface irregularities
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а

b
Fig. 8. Topography of the worn surface measured by optical profilometry (after shot peening 

treatment): 
a – surface profile; b – height variation of surface irregularities

roughness (Fig. 8). At the same time, these impacts create numerous dimples that introduce residual 
compressive stresses and cause severe plastic deformation. Plastic deformation promotes extensive 
generation and multiplication of dislocations, leading to a rapid increase in dislocation density. The resulting 
dislocations interact to form complex configurations (e.g., dislocation walls and cells), and their motion is 
hindered by microstructural barriers, resulting in clusters and the subsequent formation of subgrain boundaries 
[4, 7, 10, 27]. This microstructural evolution is accompanied by significant hardening of the surface layer 
(Fig. 1), which directly increases surface hardness (Fig. 4). During prolonged shot blasting, the grains are 
refined and the hardened layer thickens. However, as noted by the authors of [12, 14, 17, 20, 21], excessive 
treatment leads to negative consequences such as microcracks and surface delamination, indicating the 
onset of surface damage. Consequently, the wear resistance of high‑manganese steel first increases and then 
decreases with increasing processing time, while impact toughness shows a more complex, non‑monotonic 
trend [15–19]. These changes in mechanical properties are explained by the competition between beneficial 
factors (dislocation hardening, grain refinement, and residual compressive stress) and detrimental factors 
(surface roughness and microcracks) induced by mechanical impacts.

In conclusion, we note that in this work we studied the effect of shot‑blasting duration on the 
microstructure and properties of 1.1% C–13% Mn high‑manganese steel. The results show that intense, 
repeated impacts not only improve surface quality but also introduce residual compressive stresses [1–3] 
and generate a high dislocation density [24, 25]. The entanglement and immobilization of these dislocations 
at microstructural barriers (e.g., grain boundaries and twins) lead to the formation of dislocation clusters 
[26, 27], which subsequently transform into low‑angle grain boundaries. The microstructure refinement 
process, driven by sustained plastic deformation, leads to gradual grain refinement with increasing 
shot‑blasting time. As a result, the hardened surface layer thickens, leading to changes in mechanical 
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properties. Both surface hardness and wear resistance show a tendency to initially increase and then 
decrease, with optimal wear resistance achieved after 40 min of shot blasting. Accordingly, the dominant 
wear mechanism shifts from adhesive to abrasive wear. This study provides theoretical data and technical 
support for the use of shot blasting to extend the service life of high‑manganese steel components in 
mechanical engineering. Shot‑blasted 1.1% C–13% Mn steel can certainly improve wear resistance under 
abrasive wear conditions, which is consistent with the results of other authors [1, 4, 10, 12–14]. It also 
becomes necessary to reconsider the notion of the insignificance of the effect of surface hardening (work 
hardening) on the wear resistance of the material. For commercial applications, shot blasting is a suitable 
process for strengthening metallic materials to increase wear resistance, as an alternative to alloying or 
other processes that alter the bulk microstructure of materials, especially under low‑impact‑energy wear 
conditions.

Conclusions

1. It is found that all 1.1% C–13% Mn steel samples consist of austenite, with no martensitic 
transformations occurring in the surface layer during shot blasting. The broadening of the Bragg diffraction 
peaks in the shot‑blasted samples can be attributed to grain refinement and/or an increase in lattice strain at 
the atomic level.

2. It is shown that the surface hardness of the 1.1% C–13% Mn steel samples increases significantly from 
300 HV to 743 HV as the processing time is extended from 5 to 30 min. A further increase in processing 
time from 30 to 60 min results in a slight additional hardness rise to 774–785 HV. The hardness depth 
profiles were recorded for shot‑blasting durations of up to 60 min. Longer processing times do not lead to 
further hardness increase.

3. It is found that the relative wear resistance increased by a factor of 1.75–2.44 for treatment durations 
ranging from 5 to 60 min. To optimize wear resistance, a blasting time of 40 min is recommended, whereas 
for applications requiring higher impact toughness, a shorter blasting time of 5 min is advisable.
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