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A B S T R A C T

Introduction. Austenitic high-manganese steel is commonly used in various railway and mining components, 
such as crusher plates, where high impact and abrasive resistance and sliding wear resistance are required, as it 
exhibits a unique combination of high toughness and high work-hardening ability. Therefore, it is important to 
understand the behavior of wear-resistant materials such as austenitic high-manganese steel under impact and sliding 
wear. However, this steel has a limitation: it develops its high work-hardening ability only under high impact loads 
and high-stress conditions. Alternatively, various hardening methods, surfacing, or replacement with low-carbon, 
high-alloy steels and high-chromium cast irons are used. The purpose of this study is to evaluate the abrasive wear 
resistance of flux-cored wires during surfacing on high-manganese Hadfield steel. Methods and materials. This 
study examines surfacing wires whose main alloying elements are chromium, vanadium, and tungsten. The chemical 
composition of the surfaced samples was determined using a BRUKER S1 TITAN portable X-ray fluorescence analyzer 
for metals and alloys. A Duramin-40 AC3 hardness tester (STRUERS APS, Ballerup, Denmark) was used to measure 
Rockwell hardness. 1.1% C-13% Mn steel demonstrated an initial bulk hardness of HRc = 23 ± 3. Specimens for 
microstructural study were selected from cast and surfaced samples. The microstructures were examined by optical 
microscopy after etching in 2.5% nitric acid solutions, rinsing in methanol, and immersion in 15% HCl solution. 
Impact abrasive wear tests were conducted on a DUCOM (TR-56-M3) impact abrasive wear testing machine (made 
in India). Results and discussion. An analysis of a cross-section of a 1.1% C-13% Mn steel specimen after abrasive 
wear testing revealed crack propagation beneath the surface of the part, with no visible connection to the surface, 
indicating that cracks initiated both at and below the surface. The microstructure of the surfaced layers, rich in finely 
dispersed boron carbides dispersed in the martensitic matrix, combined with a lamellar molybdenum boride phase, 
suggests that the material surfaced on Hadfield steel may possess higher hardness and wear resistance than the base 
material. Industrial tests of surfaced beaters revealed that the dominant wear mechanisms are micro-cutting, pitting, 
and micro-fracture (chipping and micro-indentation). Based on the results of the studies of surfacing materials, it 
can be concluded that wires with chromium content in the range of 3–6% have the characteristics for applications 
requiring high abrasive wear resistance in the mining industry.

For citation: Karlina  Yu.I., Konyukhov  V.Yu., Oparina  T.A. Study of abrasive wear resistance of flux-cored wires during 
surfacing on high-manganese Hadfield steel. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working 
and Material Science, 2025, vol. 27, no. 4, pp. 287–308. DOI: 10.17212/1994-6309-2025-27.4-287-308. (In Russian).
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Introduction
Coal mills are essential components of thermal power plants, used to prepare solid fuels such as peat, 

lignite, bituminous coal, and anthracite. These mills consist of drills fixed around the perimeter of the disk 
or mounted on a shaft. The material is ground into dust, which is blown into the combustion chamber of 
the boiler. Mill shafts are typically manufactured from wear-resistant cast iron or Hadfield steel [1–3].  
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In the mining industry, components made from Hadfield steel are subjected to severe impact and abrasion, 
creating a significant impetus for a deeper understanding of wear, deformation, and work hardening in 
various high-manganese steels under high-stress conditions.

The deformation and wear mechanisms in rock crushers and mills can be classified into two primary 
categories [4–15]: (1) surface deformation under high stress and high strain rates, similar to impact 
deformation occurring when rock strikes and fragments against the surface, and (2) high-stress abrasive 
wear caused by the sliding of large and fragmented rock particles across the surface. Materials must endure 
repeated cycles of these high loads – causing scratching, indentation, impact, and mineral fracture – without 
premature failure or critically shortened service life. High-strength steels can offer extended service life due 
to their durability compared to most low-carbon steels or coated structures under such conditions. To this 
end, various technologies for modification, heat treatment, and surfacing are employed.

Hadfield austenitic high-manganese steel (typically ~1.2% C and ~12% Mn) holds a special place among 
wear-resistant high-carbon manganese alloys [1–7]. Owing to its high toughness and wear resistance, 
Hadfield steel is widely used in various industrial applications, including components of stone-crushing 
machinery, railway crossings, excavator bucket teeth, and tracked vehicle components [5–10].

Literature reports indicate that as-cast Hadfield austenitic manganese steel contains (Fe, Mn)₃C 
carbides[1, 2, 7–18]. It is standard industrial practice to dissolve these carbides prior to service through 
a solution heat treatment, transforming the structure into a fully single-phase austenite. The traditional 
heat treatment for cast 110G13L steel blanks, used by most metallurgical companies, involves solution 
annealing at approximately 1,050 °C for several hours, followed by water quenching.

Analysis of the literature [1, 2, 5–17] reveals a practical challenge in the application of high-manganese 
steel machine parts: low wear resistance due to insufficient work-hardening capacity under “mild” 
operating conditions (i.e., low or absent impact loads) [11, 12]. Given this disadvantage, many researchers 
have explored modifying the manganese content and optimizing heat treatment to improve the in-service 
hardening properties. Studies on medium-manganese steels (8–12 wt.% Mn) have shown relatively low 
abrasive wear resistance [13–16]. Mechanical properties and wear resistance can be enhanced by adding 
alloying elements such as Ti, Cr, Mo, and V, which contribute to solid solution and dispersion strengthening 
[17–22]. The alloying, heat treatment, hardening behavior, and wear resistance of medium-manganese 
steels have been systematically studied [23–27]. Results indicate that deformation-induced martensitic 
transformation in medium-manganese steels provides a self-hardening effect under moderate or low 
applied loads, leading to better wear resistance compared to high-manganese, bainitic, and martensitic 
steels [23–27].

The effect of aging on the mechanical properties and wear resistance of medium-manganese steel 
reinforced with Ti(C, N) particles has been investigated [23–25]. These studies analyzed the influence of 
precipitate morphology, distribution, and volume fraction on microstructure and mechanical properties, 
described the relationship between mechanical properties and wear mechanisms, and explained the effects 
of work-hardening mechanisms.

Alloying significantly influences the deformation mechanisms in steel, promoting slip, twinning, or 
austenite transformation into α′- and/or ε-martensite, depending on the alloy’s stacking fault energy (SFE) 
[1, 2]. However, as noted by several authors [6–12], under high strain rate conditions (e.g., strain rates of 
10³–10⁵ s−¹), the mechanical properties and wear resistance of high-manganese steels can change sub-
stantially during operation. This must be considered when designing components for applications such as 
mining machinery. The addition of carbide-forming elements likely increases the abrasion resistance of 
high-manganese steels but may also reduce their toughness due to grain boundary carbide precipitation. 
Therefore, many researchers emphasize the need for continued study of the mechanical properties and wear 
resistance of high-manganese steels to better understand their performance and enable further development 
[10–24].

In particular, it has been shown that only a surface layer with a depth of 0.2–0.8 mm is exposed to 
aggressive media in parts operating under wear conditions [10–12]. In such cases, applying an additional 
wear-resistant coating to the surface of 110G13L steel parts can be an effective solution.
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In recent years, surfacing and additive manufacturing (AM) technologies have been increasingly used 
to enhance performance by surfacing heterogeneous materials onto the surfaces of metal parts. Fe-C-Mo-
V-B surfacing compositions are known, developed specifically for rapidly wearing components of various 
ore-crushing equipment. These are recommended by manufacturers due to their excellent performance 
compared to Ni-WC compositions and lower cost in applications where corrosion resistance is not a primary 
requirement [15–28].

According to many researchers, the high wear resistance of Fe-C-Mo-V-B compositions stems from the 
high volume fraction of carbides and borides within a martensitic matrix. Strength and crack resistance are 
attributed to the fine lamellar structure of molybdenum borides and the spherical morphology of vanadium 
carbides [20–29].

There are known compositions from both domestic and international manufacturers of  surfacing wires 
based on the Fe–Cr system, where additional elements such as W, Nb, B, Si, etc., are introduced to enhance 
the abrasive resistance of machine parts in mining equipment [10–20]. However, systematic analyses of the 
wear resistance of these wires specifically for mining equipment applications are scarcely available in the 
public domain.

It is known that wear resistance under abrasive and impact-abrasive conditions depends on the 
microstructure and mass fraction of carbide phases. A coarser microstructure and lower mass fraction of 
carbides generally lead to greater weight loss [18]. However, controlling the size and distribution of carbides 
is a significant challenge for Fe-Cr-C surfacing alloys due to the brittleness of large primary chromium 
carbides. In Fe-Cr-C system surfacing, primary carbides often form in the  surfaced layer, which can impair 
the interfacial bonding between the carbides and the matrix [19]. Thus, the wear resistance of a surfaced 
alloy depends on multiple factors, including the type, shape, and distribution of hard phases, as well as the 
toughness and work-hardening capacity of the matrix [9]. Consequently, it is necessary to investigate the 
compatibility between carbides and the matrix to establish the relationship between microstructure and 
wear based on their distribution and morphology.

Borides and carbides are common hard phases in surfaced alloys [20]. It is well-established that borides 
formed with transition metals have high potential for extreme applications due to their high hardness and 
excellent resistance to wear, friction, and corrosion [21]. Literature indicates that boron promotes the 
formation of primary hard phases, such as borides or carbides, and increases their volume fraction [20–27]. 
Studies have shown that boron directly influences not only carbide formation but also bulk hardness and 
wear resistance [22]. Surfacing wires with high boride content are widely used for surfacing in various 
industrial applications via welding or thermal spraying [24].

Currently, a new field known as remanufacturing is developing — the process of restoring end-of-life 
and used components to a reusable condition [27–35]. Remanufacturing is becoming increasingly important 
as a key element for achieving resource efficiency in industry and building a circular economy. Additive 
manufacturing has emerged as a technology enabling the automated repair and restoration of worn, high-
value parts to new condition for their next life cycle.

This paper investigates options for surfacing 110G13L steel with various commercially available  
surfacing wires recommended by manufacturers to increase abrasive wear resistance. The studied surfaced 
materials are based on the Fe-Cr-C system, with additional elements such as W, Nb, B, Mo, V, and Si 
introduced to mitigate excessive wear on Hadfield steel drill bits used in coal mills. The study analyzes 
the chemical composition of the surfaced compositions, conducts macro- and microscopic structural 
examinations, hardness testing, and wear resistance evaluation.

The purpose of this work is to evaluate the abrasive wear resistance of various commercially available 
surfacing wires when used for surfacing on Hadfield high-manganese steel, specifically for real-world 
operation in coal mills. To achieve this aim, the following tasks were addressed:

– Determining the degree of dilution between the surfaced and base metals.
– Conducting metallographic studies of the microstructure of the surfaced samples.
– Assessing the hardness distribution through the depth of the surfaced layer.
– Performing abrasive wear tests on experimental samples surfaced with wires from different 

manufacturers and conducting industrial trials on surfaced Hadfield steel components.
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Materials and methods of research

Product information: hammer mill beaters made of 110G13L steel for a tangential hammer mill  
(Fig. 1). The chemical composition was determined by optical emission spectrometry using an ARL 3460 

spectrometer and is presented in Table 1.
The main alloying elements in the surfaced metal layer of the samples were 

determined using a BRUKER S1 TITAN portable X-ray fluorescence (XRF) 
analyzer for metals and alloys.

A Duramin-40 AC3 hardness tester (STRUERS, Denmark) was used to 
measure Rockwell hardness and microhardness at loads ranging from 0.025  
to 0.1 kgf. The 110G13L steel substrate exhibited an initial bulk hardness of 
HRC = 23 ± 2.

Samples for microstructural examination were extracted from both the 
cast substrate and the surfaced specimens. The samples were sectioned 
using a wire electrical discharge machining (EDM) unit to prevent cracking 
or phase transformations due to heat input during conventional machining. 
Subsequently, they underwent standard metallographic preparation: mounting, 
planar grinding, and polishing. The microstructures were examined by optical 
microscopy using a Neophot-21 microscope equipped with a digital camera 
(Carl Zeiss, Germany).

Impact-abrasive wear tests were conducted on a DUCOM TR-56-M3 
impact-abrasive wear testing machine (India).

T a b l e  1

Chemical composition of the 1.1% C-13% Mn steel beater according to GOST 977-88

C Si Mn Cr Ni Cu S Р
no more

0.90–1.50 0.30–1.00 11.50–15.00 1.00 1.00 0.30 0.05 0.120
1.12 (actual) 0.98 12.34 0.6 0.1 0.2 0.055 0.134

Fig. 1. Original beater 
component for surfacing

The technical documentation governing the repair of 110G13L steel plates specifies the following 
conditions for restoring a worn surface: T-590 and T-620 grade electrodes were used, with a maximum of 
1-2 layers. UONI 13/45 electrodes were used for the buffer layer formation.

This study examined several types of  surfacing wires (diameter 1.2–1.6 mm) available on the Russian 
market:

1. ASM 57-OA, Russian Federation.
2. TD-600, Italy, manufacturer Italfil.
3. TD-RC3, Italy, manufacturer Italfil.
4. CARBO AF D600, Germany, manufacturer CarboWeld.
5. K-600NT, Kiswel, South Korea.
6. K-700NT, Kiswel, South Korea.
7. OK Tubrodur 58 O/GM, ESAB, manufactured in Poland.
SV-08Kh18N10T (0.08% C-18% Cr-10% Ni-1% Ti) welding wire (Russian Federation) was used as a 

buffer layer, which was pre- surfaced onto the 110G13L steel surface prior to surfacing.
The chemical compositions of the aforementioned surfacing  wires are presented in Table 2. The 

surfacing parameters for the samples are detailed in Fig. 2 and Table 3.
Sample No. 1 was surfaced using ASM 57-OA wire (ø 1.6 mm). According to Table 2, this wire contains 

0.80% C, up to 18% Cr, and up to 2% B, which increases the susceptibility of the surfaced metal to cracking. 
To minimize cracking, preheating to 180 °C was applied, and the interpass temperature was maintained 
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T a b l e  2

Chemical composition of the investigated surfacing wire grades

Chemical  
element

Wire grade
ACM 

57-OA TD-600 TD-RC3 CARBO
AF D600 K-700HT K-600HT OK Tubrodur 58 

O/GM ESAB
C 0.8 0.15 0.37 0.5 0.3 0.25 0.42
Si 1 3 0.4 2.7 2.4 2.18 0.31

Mn 2 0.1 1.1 0.5 0.5 0.36 1.22
Cr 18 9.3 7 9.5 7 6.5 4.89
B 2.6
P <0.025 <0.03
S <0.020 <0.020

Cu <0.25 <0.25
Ni <0.15 <0.20
V <0.030
Al <0.030 0.6
Mo 2.2 0.5 1.14
Ti 0.3
W 0.7

T a b l e  3

Surfacing parameters

Surfacing material Current, A Voltage, V Wire feed speed mm/sec
АСМ 57–ОА 258 29.5 9.1

TD-RC3 258 23.2 9.6
TD-600 258 27.0 5.5

CARBO AF D600 260 28.5 5.6
К-700НТ 260 28.0 5.6
К-600НТ 260 28.0 5.6

Fig. 2. Wire surfaced samples

in the range of 250–270 °C. Temperature was monitored with an ADA TemPro 900 A00225 non-contact 
thermometer with a measurement error of ±15 °C.

Sample No. 2 was surfaced using TD-RC3 wire (ø 1.6 mm).
Sample No. 3 was surfaced using TD-600 wire (ø 1.6 mm).
Sample No. 4 was surfaced using T-590 electrodes (ø 4.0 mm).
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Sample No. 5 was surfaced using CARBO AF D600 wire (ø 1.6 mm). To minimize cracking, preheating 
to 180 °C was applied, and the interpass temperature was maintained at 250–270 °C. Temperature was 
monitored with the same ADA thermometer.

Sample No. 6 was surfaced using K-600NT wire (ø 1.6 mm).
Sample No. 7 was surfaced using K-700NT wire (ø 1.6 mm).
Surfacing was performed using LORCH P5500 MIG/MAG welding equipment: an industrial semi-

automatic welding system P 5500 Speed XT, a compact power source with water cooling, integrated wire 
feeder and control panel, an SB 550W liquid-cooled welding torch (550A for CO₂ / 500A for Ar/CO₂, 100% 
duty cycle, for 1.2–1.6 mm wire), equipped with an ergonomic handle and Euro connector.

Research results

Prior to surfacing on the experimental batch of hammers (beat), incoming inspection of the cast prod-
ucts was performed:

– Items were numbered and documented with photographs (Figs. 3–5);
– Surfaces were cleaned using mechanical tools on three sides;
– Weighing was conducted.
Visual and penetrant testing of the seven received products revealed the defects listed in Table 4.
A milling operation of the working surface was performed to a depth of 10 mm. Extensive through-hole 

defects were identified on two hammers (No. 1 and 3). Subsequently, new hammer samples were selected 
for surfacing, which successfully passed visual and capillary control.

Preliminary studies were conducted on witness (test) samples to determine the microstructure in the 
surfaced layer, measure hardness, and evaluate wear resistance.

Fig. 4. Penetrant testing

Fig. 3. Visual inspection of the beater surface after removal of metallurgical slag
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Fig. 5. Extended through-thickness defects on the 
beater, numbered 1, 3 (see Fig. 3)

T a b l e  4

Defects identified by visual and liquid penetrant testing

Product number Identified defects
1 Pores and a shrinkage cavity in the working section of the component
2 Pores and micro-cracks on the surface
3 Pores and cracks extending to the surface. After sectioning 7 mm deep, a shrinkage void was 

observed in the functional area of the part
4 Pores and cracks extending to the surface
5 Pores extending to the surface
6 Pores extending to the surface
7 Pores extending to the surface

Metallographic Studies

Fig. 6 shows the microstructure of cast 110G13L steel, where non-metallic inclusions and carbides along 
grain boundaries are clearly visible. Examination of the heat-affected zone (HAZ) revealed a fully austenitic 
microstructure with a high density of deformation slip bands and twinning within the grains, indicating 

Fig. 6. Carbides at austenite grain boundaries and non-metallic inclusions
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significant work hardening. Additionally, cracks propagating along some austenitic grain boundaries were 
observed in several sections, while other grain boundaries remained intact.

The microstructure of the surfaced layers is shown in Figs. 7–8. The structure of the surfaced metal 
contains boron carbides (Figs. 8, a, b) and chromium carbides (Figs. 8, c, d).

The chemical composition of the  surfaced layers, determined using the Bruker S1 TITAN fluorescence 
spectrometer, is presented in Tables 5–10. The main alloying elements are chromium, molybdenum, 
manganese, and vanadium. Titanium (declared by the manufacturer for CARBO AF D600 wire) and tungsten 
(declared for K-700NT) were not detected in the  surfaced metal.

                            a                                                              b                                                              c
Fig. 7. Microstructure of the surfaced layer with a buffer layer: 

a – surfaced layer at the boundary with the buffer layer; b – buffer layer; c – transition layer between the buffer layer  
and 1.1% C-13% Mn steel

                                      a                                                                                               b

                                      c                                                                                               d
Fig. 8. Microstructure of surfaced layers: 

a – surfaced layer with ASM 57 – OA wire; b – surfaced layer with CARBO AF D600 wire; c – surfaced layer with 
TD-RC3 wire; d – surfaced layer with TD-600 wire
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T a b l e  5

Chemical composition of the layer surfaced with T-590 wire. %
Mn Cr Si Cu Ni Mo
6.23 4.29 2.0 0.07 0.06 0.02

T a b l e  6

Chemical composition of the layer surfaced with ASM 57 – OA wire
Mn Cr Si Ni В Cu
6.00 8.32 0.43 0.07 0.16 0.05

T a b l e  7

Chemical composition of the layer surfaced with TD-RC3 wire
Cr Mn Mo Si Cu S Ni

5.32 2.94 1.61 0.51 0.36 0.24 0.22

T a b l e  8

Chemical composition of the layer surfaced with TD-600 wire
Cr Mn Si Cu Ni Mo

7.18 2.93 2.36 0.29 0.12 0.02

T a b l e  9

Chemical composition of the layer surfaced with CARBO AF D600 wire
Cr Mn Si Cu Ni

8.18 0.53 0.36 0.29 0.12

T a b l e  1 0

Chemical composition of the layer surfaced with K-700NT wire
Mn Cr Si Cu Ni
4.23 6.29 2.0 0.07 0.06

All wires demonstrate chromium as the primary alloying element, differing only in its concentration in 
the  surfaced metal (see Tables 5–10). Notably, the manufacturer’s certificate for ASM 57-OA wire stated a 
chromium content of 18%, whereas the actual chromium content in the  surfaced metal was 2.2 times lower 
(Table 6).

The results of macrohardness measurements on the surface of the surfaced samples are shown in 
Table 11. Three measurements were taken at different points on the surfaced surface, showing that hardness 
is uniformly distributed across the surfaced metal.

Fig. 9 graphically presents the results of microhardness distribution measurements across the depth of 
the surfaced layer.

The results of the abrasion resistance test are shown in Fig. 10. Initially, it can be confirmed that all 
surfacing materials used for surfacing exhibited lower mass loss during testing compared to samples 
of the base Hadfield steel. In terms of mass loss, wires designated in Fig. 10 as No. 7 – K-600NT and  
No. 8 – K-700NT demonstrated the lowest values.
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Subsequently, a batch of 12 hammers (Fig. 11), surfaced with K-700NT wire, was installed on the  
MMT-1A mill. The remaining rows were fitted with standard, non-surfaced 110G13L steel hammers in 
the quantity of 114 pieces (Fig. 12). After 466 hours of testing, an inspection was conducted (Fig. 13). 
Following this inspection, testing was continued until the hammers were completely worn out.

T a b l e  1 1

Rockwell hardness of the surfaced layer of samples, HRC

Sample name Hardness 1 Hardness 2 Hardness 3 Average value
АСМ 57 – ОА 48.5 50 51 49.83

TD-RC3 45.5 46.0 48 46.5
TD-600 50 51 51 50.66

CARBO AF D600 55 54 58 56.5
К-600НТ 58 55 59 57.5
К-700НТ 61 61.5 61 61

Т-590 40 42 44 42

а

b

Fig. 9. Microhardness profiles across the surfaced depth: 
a – K-700NT wire; b – TD-600 wire
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Fig. 10. Abrasive wear test results (mass loss of 
surfacing wires): 

1 – Hadfield steel; 2 – ASM 57 – OA; 3 – T590; 4 – TD-
RC3; 5 – CARBO AF D600; 6 – TD-600; 7 – K-600NT; 8 – 

K-700NT

Fig. 11. Surfaced beaters for mill mounting

Fig. 12. Placement of beaters in the mill

Discussion of the results

Studies have shown that the microstructure of the  surfaced metal is based on martensite and carbides 
of the M₃C, M₇C₃, and M₂₃C₆ types. Borides are observed in the microstructure of the deposit from ASM 
57-OA wire (Fig. 8, a). The high carbon content in the wires ASM 57-OA, TD-RC3, CARBO AF D600, and 
K-600NT promotes the formation of a martensitic matrix with inclusions of y (Fig. 8, d). The martensitic 
microstructure is often chosen for its excellent abrasion resistance and satisfactory impact toughness.

Analyzing the average hardness and microhardness values measured along the cross-section of the  
surfaced beads, it can be noted that hardness values were in the range of 720–900 HV, except for the sample 
surfaced with TD-RC3 wire, which had a hardness of approximately 46.5 HRC (equivalent to ~460 HV). 
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Fig. 13. Inspection of welded beaters after 466 hours  
of testing

These values are significantly higher than those of the Hadfield steel substrate, which measured 258 HV. 
The microhardness profile measured through the depth of the coating is shown in Fig. 9. The depth of the  
surfaced layers is 3–4 mm. The hardness in the middle of the coating averaged 750 HV, while the highest 
hardness values were recorded in the top layer of the coating. Figure 9 shows a peak microhardness of 900 
HV for two samples. The higher hardness of the coating is attributed to the formation of a large number of 
primary M₇C₃ carbides and may also be associated with the martensitic phase. In the case of the TD-RC3 
wire (Fig. 10, b), the hardness is lower, which correlates with a relatively lower concentration of elements 
such as Cr and C in the  surfaced metal. Thus, it can be inferred that the type, size, shape, and distribution 
of carbides, as well as the matrix structure, strongly influence the hardness of the  surfaced layer.

It should be noted that, regardless of the surfacing material used, the thermal conditions during 
deposition did not alter the microstructure to an extent that would significantly change the hardness of the  
surfaced beads. Furthermore, the hardness of the  surfaced beads is approximately twice as high as that of 
the 110G13L steel substrate, suggesting greater wear resistance compared to the substrate. The increase 
in hardness relative to the substrate can be explained by the volume fraction of carbides distributed in the 
matrix phase [12, 36–37]. The ratio of carbide to matrix volume plays an important role in wear resistance. 
A coating with a higher volume fraction of carbides exhibits greater wear resistance, which also correlates 
with higher hardness [20–24, 38–40].

In our studies of standard 110G13L steel plates surfaced with various wires exhibiting different chemical 
compositions and high hardness, some explanation of the obtained results is required. It is known that the 
hardness of both the matrix and the carbide phase determines the overall hardness of the  surfaced layer. The 
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hardness of alloy steels can generally serve as an indicator of abrasive wear resistance [24, 41–42]. Wear 
resistance typically increases with hardness [25]. The authors of [26] reported that the wear resistance 
of Ni₃Al-M₇C₃ carbide coatings improved significantly due to the presence of hard phases in a ductile 
matrix.

In our case, carbides are embedded in a hard (martensitic) matrix. According to the results of our 
hardness measurements and abrasive wear tests, a correlation exists between hardness and wear resistance, 
as surfaced samples with hardness ranging from 500 to 1,000 HV showed 30–50% higher resistance to 
abrasion compared to 110G13L steel samples (Fig. 10). Since mass loss was low for all surfaced samples, 
the sensitivity of the test must also be considered; thus, it can be stated that all samples performed similarly, 
as observed in other studies [19–24, 43–45]. Carbides protruding above the surface can temporarily protect 
it from further wear by preventing direct contact between the sample surface and the abrasive. Protruding 
carbides can also serve as sites for the accumulation and compaction of wear debris, contributing to the 
formation of a stable protective tribolayer [19–20].

Analysis of the cross-section of a 110G13L steel sample after industrial abrasive wear testing by coal 
particles revealed subsurface cracks with no visible connection to the surface. The authors of [20] conducted 
a systematic analysis of the significance of carbide inclusions for assessing the impact toughness of three 
steel types: manganese steel (Grade B3), high-carbon steel (Grade B4), and chromium steel (Grade C). 
They reported that the degree of embrittlement in austenitic manganese steels depends on the extent of 
grain boundary coverage by brittle phases. Thin carbides (thickness < 0.2 µm) and thick carbides (thickness 
~0.5–1.5 µm) were classified, with the latter being more detrimental, especially in large weld deposits [20].

In the present study, many cracks were found in areas with carbides larger than 0.2 µm, and others 
propagated where carbide inclusions were smaller than 0.2 µm. This suggests that under the combined 
impact and abrasion conditions in which the 110G13L steel component operates, merely having carbide 
inclusions smaller than 0.2 µm is insufficient; it is necessary to prevent or eliminate carbide precipitation 
at grain boundaries. This finding motivates our further research into heat treatment to meet the impact and 
abrasion resistance requirements for coal mill hammer components.

Fig. 13 shows the worn surface of a crusher segment (upper part) examined using a stereo microscope. 
Deformation marks are clearly visible during macroscopic examination. These marks resemble wear 
patterns resulting from significant particle impacts on the surface. The authors of [22] classified wear 
caused by repeated solid particle impact as impact wear. However, the synergistic effect between impact 
and abrasion, referred to in the literature as impact-abrasion, has been described by several authors [12–
20]. The observed damage mechanisms on worn hammers operating on coal ash led us to conclude that 
impact damage mechanisms, synergistically interacting with abrasion mechanisms, create resultant wear 
rates exceeding the sum of individual components, consistent with the results of other work [16–23]. It 
is important to emphasize that the observed wear features (see Fig. 12) exceed the material’s grain size, 
suggesting that the material removal process occurs on a millimeter scale. Therefore, given the nature of 
this phenomenon involving the grinding of abrasive coal fragments and impact between metal bodies, the 
term “impact-abrasive wear” better describes the mechanism considered in this study.

To compare the wear resistance of surfacing materials with various microstructures, including some in 
different deformed states, the wear rate can be expressed as wear per unit of impact energy [23]. It should 
be noted that during impact, energy is also dissipated in other processes (e.g., friction). In [23], energies 
dissipated during impact were calculated individually from high-speed images of each test. According 
to the authors, representing wear rates based on dissipated energy and the mass of erosive particles can 
provide a more accurate assessment of wear test results.

In conclusion, industrial tests of surfaced hammers have demonstrated a significant increase in service life 
compared to non-surfaced hammers. Evaluation of the abrasive wear resistance of the investigated welding 
wires from various manufacturers shows similar results. All investigated wires possess characteristics that 
allow their use for surfacing coatings on components made of 110G13L steel in mining equipment or other 
applications requiring high wear resistance.
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Conclusions

1. Analysis of the cross-sections for all investigated welding wires revealed that dilution between the  
surfaced layer and the substrate is minimal. Higher heat input from the welding arc typically results in the 
formation of higher and wider weld beads, whereas lower heat input values can lead to incomplete fusion 
or bead detachment. The presence of cracks was noted in some samples, with their propagation arrested 
within the buffer (buttering) layer.

2. Microstructural analysis demonstrated that the  surfaced layer consists of carbide inclusions 
(chromium, iron, and boron-based) embedded within a martensitic matrix. During the surfacing process, 
grains in regions closer to the substrate interface were finer than those on the surface. This is attributed to a 
higher cooling rate near the interface, which suppresses grain growth.

3. The microhardness of all studied surfacing wires ranged from 550 to 900 HV, which is 2–3 times 
higher than the microhardness of the base 110G13L steel (approximately 250 HV). This high hardness is 
attributed to the significant volume fraction of chromium carbides within the  surfaced metal.

4. Abrasive wear resistance tests indicated that all samples, with chromium content in the  surfaced 
metal ranging from 4.3 to 8.4 wt.%, exhibited comparable wear resistance. Industrial field trials of surfaced 
hammers (beaters) under actual coal grinding conditions at a thermal power plant demonstrated a 40–50% 
increase in service life compared to standard, non-surfaced 110G13L steel beaters.
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