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Abstract

This paper analyses the microstructure and properties of the titanium- and boron-alloyed high-
carbon medium-manganese 140Mn6Cr3TiB steel deposit before and after high-frequency mechanical
impact (HFMI) treatment. Nanoindentation revealed a distinct correlation between the phase
composition and the deformation behaviour. The heterogeneous nature of the steel creates a “shield-
and-buffer” effect, where the hard eutectic framework resists penetration and tough matrix prevents
brittle failure. The synergistic interaction between the phases, i.e., the high hardness of boride-carbide
phases with the high fracture toughness of the manganese-rich austenite, maintains a high tolerance
to abrasion damage of the deposit. The HFMI treatment results in the formation of the strain-induced
e- and o’-martensites (~66% and 3-6%, respectively), a significant grains/crystallites refinement
(down to 31-54 nm), and dislocation density (~2.2*10%3-5.1*10%cm?), which support essential
hardening from HVo2= 5.17 GPa to HVo2= 7.8 GPa. The HFMI treatment regime (load = 100 N,
amplitude = 10 um, and HFMI time = 60 s) was found to be optimal, which leads to the enhancement
in wear resistance of 140Mn6Cr3TiB steel deposit that manifests itself by the decrease of the wear
volume by ~4 times from 15.2 um? to 3.9 um? and in the decrease in the scratch track depths by ~30%
(from ~0.52 um to ~0.37 pm) in comparison with the initial deposit. The HFMI-hardening changed
the wear mechanism of high-carbon medium-manganese titanium and boron-alloyed 140Mn6Cr3TiB
steel hardfacing to the ploughing mechanism instead of the “wedge/pile-ups’ formation in the initial
deposit. The obtained results confirm good efficiency and prospects of the medium-manganese steel
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hardfacing followed by the finishing HFMI treatment in the production of protective deposits of
enhanced wear resistance and prolonged operation life.

Keywords: hardfacing; middle-manganese steel; high-frequency mechanical impact; heterogeneous
microstructure; martensite; nanoindentation; hardness; scratch test; wear resistance

1. Introduction

Hardening and restoration of worn surfaces are effective technologies that increase service life,
reduce operating costs, and improve the reliability of machines and equipment. [1-4]. Hardfacing
technologies are widely used in various economic sectors: mining industry [5-8], building equipment
[9], agricultural machinery [10-13], oil and gas industry [14,15], railway transport [16-20], heavy
industry [21-23], automotive industry [24-28], etc. Machine working units and their parts are subject
to various types of wear: abrasive, corrosive, friction (fretting, adhesion, fatigue, polishing), thermal,
impact (two-body impact, erosion, cavitation) wear and various combinations of them, for example,
tribocorrosive, impact-abrasive, etc. [29]. Abrasive wear causes the greatest damage, but in most
cases, it is not pure and acts in conjunction with other types of wear (impact, corrosion, thermal) [30].
This complex issue requires specialists and scientists studying tribology, as well as the development
of new materials and coatings, the improvement of existing ones, or the introduction of new testing
methods. Such a complex problem requires the improvement of existing testing methods or the
introduction of new ones by specialists and scientists studying tribology or developing new materials
and coatings.

In the mining and construction industries, as well as in railway engineering, one of the important
types of wear is impact-abrasive wear [31-33]. To reduce the degree of impact-abrasive wear, high-
manganese steel [34] is traditionally used due to its ability to quickly harden on the surface when
exposed to significant impact loads or contact stresses. However, low yield strength and insufficient
work hardening rate under low and medium stress conditions are significant disadvantages of this
material [35,36]. To increase the service life of mining equipment components, modified medium-
manganese austenitic steels (MMAS) were developed [37,38]. MMAS steels typically contain from 5
to 10 wt% Mn. MMAS alloys are effective over a wider range of deformations, unlike classical
Hadfield steel, which requires extreme mechanical stresses to activate hardening [39,40]. MMAS
alloys have a unique balance of strength and ductility, which is achieved due to the specific nature of
strain hardening [41,42]. At low and moderate loads, their hardening ability increases by 60-120%
(up to 700 HV), and wear resistance by 50-140% [43]. Under impact and rolling, the wear rate of Mn8
steel was 20% lower than that of Mn13 steel [44]. The authors attribute this effect to the greater
sensitivity of Mn8 steel to strain hardening. During deformation, austenite can undergo either a
martensitic phase transformation or twinning. Thus, two main mechanisms of strengthening of such
steels are distinguished: transformation-induced plasticity (TRIP) [44,45] and twinning-induced
plasticity (TWIP) [46]. These two strengthening mechanisms can achieve an optimal combination of
mechanical parameters, exceptional abrasion resistance [47-50] and cost effectiveness [51]. It is
known that the strengthening mechanism of austenitic steels depends on the stacking fault energy
(SFE) [52]. At values below ~15 mJ/m?, deformation induces e-martensite (TRIP effect), whereas at
higher SFE values twinning dominates (TWIP effect) [52]. In high-carbon MMA steels, SFE values
typically range from 20 to 40 mJ/m? [52]. This level of stacking fault energy suppresses the direct
Y—« martensitic transformation characteristic of the TRIP effect and activates the mechanical
twinning mechanism (TWIP effect).

In the initial stages of impact and rolling abrasion, dislocation strengthening plays a major role.
When the deformation reaches a certain extent, the deformation-induced martensitic transformation
and twinning strengthening begin to play a leading role [44]. The strain-induced y — o
transformation occurs through the formation of an intermediated e-martensitic phase, similarly to
the stainless steels of 18Cr-8Ni type with metastable austenitic structure after high-rate and/or
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cryogenic straining [53-56]. Normally, the a’-martensite is formed at the increased strain extents on
the twins’ intersections or intersections of e-martensitic lathes, and a maximum volume fraction of e-
martensite did not exceed ~10% [57]. Another situation is observed in high- or medium-manganese
steels, which can contain up to 60% of e-martensite [58-60].

Two different mechanisms of mechanical twinning are known to occur depending on the strain
rate and stress magnitude (see Figure 1), i.e., a self-partial-multiplication (Figure 2a) or by the
rebounding of partial dislocations on the grain boundary (Figure 2b). The first mechanism operates
at a low strain rate and low stresses owing to Shockley dislocation reactions occurring within the
stacking faults. Conversely, the partials’ rebounding mechanism operates at a high strain rate and
high stresses [61].

; * e
%.. .... XV

Homogeneous steel Intercritical annealing Deformation
Partitioning Y : TWIP effect Y : TRIP effect
@ : Dislocation glide @ : Dislocation glide

Figure 1. Mechanism of TWIP+TRIP in MMASs. Adapted from [60,61].

Lee’s study [62] on Hadfield steels demonstrated the critical role of strain rate in determining
the predominant strengthening mechanism. The authors found that at low loading rates, the structure
evolves through the formation of e-martensite. However, an increase in the deformation intensity
suppresses the process of martensite formation, transferring the system to the mechanical twinning
mode, which becomes a key factor in increasing plasticity [62]. The TRIP effect is a phenomenon in
which the transformation of metastable austenite to martensite is induced at low stresses [44]. The
mechanisms of strain hardening in MMA steels are determined by the TRIP and TWIP effects. The
TRIP effect consists of a controlled transition of metastable austenite to martensite under the
application of external loads [44]. Hardening in this case is caused by the barrier action of the
matrix/martensite interphase boundaries, the redistribution of stresses in favour of the harder phase,
and the limitation of transcrystalline slip due to the anisotropy of martensite precipitates [63]. In turn,
the TWIP effect is realised through the continuous intersection of grains by deformation twins, which
leads to structural fragmentation (dynamic grain refinement) and a consistent increase in dislocation
density, providing a combination of high strength and ductility [64].

Hardness Strain rate

Stacking fault Dislocation

Dislocation
island
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Figure 2. Self-forming and impact-forming twins. Adapted from [49].

To evaluate the wear resistance of alloys, various abrasive wear test methods are used, such as
pin-on-disc [65], ball-on-disc [51], ball-on-plate [66], and impact wear resistance test [46]. The
interaction between the abrasive and the wear surface can occur through different mechanisms, such
as micro-ploughing, micro-cutting, micro-fatigue, and microcracking [67], as well as cutting,
wedging, and ploughing [68]. Chen et al. [49] used the same apparatus to determine the wear
resistance at different impact energies from 0.5 to 6.0 J. The results showed that the best and worst
wear resistance were observed at impact energies of 3.5 and 1.5 ], respectively. The degree of wear
was related to changes in the amount of martensite, as well as the shape of dislocations and twins, at
different impact energies. It was determined that the bulk morphology of martensite on the worn
surface of medium-manganese steels does not change significantly under different impact conditions,
while impact energy affects the morphology of dislocations and twins. Wang et al. [44] carried out
impact and abrasive rolling wear tests using quartz sand particles between two steel rings. It was
found that the impact and rolling wear rate of Mn8 alloy was 20% lower than that of Mn13 due to the
better sensitivity of Mn8 to strain hardening.

Various technologies for mechanical hardening of metallic surfaces are used in practice, for
example, shot peening [69,70], ultrasonic shot peening [71], surface mechanical attrition treatment
[72], ultrasonic nanocrystalline surface modification (UNSM) [73], etc. Jia et al. [70] studied the effect
of shot peening on the properties of medium manganese steel. The results of the study showed that
after 30 min of shot peening processing, the hardness increases from ~286 HV in the initial state to
~477-480 HV in the treated state, forming a hardened layer up to 500 pum. Moreover, the main
contribution to this strengthening is made by the formation of deformation twins with a thickness of
20-30 nm. Kim et al. [73] show that UNSM is an efficient method to overcome the current limitation
of TWIP steel by enhancing the low YS during plastic deformation while preserving high strain
hardening and large ductility.

High-frequency mechanical impact (HFMI) technology [74,75] (also known as ultrasonic impact
treatment/peening (UIT/UIP) [76,77]) is an effective method for increasing the fatigue resistance of
welded joints [74-76] and surface modification of metallic materials [76,77]. According to the
literature, numerous attempts have been made to establish the effectiveness of ultrasonic methods of
surface modification for improving the mechanical and microstructural properties of austenitic
manganese steels. Recent research by Zhao et al. [71] demonstrates that UR treatment induces
significant work hardening and grain refinement. The hardness increases from 286.77 HV to 632.28
HV, which changes the wear mode. The study by Meng et al. [78] focused on the effect of ultrasonic
impact treatment (UIT) on the structural state and magnetic properties of austenitic high-manganese
steel (Fe-17Mn-0.6C-1.5A1-0.3V). The results indicate that at room temperature, UIT initiates an
intense TRIP effect, leading to a large-scale phase transformation of FCC austenite to BCC martensite
(y—a’). The proportion of the martensite phase on the surface increases from the initial 14.4% to 46%,
accompanied by a sharp increase in microhardness from 310 HV to 580 HV. The main strengthening
mechanism in this case is grain refinement and phase hardening [78]. It has been established that
increasing the processing temperature to 300 °C (warm UIT) allows for the complete suppression of
the transformation into martensite, while maintaining high hardness (approximately 515 HV) due to
the formation of a stable nanocrystalline austenite structure and deformation-induced twinning
(TWIP effect). Thus, varying the parameters of ultrasonic exposure allows for precise control of the
phase composition and physical and mechanical properties of the surface layer, ensuring the required
wear resistance without losing the non-magnetic properties of the material [78]. Trembach, Mordyuk
etal. [79] investigated the effect of high-frequency mechanical forging (HFMF) on the microstructure,
phase composition, and tribological characteristics of the deposited layer of high-manganese steel.
The HFMI process variables were intensity, static load, and exposure duration. It was found that the
increase in hardness (from HV0.2 =2.78 GPa to HVo.2=6-7.69 GPa) after HFMI treatment is associated
with twinning, grain refinement, and increased lattice microstrain caused by an increase in
dislocation density, the formation of &€ martensite, and a small amount of o' martensite. It was
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established that HFMI process parameters have a significant impact on wear. The wear mechanism
of the high-manganese steel studied varied from plastic deformation, leading to the formation of
burrs in the initial state, to ploughing in the HFMI-hardened state. The most significant factor is the
static load, which influences the surface modification of the high-manganese steel. The sample with
a 150 N load, 10 um amplitude, and 40 s duration demonstrated the highest wear resistance.

Surfacing processes are widely used both for strengthening surfaces and for restoring worn
machine parts, providing a significant reduction in production costs due to the use of available
structural steels as a base and extending the service life of components through local renovation of
their geometry while simultaneously increasing wear resistance [80-86]. In modern engineering
practice, a wide range of technologies are used to form functional coatings on parts made of various
metals and alloys [86-93]. The most economical, accessible, and simple methods are arc surfacing
[93]. Among the main methods of arc surfacing are shielded metal arc welding [94,95], gas tungsten
arc welding [96,97], gas metal arc welding (GMAW) [98-100], submerged arc welding (SAW)
[101,102], manual metal arc welding [103,104], and flux-cored arc welding (FCAW) [105-109]. In
recent decades, special attention in the industry has been paid to the self-shielded flux-cored wire
welding (FCAW-S) method, which is characterised by high productivity, technological flexibility, and
the ability to produce deposited metal with specified operational properties [110-114]. An important
issue is improving the quality of the deposited metal and the productivity of the surfacing process
[110,114,115]. This problem is solved by introducing an exothermic additive into the filler of the flux-
cored wire [116,117]. Numerous studies indicate an increase in the productivity of the process when
introducing an exothermic additive into the filler of the flux-cored wire [115,117-121]. In [122], the
influence of flux-cored wire surfacing (FCAW-S) modes with an exothermic additive of the MnO»2-Al
system on the structural-phase state and mechanical properties of the deposited metal was
investigated. It was found that the introduction of an exothermic mixture promotes grain refinement
and modification of non-metallic inclusions (reduction in size and total quantity), which leads to an
increase in the hardness and wear resistance of the coating. This is also confirmed by the earlier
studies of Trembach et al. [122-124].

The aim of this work is to study the microstructure and mechanical properties of a surfacing
made of high-carbon austenitic medium manganese steel alloyed with boron and titanium before and
after modification using high-frequency mechanical impact treatment, as well as their effect on
abrasive wear resistance.

2. Materials and Methods

2.1. Filler Material

The experimental self-shielded flux-cored wire (FCAW-S) had a diameter of 4.0 mm and was
specifically designed for the study. The core filler gave comprehensive gas and slag protection and
provided controlled alloying and deoxidation of the weld pool. The wire’s gas-and-slag-forming
system belonged to the fluorite-rutile-carbonate type. A key feature was adding an exothermic
component based on the MnO-Al thermite system. The detailed chemical composition of the core
filler appears in Table 1. The oxidiser-to-reductant ratio matched stoichiometric proportions. Wire
fabrication used a low-carbon steel strip (Grade St 24, DIN 1614.1) as the sheath material. The strip
arrived annealed, with a width of 20 mm and a thickness of 0.5 mm. Core components were
distributed within the formed U-shaped sheath, which was then closed and drawn in multiple stages.
Each stage used calibrated dies to gradually reduce the diameter to the target of 4.0 mm. Coefficients
of wire filling for the wires were 0.26.
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Table 1. Composition of core filler FCAW-SE, wt.%.

Content of the Components in Core Filler of Content
FCAW-S, [wt.%] of the

The Name of the Component

The Compon
Name of P
ents in

the
Compone Core
p Filler of

nt FCAW-S,
[wt.%]

Fluorspar GOST4421-73

Rutilovy concentrate GOST
22938-78

Calcium carbonate GOST8252-
79

Zirconium dioxide GOST
21907-76

Graphite is silver

Metal Chrome X99 GOST 5905-
79

Ferromanganese FMN-88A
GOST 4755-91

11

6.5

15.5

Ferrosilico 1
n FS-75

GOST

1415-78
Titanium 2
powder

PTM TU
14-22-57-

22

Oxide of 21.2
manganes

e powder-

like GOST
4470-79
Aluminu 8.8
m powder

PA1

GOST 605

8-73

Boron 3.2
carbide

(B4C)

powder

Iron 13.8
powder

PZhR-1

GOST

9849-86

2.2. Deposition Technology

The deposition of the boron/titanium modified 140Mn6Cr3TiB steel was performed on S 235
J2G2 (St3ps) carbon steel substrates, compliant with the EN 10025-2 standard. The dimensions of the
base metal plates were 200 x 100 x 15 mm. The cladding process was implemented using an A-874

automatic welding system (Paton Electric Welding Institute, Kyiv, Ukraine). The apparatus was

integrated with a power source characterised by a constant-voltage (CV) output. The main deposition
process parameters, i.e., wire feed speed (WFS), arc voltage (Uset), contact tip-to-work distance
(CTWD) and travel speed (TS), were chosen based on the earlier performed studies and listed in Table

2.
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Table 2. Hardfacing parameters.

Parameter Recommended Range/Value
Wire diameter 4.0 mm
Current (A) 240 A
Arc voltage (V) 22V
Travel speed (m/h) 20 m/h
Polarity / Current type DC+, constant voltage
Position Flat (downhand)
Preheating (Tp), [°C] No

After finishing the deposition process, specimens were cooled in still air to simulate industrial
practice. The samples for microstructural examination, hardness profiling and wear testing were
subsequently extracted from the overlays of the 140Mn6Cr3TiB steel according to the testing plan.

2.3. High-Frequency Mechanical Impact Treatment

To modify the near-surface microstructure of the 140Mn6Cr3TiB deposit, the HFMI treatment
was used. Its principle [125,126] and the applied equipment [77,79,127] were described earlier. The
used HFMI regimes provide various specific energies accumulated in the modified surface (Table 3).
An ultrasonic generator (0.6 kW, fus = 21 kHz) supplied an acoustic setup with a piezoceramic
transducer, a buster, and a step-like ultrasonic horn. Multiple high-frequency (~1 kHz) impacts of a
needle-like Steel 52100 pin on the modified surface caused severe plastic deformation and
microstructural changes in the near-surface layers of the treated specimen [128].

Table 3. Main parameters of HFMI treatment of the 140Mn6Cr3TiB deposit sample surface.

Apparatus Pin Impact Pin Specific
Sample PP P Pin . Load Amplitude HFMI Accumulated
. Frequency Frequency ., Diameter .
Marking Material (N) (um) Time (s) Energy
(kHz) (kHz) (mm)
(kW/cm?)
0 - - - - 0 0 0 0
1 150.0 20 20 9.2
2 21.6 1+0.1  Steel 52100 6 50.0 30 40 17.6
3 100.0 10 60 20.9

2.4. Microstructure and Phase Analysis

The surface morphology, microstructure, phase state and chemical compositions were analysed
by scanning electron microscopy using a ZEISS EVO 40XVP microscope with an INCA energy
dispersive X-ray spectroscopic (EDS) micro-analyser and a TESCAN Mira 3 LMU microscope
equipped with an EDS micro-analyser OXFORD X-MAX 80 mm?2.

The microstructure and phase composition of the studied specimens were analysed by X-ray
diffraction (XRD) analysis using a DRON-3 XRD apparatus with a Cu Ka source (A = 0.15406 nm)
operated at a ‘©-20’ focusing, step length of 0.04° and the residence time of 4 s. The crystallite size
D, and lattice micro-strains 1) were based on the measured broadening (B), i.e., a full width at a half
maximum (FWHM), and assessed physical broadening = (B> - b?)'2 (B is FWHM and b is
instrumental broadening) of the (111), (200), (220), and (311) reflections using the Wiliamson-Hall
approach and Debye-Scherrer equation [129]:

B =(K A/ Dcos0) +n tg0, (1)
where K is the constant (K = 0.9), A is the X-ray wavelength, and 0 is the diffraction angle. The
dislocation densities (0) were estimated based on the XRD evaluated crystallite size (D), the lattice
micro-strains (1), and Burgers vector for iron bs = 0.258 nm using the following formula [129,130]:
0=2231/(Dbs). 2)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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To discriminate between the y-, e- and a’-phases, a deconvolution of the (111) maximums was
performed using Origin Pro software. Comparing the intensity of (111) v, (002) ¢, and (110) a" sub-
peaks obtained after deconvolution, a content of a’-phase was estimated, and a concentration of e-
phase M: was also evaluated using the following formula [131]:

M. = 100%
£ 1+027-(liary/Tooze)

3)

2.5. Hardness and Wear Assessment Techniques

The mechanical properties of the as-deposited specimens of the 140Mn6Cr3TiB steel were
investigated by instrumented indentation with the Berkovich indenter using a multifunctional
indentation tester “Micron-Gamma” at a load of 20 g and a loading rate of 2 g/s [132,133].

The same tester was also used to compare the tribological behaviour of the as-deposited and
HFEMI-treated specimens by evaluating their responses to the scratch tests. These tests were
performed under the same controlled conditions using a conical diamond indenter with a tip radius
of 50 um, applying a constant predefined load. At the test beginning, the indenter was loaded to 500
mN over the first second, and then a 320 um-long scratch track was formed on the specimen surface
under this maximum constant load, and then the indenter was unloaded at 500 mN/s to finalise the
test. Residual scratch depth was measured to numerically evaluate surface-layer wear. To eliminate
initial surface roughness, a scratch-test procedure was performed in four steps: a pre-scan at low load
for initial profile recording (320 pm), scratching under constant maximum load (320 um), a post-scan
to measure the formed scratch profile (320 um), and finally subtracting the recorded scratch profile
from the initial to determine the true scratch depth. Such a procedure for scratch characterisation
enables a comparative assessment of tribological material properties across different surface
roughness and surface slope (trend) [79,134]. The presented values of the scratch track depth were
statistically averaged by three tracks situated as a 120° rosette, and they can be considered as a proxy
for data related to the wear resistance of the studied surface.

Additionally, the micro-tribological tests were carried out in the reciprocating sliding mode
using the “Micron-gamma’” multifunctional tester equipped with a conical diamond indenter with a
tip radius of 100 um at a load of 500 mN. For this purpose, an additional reciprocating mechanism
was installed on the movable stage of the indentation tester [135]. This test consisted of 170 cycles of
reciprocating sliding at a constant normal load (0.49 N) on the indenter with simultaneous
registration of the friction force. To measure the volume of the worn material, the wear tracks were
analysed by the optical profilometer “Micron-alpha” [136,137].

Hertzian contact shear stress was assessed for the sphere d = 200 mkm to flat plate contact, and
shear stress Tcontact in the specimen surface layer of ~10 um thick was obtained to be ~1.7 GPa (with
maximum value
Tmax = 2.17 GPa at a depth of ~3 pm).

3. Results
3.1. Studies of the as-Deposited 140Mn6Cr3TiB Metal Hardfacing

3.1.1. Microstructure and Phase Composition

The chemical composition of the deposited metal was evaluated using a Spectrolab LAVFC01A
optical emission spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, Germany) and listed
in Table 4.

Table 4. The chemical composition of the deposited 140Mn6Cr3TiB metal (wt%).

Element C Mn Cr Si Ti B Al N P S Fe
Content (wt%) 141 6.16 325 074 0.18 027 03 0.046 0.058 0.023 Bal.
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3.1.2. Theoretical Simulation and Analysis of Phase Stability

Based on the chemical composition of the deposited metal, a phase equilibrium diagram was
modelled using JMatPro® API v7.0 software (Figure 3). This diagram serves as a tool for identifying
critical temperatures and analysing the dynamics of phase transformations during heating or cooling.
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Figure 3. Calculation and prediction of phase type (a) and change in phase composition: (b) MN; (c) AIN; (d)
Austenite; (€) MNS; (f) MB2_Cs; (g) Cementite; (h) MyCs; (i) FE2B.
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An important feature of this alloy is the presence of refractory phases. Upon cooling of the
molten weld pool at 1628.78 °C, precipitation of solid particles of titanium nitride TiN (Figure 4b)
becomes thermodynamically possible. These particles contain approximately ~77 wt.% Ti over
virtually the entire temperature range (Figure 4b). Upon further cooling to 1385.68 °C, precipitation
of aluminium nitrides occurs (Figure 4c). Thus, the first phases to precipitate from the liquid solid
solution are titanium and aluminium nitrides. These phases are dispersed and serve as modifiers that
reduce the austenite grain size. Thermodynamic modelling of the solidification process of high-
manganese steel 140Mn6Cr3TiB shows that the precipitation of primary vy austenite from the melt
occurs at a liquidus temperature of approximately 1368.07 °C and is complete at a solidus
temperature of 1100.22 °C. At 1321.07 °C, MnS sulphide inclusions precipitate from the alloy. At
1109.96 °C, the cementite phase precipitates from the supersaturated austenite solid solution. The
fraction of cementite increases to ~16 vol.%. According to Figure 4e, in addition to iron (Fe), cementite
contains significant amounts of manganese (up to 20-23 wt.%) and chromium (approximately 14
wt.%). This confirms the formation of alloyed cementite of the (Fe,Mn,Cr)sC type. Chromium and
manganese exhibit significant interdendritic segregation, which facilitates the precipitation of
complex secondary carbides (MsCs) along grain boundaries. Upon cooling below 672.63 °C,
chromium carbides M7Cs with an fcc lattice precipitate from the solid solution. Analysis of Figure 4h
shows that, due to the low chromium content, these carbides are rich in manganese and iron (the Cr
content increases from 15% to 25% upon cooling) and manganese (~35-40%). MrCs is formed from
cementite, as can be seen from Figure 4a. Further cooling of the alloy leads to the transformation of
austenite into ferrite (at 700.21 °C). With slow cooling below 1109.96 °C, the formation of titanium
borides from previously formed TiN will be thermodynamically stable. At a temperature of 442.68,
the low-temperature Fe2B phase is formed in the solution. Its mass fraction will be ~2 vol.%.

To initiate the transformation, high degrees of overcooling and prolonged holding at the
appropriate temperatures are required. However, welding conditions are characterised by a
nonequilibrium state due to the high cooling rate [138]. To analyse the matrix composition, it is
advisable to use the built-in Welding Cycle calculation module. Figure 5 shows the continuous
cooling transformation (CCT) diagram of the 140G6Kh3TV alloy under study, as well as the phase
diagram under welding conditions with heating at a rate of 1000 °C/sec and cooling at a rate of CR =
67 °C/sec. Analysis of the CCT diagram (Figure 5a) showed that for a given chemical composition,
the matrix will consist of an austenitic phase. This is also confirmed by modelling the phase
composition for the given welding cycle conditions (Figure 5b). However, high welding deformations
and stresses [123] will lead to the formation of martensite.

1000 CCT (a) 100 :b)

o, PRSTE RREAS optomr e,
0.1%

80

S
B Peartte (0.1%) g 60
©' Prarte a2 @ @uauiD
— 1000°cs ] MAUSTENITE
8w
o
woare
| \ \ P
20
; B
w 1312:0)
-100
-200
0.1 1 10 100 1000 10000 100000) 0 200 400 600 800 1000 1200 1400 1600 1800
Time (s) Temperature (C)

Figure 4. (a) Continuously cooling transformation (CCT) diagram and (b) phase composition during welding
cycle (Rate of heating RH = 1000 °C/s, cooling rate CR = 45 °C) for the 140Mn6Cr3TiB deposited metal.
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Figure 5. The SEM images of the microstructures x1000 (a) and XRD pattern (b) of deposited metal in 3 layers
hardfacing by FCAW-SE-140Mn6Cr3TiB.

3.1.3. Microstructure and Phase Composition of as-Deposited Hardfacing

Figure 5a shows SEM observation of the microstructure of the as-deposited high-carbon
austenitic middle-manganese steel 140Mn6Cr3TiB layer. The microstructure consists of irregularly
shaped grains subdivided by interlayers with micro-heterogeneous eutectic-type morphology of
various thicknesses. The XRD pattern of the deposit surface shown in Figure 5b confirms that it
comprises the main austenitic matrix phase with face-centred cubic (FCC) lattice, intrinsic e-phase
with hexagonal close-packed (HCP) lattice, and numerous second phases, including carbides of
various compositions as well as the iron and manganese borides. More detailed information
regarding the chemical compositions of several constituents (Table 5) was obtained from the
rectangular area marked in Figure 5a and shown at a higher magnification in Figure 6a together with
the EDS spectra of the analysed microstructure constituents (Figure 6b,c,d).

Spectrum 1

1 2 3
“A Full Scale 3230 cts Cursor: 0.000
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Figure 6. A higher magnification SEM image (a) of the microstructure of the area of 140Mn6Cr3TiB deposited
metal marked in Figure 5a and EDS spectra (b, ¢, d) of the different phases indicated in (a).
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Table 5. Chemical compositions of constituent phases on PP-Np-90G13N4 deposited metal according to Figure
6a (mass.%/at.%).

Analysed o Alloying Elements, % Phase
Area/Point ’ C Mn Fe Cr Ti Al B N Si
Weight 472 488 8553 186 - 038 074 - 062  matrix(y-
Spectruml )\ omic 2027 395 681 159 - 063 306 - 097 ustenmiter
e-martensite)
Weight  7.06 7.54 7668 457 023 013 275 - 047 Boride-Carbide
Spectrum 2 interlayer
Atomic 235 549 5488 352 019 02 1015 - 067 Fe:B, MnB,
(Fe,Mn,Cr)C
Weight 277 1572 1052 823 5389 - - 911 261 _
Spectrum 3 Atoriic 9011 1131 745 626 4451 - - 1769 367 L vMeG

The EDS analysis of the deposited 140Mn6Cr3TiB high-carbon MMAS revealed the formation of
a heterogeneous multiphase structure consisting of an Fe-Mn—Cr austenitic matrix, intergranular
carbide-austenite eutectic containing borides and Ti-rich secondary precipitates. The microstructure
of the studied MMAS in the as-cast state is characterised by a pronounced dendritic morphology, as
shown in Figure 5a and Figure 6a. The EDS analysis allowed for the evaluation the chemical
partitioning between the structural constituents (Table 5). The primary dendritic matrix (spectrum
1), representing the light-contrast phase in the BSE mode, consists of a solid solution of alloying
elements in iron. The elemental analysis shows that these regions are primarily composed of iron
(approx. 85.53 wt.%) with a moderate content of manganese (4.88 wt.%) and chromium (1.86 wt.%).
This phase corresponds to the austenitic matrix (Figure 6a) containing e-phase (Figure 5b).

In contrast, the interdendritic regions (Spectrum 2) exhibit a darker grey contrast, indicating an
enrichment of lighter elements and solutes with lower partition coefficients. Moreover, it appears not
to be a homogeneous solid solution but a micro-heterogeneous mixture of austenite and secondary
phases. The EDS data for this area reveals a significant segregation of carbon (up to 7.06 wt.% / 23.5
at.%), boron (up to 2.75 wt.% / 10.15 at.%) as well as relatively high contents of manganese (5.49 at.%),
chromium (4.57 at.%), and some titanium (0.19 at.%), which indicates that this area contains many
carbides and borides (see XRD spectrum in Figure 5b). This chemical signature suggests the
formation of a eutectic-like structure consisting of alloyed carbides, iron and manganese borides, and
manganese-enriched austenite in the interdendritic interlayers. Alongside the matrix, secondary
carbide phases may include Fe-Mn carbides of the (Fe,Mn)sC type or (Fe,Mn).C, as well as the
chromium-containing ones. These carbides exhibited markedly elevated carbon contents (up to 23.5
at.%) and locally higher Mn concentrations, indicating preferential segregation of Mn during carbide
formation. More accurate identification of crystalline lattice and content of these carbides (M7Cs vs
M23Cs) would require additional investigations using electron back-scattering diffraction or selective
area electron diffraction in a transmission electron microscope. The variation in Mn and Cr
concentrations between the analysed regions suggests dendritic micro-segregation during rapid
solidification, typical for self-shielded flux-cored arc welding.

In contrast, the localised Ti-enriched particles containing up to ~44 at.% of Ti were identified as
titanium carbide or carbonitride phases, most probably TiC and TiN. These precipitates formed due
to the high chemical affinity of titanium to carbon during nonequilibrium crystallisation. They acted
as hard reinforcing phases within the austenitic matrix. Enrichment of these particles with Mn (~11
at.%) suggests that some manganese carbides can also be formed. These features had direct
consequences for tribological performance: the hard Mn-rich carbides would contribute to improved
resistance against abrasive and adhesive wear by providing load-bearing, work-hardening sites.
Additionally, the observed phase composition is consistent with the microstructural features
commonly reported for high-manganese hardfacing alloys, where the combination of metastable
austenite and dispersed carbide particles provides enhanced wear resistance and strain-hardening
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capability under abrasive loading. Furthermore, distinct dark inclusions with sharp geometric shapes
were observed throughout the microstructure. These particles are characterised by a high
concentration of titanium (44.51 at.%), nitrogen (17.69 at.%), and carbon (9.11 at.%). Observation of
some contents of other elements (Mn, Fe, Cr) in the analysed small-size phase constituent relates to
the contribution of the neighbour reflecting matrix to the registered EDS spectrum. The presence of
TiN suggests that titanium acts as a grain refiner and nitrogen scavenger during solidification.

3.1.4. Mechanical Properties of the Deposited Metal

Wear is the result of a complex reaction of the tribosystem, and it is largely determined by the
mechanical properties of the tribosystem’s components. The behaviour of complex tribosystems that
undergo shock abrasive, hydro-abrasive, or cavitation wear is determined by a set of properties.
Many researchers are looking for the correlation of individual mechanical properties with abrasive
wear resistance, such as: Vickers hardness (HV), ultimate tensile strength (UTS) and yield strength
(YS), strain hardening exponent (1), uniform elongation (UE), etc. [139-141]. One of the modern
methods of determining mechanical properties is instrumental indentation. This method allows for
evaluating a number of indicators from the registered loading-unloading curves. These indicators,
i.e., indentation hardness Hir and contact elastic modulus Eir, are useful for the prediction of the wear
properties through the assessment of ductility index Hir/Err, plastic deformation index Hir¥/Er?, and
the index of tolerance to abrasion damage 1/(Emr>Hir) collected in Table 6. The load-unload curves
and indents are shown in Figure 7.

Load [cN]

EHT=1200Kv  SignaA=SEI  Daie i Jan2025
WD=115mm  PhotoMo =732 Time 110041

Mog= 360X
2.00

Figure 7. (a) SEM observations of nanoindents on the specimen surface layer deposited using the powder wire
FCAW-SE-140Mn6Cr3TiB, (b) the registered loading-unloading “load P — depth” graphs, and SEM observations
of nanoindents at a magnification x2000: (c) Indent 1; (d) Indent 2; (e) Indent 3; (f) Indent 4; (j) Indent 5; (h) Indent
6.

Within the framework of fracture mechanics, fundamental metrics such as fracture toughness
and the critical energy release rate play a pivotal role in assessing material failure [142]. The stress
fields and localised displacements in the vicinity of a pre-existing crack tip are conventionally
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described by the stress intensity factor. Concurrently, the energy release rate G defines the variation
of potential energy across the evolving crack surfaces [143]. Consequently, G exhibits a direct
mathematical correlation with the stress intensity factor, serving as a highly effective, complementary
criterion for evaluating structural toughness. Therefore, the fracture toughness was assessed using
Irving’s expression [144]:

K.=G Ej, (4)

where G is the strain energy release rate, E is the contact elastic modulus.

Table 6 collects the mechanical properties of various areas of the 140Mn6Cr3TB alloy deposit
sample, and Table 7 contains the evaluated parameters that allow for examining the tolerance of the
studied deposit to abrasion damage.

In this case, on SEM images, the place of traces of the indents can show deposits of the matrix
phase (white phase) pressed into the material, which indicates their high plasticity. The morphology
of the deformation zone around the Berkovich indenter impression (Figure 8c,d) is characterised by
the formation of distinct slip and twinning bands oriented along the close-packed {111} planes, which
is typical for austenitic steels. According to Efstathiou and Sehitoglu’s results [145], these structures
represent mesoscopic packets of deformation twins. This is confirmed by the interband spacing
measured in this study, ranging from 0.4 to 2.5 um (Figure 8c,d). The reduction in the interband
spacing (L) as one approaches the indenter faces indicates an exponential increase in the density of
twin boundaries, which act as insurmountable barriers to dislocations (the dynamic Hall-Petch effect)
[145]. This heterogeneous nature of deformation and the intersection of primary and secondary twin
systems observed at the indentation periphery result in an abnormally high strain hardening
coefficient of the material, which is a key factor in resisting micro-ploughing and adhesive wear
under intense tribological contact conditions. The magnified indentation location of indenter 4 shows
the formation of a crack propagating along the interdendritic eutectic. This is consistent with general
concepts of fracture in austenitic medium- and high-manganese alloys.

Table 6. Mechanical properties of the initial specimen of the 140Mn6Cr3TiB deposited metal.

Indentation Macro-Mechanic Properties Strain Energy
Indent Phase Hardness Modulus Microhardness Elastic Modulus Release Rate,
Hir, GPa Eir, GPa HVoes (x2...3%) Es, GPa (£5...10%) G [GPa]

Indle“t Austenitic matrix ~ 7.87 218.2 741 268 2.08
Indzem Austenitic matrix ~ 7.66 222.4 722 274 2.03
Indent Boride-Carbide 2454 796 252 224

3 interlayer
Indent Cracked Boride- ;- g/ 521 178 147

4  Carbide interlayer
Indent - Boride-Carbide ¢ 240.1 716 245 201

5 interlayer
Indent Aust.emtlc matrix+ 8 2408 754 046 211

6 interlayer

Table 7. Parameters of the initial specimen of the 140Mn6Cr3TiB deposited metal affecting abrasion resistance.

Fracture Ductility Plastlc' Index of Tolerance to

Toughness Deformation .
Indent Phase K Index Index Abrasion Damage

C
Hir/E 1/(Err2-Hir)-10-¢ [MIIa

MPamr)  TET s vy VETHn) 107 M%)
I
ndlent Austenitic matrix 2317 0.030 7312 62.53
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Indzent Austenitic matrix 23.08 0.029 6.528 64.95
Indent . Ly
Boride—Carbide interlayer =~ 23.45 0.034 10.019 57.07
Indent . cy .
Boride-Carbide interlayer 21.97 0.036 11.033 56.31
Indent Aust'emtlc matrix+ .54 0.033 8.830 64.89
6 interlayer

Analysis of the obtained data shows that the deposited metal has relatively uniform properties.
The presence of a carbide phase in the eutectic leads to a slight increase in microhardness and a
decrease in the elastic modulus. The mechanical properties of the matrix (in Figure 8c,d,
corresponding to the light phase) will be described by the indentations labelled Indent 1 and Indent
2. Whereas the eutectic would correspond to the indentations with the indices Indent 3 and Indent 5,
since, according to Figure 8e, g, they fall within the grey phase. The indentation with the index Indent
6, according to Figure 8h, falls on the boundary between the light and grey phases. The matrix
hardness is Hir = 7.66-7.87 GPa, and the instrumental modulus Eir = 218.2-222.4 GPa. Such high
values of mechanical properties can be associated with strong deformation during nanoindentation
[146-148]. The indentation region is expected to consist of two phases: original austenite and
transformed e-martensite [147,148]. Hardening is indicated by the formation of bands around the
puncture sites, which are particularly pronounced for punctures hitting the matrix (Figure 8c,d) and
less pronounced for the eutectic (Figure 8e,h). Such high nanoindentation hardness values (Hir =7.65
+ 0.25 GPa) for a deformed sample were also obtained by Weidner et al. [149], and He et al. [147],
which obtained nanoindentation hardness values of Hir = 7.7 GPa. While for the austenitic matrix, an
average value of about 6.15 + 0.25 GPa was determined [149]. Therefore, an increased dislocation
density (regular dislocations and/or stacking faults) in the austenite is contributing to the higher
value of indentation hardness.

The eutectic in the interdendritic region has a higher hardness (Hir = 8.45-8.6 GPa) and a lower
modulus of elasticity (Eir =240.1-245.4 GPa) compared to the matrix. The structural complexity of the
investigated steel prevents direct measurement of discrete nanoprecipitates via nanoindentation.
Therefore, the results reflect a combined hardness, accounting for both the primary matrix and the
secondary nanoprecipitate phases (M23Cz carbides and Fe:B boride). These microhardness values can
be explained by the presence of hard carbides (Mn,Cr,Fe)23C7, as well as the strengthening of the
austenitic matrix via the TRIP mechanism during indentation with a Berkovich indenter.

Thus, the experimental alloy under consideration has a high average microhardness while
retaining its hardenability. This makes it promising for abrasive wear under moderate impact loads.

The increase in H/E directly correlates with the increase in the material’s load-bearing capacity,
allowing the structure to effectively resist external loads without exceeding the elastic deformation
limits [150]. This parameter, also defined as the plasticity index, serves as an indicator of energy
dissipation during destructive processes [151,152]. Analysis of nanoindentation parameters showed
that the eutectic phase is characterised by higher values of the plasticity index (H/E = 0.034-0.036
versus H/E = 0.029-0.030 for the matrix) and the plastic deformation resistance index (H3/E2=11.033
MPa versus H%E? = 6.528-7.312 MPa for the matrix) compared to the matrix. Austenite and e-
martensite have lower hardness compared to carbides and borides, so they are more susceptible to
plastic flow under load. On the contrary, the relatively low value of the plasticity index for the matrix
indicates a higher capacity for macroplastic deformation before the onset of failure. When an abrasive
impacts the matrix, the latter does not chip, but plastically deforms, absorbing the impact and scratch
energy. Thus, the matrix will demonstrate greater resistance to abrasive wear compared to the
eutectic. This is indicated by the higher value of the index of tolerance to abrasion damage
(1/(E2H)=(62.53-64.95)-10¢ MPa=3. for the matrix, versus 1/(E2H) = (56.31-57.07)-10-¢ MPa=3) for the
interdendritic region.
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Based on the Hollomon equation (o = Ken), the variation of the strain hardening exponent n as a
function of the true strain, ¢, is plotted in Figure 8. All graphs show a nonlinear relationship between
Ino and Ing, indicating two-stage strain hardening with different deformation mechanisms for the
small-strain regime (initial plasticity) and the large-strain regime (extended plastic deformation). The
first regime characterised the initial plastic deformation immediately after yielding, up to & = 0.03.
The second regime was recorded after line alignment. This change in mechanical behaviour is closely
related to the evolution of the microstructure and the deformation mechanism of the material [153].
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Figure 8. Logarithmic plots of representative flow stress versus representative plastic strain for six
nanoindentation tests (Indents I1-16). The strain hardening exponents were determined by linear regression in
two ranges of plastic strain: € € [0.14-0.25] (11, small-strain regime) and ¢ € [0.25-0.41] (12, large-strain regime).
The fitted lines and corresponding R? values are shown on each subplot.

The strain-hardening exponents (1) derived from six nanoindentation points on the deposited
140Mn6Cr3TiB metal were summarised in Table 8.

Table 8. Strain hardening exponents (11 and n2) of 140Mn6Cr3TiB deposited metal.

Strain-Hardening Exponent

Indent Phase Small-Strain Regime n1  Large-Strain Regime n:
Indent 1 Austenitic matrix 0.139 0.577
Indent 2 Austenitic matrix 0.137 0.579
Indent 3 Boride—Carbide interlayer 0.181 0.530
Indent 5 Austeniti(? me-ltrix + Boride- 0148 0.594
Carbide interlayer
Indent 6 Boride-Carbide interlayer 0.185 0.538

Analysis of nanoindentation curves allowed us to determine the strain hardening coefficient for
various structural components of 140Mn6Cr3TiB steel in two deformation modes: small-strain (n1)
and large-strain (112). For the matrix phase consisting of austenite and ¢ martensite, nl values vary
within the range of 0.137-0.148, indicating moderate hardening intensity at the initial stage of
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indentation. The transition to large deformations is characterized by a sharp jump in the n2 coefficient
to values of 0.577-0.579. Such a significant increase (more than 4 times) is explained by the
development of strain hardening of austenite under the indenter (TRIP/TWIP effects) [154] and are
in good agreement with previously obtained results of other researchers [154,155]. This is indicated
by high hardness values and the presence of clear slip bands and twinning.

The eutectic phase (austenite with chromium carbides and iron borides) exhibits n1 values in the
range of 0.183-0.185, which is comparable to or slightly higher than the matrix values. Under high
deformation conditions, the n2 coefficient reaches 0.530-0.594. Despite the high hardness of carbide
and boride inclusions, the presence of an austenite component in the eutectic provides it with a high
potential for strengthening with increasing load. The spread of values in this case may be due to the
heterogeneity of the distribution and orientation of the hard particles relative to the indenter
penetration axis.

3.2. HFMI-Induced Microstructure Changes

Figure 9a shows the results of XRD analysis of the structure-phase state of the specimens’ near-
surface layers of the as-deposited and HFMI-treated 140Mn6Cr3TiB high-carbon MMAS. As seen, the
XRD patterns of the HFMI-treated specimens contain new diffraction peaks appeared owing to the
strain-induced y — ¢ and y — ¢ — a’ martensitic transformations additionally to the high-intensity
peaks of austenitic phase (FCC vy-Fe), borides (FezB, MnB) and several carbide phases, i.e.,
manganese/chromium doped cementite (Fe,Mn,Cr)sC, manganese and chromium carbides Mn2sCs,
Cr2Cs, and probably titanium carbide TiC. Diffraction peaks of the austenite matrix phase appear to
be broadened after HFMI, which is a result of dislocation density increase, crystallite refinement, and
lattice microstrains’ increase evaluated using Eqs (1,2) (see Table 9 for quantitative data). Similar peak
broadening effect was observed by XRD analysis of the ultrasonically hardened stainless steel [156].
Figure 9b presents the enlarged fragments of the XRD patterns describing the HFMI-induced
asymmetry and shift of the (111) and (200) peaks of the austenitic phase, which are known to be the
result of the appearance of the random deformation faulting of the FCC lattice according to Eq (5)
[131,157]. According to a classic work by Paterson [160], the appearance of the random deformation
faults in the austenitic lattice results in the displacement of the diffuse components of diffraction
maxima and/or shifts of their centroids. Moreover, the (111) and (200) peaks (as well as the other pairs
of peaks) are normally shifted towards each other on the diffraction angle axis, and this shift first
manifests itself by the uneven distribution of the maximum intensities, i.e., by the appearance of the
peaks’ asymmetries on the higher-angle and lower-angle sides of the (111) and (200) peaks,
respectively (Figure 9b). This asymmetry is caused by summing the contributions from the various
diffraction components, a sharp one reflected from the deeper sub-surface layers and a diffuse one
formed owing to the reflection from the top surface layer. The quantitative data regarding the
concentration of random stacking faults (ax) in y-austenite were evaluated considering the mutual
shift of Bragg angles of (200)y and (111)y reflexes, their Bragg angle 0 positions using the formula (5)
[131] and presented in Table 7.

A26,9y — 26,,,) = 5305 2t00200=t00111) 5

2m?
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Figure 9. XRD patterns (a) and fragments (b) of the initial as-deposited (0) and HFMI-processed specimens:
HFMI-1 (1), HFMI-2 (2), and HFMI-3 (3).

The increased volume fraction of the stacking faults in the FCC lattice is known to result in the
formation of e-martensite with HCP lattice, which diffraction peaks have angle positions in the
vicinity of the (111) peak of FCC y-austenite. To analyse the phase composition in more detail, a closer
consideration and deconvolution of the (111) vy peak of the initial and HFMI-treated specimens was
performed (Figure 10). As evaluated, the (111) peak of the as -deposited 140Mn6Cr3TiB high-carbon
MMAS contains subpeaks related to the matrix y-phase and e-phase reflecting the presence of
stacking faults in the y-matrix (Figure 10a). The HFMI processes caried-out using various regimes
resulted in broadening and pronounced asymmetry of the XRD peaks of y-phase and clearer
manifestation of carbide and borides phases (Figure 10b—d). Moreover, a comparison of the
deconvoluted (111) y peak of the HFMI-treated specimens allowed observing additional sub-peak
related to the a’-phase with base-centred tetragonal (BCT) lattice (Figure 10b—d), which is known to
form at the expense of the e-phase (e-platelets’ intersections) at the intersection of twins. The volume
fraction of the e-martensite was assessed using Eq. (3), and peaks’ intensity comparison was used to
estimate the content of a’-martensite. These data were also listed in Table 9. The volume fractions of
both martensitic phases were grown with the increase in the impact energy accumulated during the
HEMI process. However, the content of a'-martensite remains relatively low, changing from ~2-3.5%
to ~6% for HFMI-3 treatment. Conversely, the content of e-martensite achieves up to 66%, which is
in line with the literature data reporting a similar volume fraction (50-60%) of e-martensite formed
in the high-manganese steels [158] or middle-manganese steels after cold rolling to the strain extent
of 15-20% [159].

Table 9. Microstructural parameters, microhardness and hardening depths of the middle-manganese steel.

Concentrati Volum or
Accumulat Hardeni  Surface Crystalli . Dislocati  on of e
Sample . . Lattice .

Markin ed Impact ng DepthMicrohardnete Size D Microstrai on Random Fractio Dent
Energy (LOM) ssHV (200 (nm) ns 1 (%) Density @ Stacking n (%) hp

& (kW/cm?)  (um) g) (GPa) XRD nee (cm?)  Faults in v- ,
. o (pm)

Austenite

0 0 0 5.17 1260 0.02 2.1-101 0.0560 50.33.40.518
1 9.2 11.9 7.58 54 0.1 2.2-101 0.0561 52.92.10.427
2 17.6 214 7.66 32 0.12 5.1-101 0.0563 65.44.2 041
3 20.9 27.8 7.77 31 0.118 5.09-1013 0.0566 66.05.7 0.375
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In worth to be noticed that HFMI straining not only results in the martensitic transformations
(analysis showed that M: assessed using Eq.(3) for the initial state was 50.3% and it increases to ~53%,
65%, and 66% in the HFMI-1, HFMI-2, and HEMI-3 specimens, respectively (Table 9)), but it also
significantly increases the dislocation density at least in austenite (see broadened austenitic peaks in
Figure 9a and Table 9). At the same time, the martensite phases also seem to continuously strengthen
due to an increase in dislocation density with the HFMI process applied. The dislocation-mediated
deformation mechanisms are known to be one of the most frequently operated in the deformed
metallic materials. First of all, this concerns the so-called wavy-slip materials with medium or high
stacking fault energies [160] (including the ot -martensite considered here). Besides, low stacking fault
energy materials, such as stainless steels [56,161] or high- and medium-manganese steels [53,60] are
deformed due to dislocation activity, which operates simultaneously or at the expense of the
twinning [162]. At the same time, the warm rolling process is more conducive to the formation of
high-density dislocation structures in BCC and FCC phases of medium-manganese steel than hot
rolling due to the temperature-facilitated relaxation of the formed defects. It was reported by Zhang
et al. that a fraction of small and medium angle grain boundaries is higher in the warm-rolled
specimens [162]. Moreover, the increase of pre-strain was reported to significantly rise the dislocation
density within the martensite phase, leading to additional strength increase. The experimental results
obtained after HFMI correlate well with the literature data. Indeed, the hardness increase in the
HFMI-modified near-surface layer was registered both by the indentation tests (Table 7) and Vickers
hardness measurements (Table 9). The XRD-based assessment reveals the increase in the dislocation
density on two orders of magnitude, which essentially affects material hardness additionally to
grains/crystallites refinement assessed to be of a nano-scale (31-54 nm) and to the formation of two
martensitic phases (Table 9). The nano-scale grains are known to contribute to the material strength
according to the well-known Hall-Petch relation extensively discussed in the literature
[56,77,79,163,164] and to the wear resistance [165-167]. Additional factor affecting the wear resistance
is the heterogeneous microstructure of alloyed austenite grains subdivided by a harder
carbides/borides containing interlayers formed after deposition (Figure 5a, Figure 6a) and highly-
dislocated and partially transformed microstructure of the deformed austenite containing numerous
e- and a’-martensite platelets/grains after HEMI (Table 9).
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Figure 10. Fragments of the XRD patterns with deconvoluted (111) peaks for the initial (a) and HFMI processed
specimens: HFMI-1 (a), HFMI-2 (b), and HFMI-3 (c).

3.3. Effects of HEMI on Wear Behaviour

3.3.1. Scratch Test Results

Wear behaviour of the as-deposited and HFMI-treated 140Mn6Cr3TiB high-carbon MMAS was
studied using the scratch tests, which have become a convenient and powerful tool for evaluating
tribological properties of materials [168], coating-substrate adhesion [169], and substructural changes
in thin surface layers [170]. Figure 11a—c shows the recorded scratch tracks profiles formed after
scratch testing of the HFMI-treated specimens in comparison with the profile observed in the initial
surface. The SEM images of the scratch track views are also shown for the initial as-deposited (Figure
11d), HFMI-1-treated (Figure 11e), HEMI-2-treated (Figure 11f), and HFMI-3-treated (Figure 11g)
surfaces. As seen, all the HFMI-treated surfaces better withstood the applied loading as the scratch
track depths (as shown in Figure 11a—c and listed in Table 9 as worn depths) and the scratch track
widths (indicated in Figure 11d-g) were lower than those registered for the initial specimen.

Figure 12 presents the retrieved, statistically analysed data on the evolution of average track
depth, which correlates with the tribological properties of the surface layers formed after deposition
and following HEMI treatment. As seen, the track depths on the studied HFMI-treated surfaces
decrease with increasing HFMI intensity. This correlates with the HFMI-induced surface hardening
related to the formation of the refined grains of austenitic and martensitic phases (Table 7, Table 9)
and indicates the increase in the wear resistance of the HFMI-treated surfaces.
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Figure 11. The registered profiles (a—c) and SEM observations (d—g) of the scratch tracks formed on the initial
(a—d), HEMI-1 (a, ), HFMI-2 (b, f), and HEMI-3 (c, g) treated surfaces.
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Figure 12. Statistically evaluated scratch track depths formed on the initial middle-manganese steel deposit
before and after HFMI treatment of various regimes: HFMI-1, HFMI-2, and HFMI-3.

The same trend was also observed in the micro-tribological tests, which better represent real
service conditions and possible abrasive wear. These tests were carried out in the reciprocating
sliding mode. Figure 13 shows the sliding tracks obtained for the as-deposited and HFMI-3 treated
specimens. The SEM images of the grooves formed after the sliding tests supplemented with their 2D
profiles (Figure 13a,c) are accompanied with the light interferential 3D profiles (Figure 13b,d). As
seen, the HFMI-3-treatment is confirmed to result in approximately a half decrease in the sliding track
and about four times decrease in the wear volume from 15.2 um? down to 3.9 pm? (indicated in Figure
13b,d). Again, the harder the surface is, the higher the wear resistance of this surface is. This
observation is in line with the well-known inverse proportionality of hardness and wear usually
described by the Archard-Rabinovitz relation connecting wear W with applied pressure P, the
material’s hardness H, and wear coefficient k accounting for the material’s ductility K [165,166,171]:

W=K P /H (6)

o 02 04 08 y[um] (a.)
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Figure 13. Statistically evaluated scratch track depths formed on the initial middle-manganese steel deposit
before and after HFMI treatment of various regimes: HFMI-1, HFMI-2, and HFMI-3.

The above-mentioned inverse proportionality of hardness and wear is also visible in Figure 14
collecting the dependencies of the surface hardness and scratch track depth on the accumulated
impact energy at the HFMI treatment. The increase in the Vickers hardness observed after HFMI
treatment of the deposited metal, which is assessed to be about 31%, correlates well to the ~37%
decrease in the registered scratch track depth.
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Figure 14. Dependencies of surface hardness of the 140Mn6Cr3TiB MMAS deposit, and worn track depth on the
accumulated impact energy applied at the HFMI treatment.

4. Discussion

Following our previous studies [79,130], we analyse the operating wear mechanisms using an
approach suggested by Kato et al. [68,172]. In this approach, the wear mechanisms are considered in
a graph connecting the severity of the contact between the tested surface and spherical counterbody,
on the one hand, and properties of the tested material. A parameter Dy, which characterises the
degree of penetration of the spherical counterbody during a single test cycle, is thought to describe
the severity of the contact between the tested surface and spherical counterbody. On the other hand,
a f parameter is considered to be equal to the ratio of the shear stress at the contact surface Teontact
assessed for the Hertzian contact to the bulk shear stress 7oz of the wearing material. The areas in the
graph with the ordinate (Dp) and abscissa (f) axes, are related to the operating wear mechanisms.
Fortunately, the test conditions, i.e., the contact area, the counterbody radius R, the load P, and
properties of the tested material (microhardness HV and bulk shear stress 1oz related to the yield
stress as 002/\3), are also taken into account by Dj by the following relation [68,130,172]:

Dy =R [ - [[]rz -1 )

The calculated values of the Dp parameter estimated according to Eq. (7) for the tested
140Fe6MnTiB steel specimens in the initial and HFMI-treated states were shown in the ‘D vs f graph
(Figure 15). The theoretical boundaries dividing the areas of various operating wear mechanisms
according to Kato et al. [68,172], i.e., cutting, wedge (pile-ups forming), and ploughing, are indicated
by the solid lines in Figure 15. Thus, the graph shown in Figure 15 contains the theoretical (solid lines
[68,172]) and experimental data (open squares) for 1045 steel from Ref. [68,172]. Additionally, several
sets of experimental data are also shown for various steels: the open triangles [130] stand for laser
hardened and HEMI-treated 1045 steel, the open and solid circles for the shot-blasted Fe23Mn [46]
and HFMI-hardened Fe12Mn3Ni [79] steels, respectively.
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Figure 15. Dependence of the Dy parameter on the f parameter describing the ratio of the shear stress at the
contact surface to the bulk shear stress wearing material. Lines/open squares and open triangles are respectively
related to 1045 steel studied in references [172] and [130], open and solid circles stand for shot blasted Fe23Mn
alloy [46] and HFMI-treated Fe12Mn3Ni steel [79].

The evaluated data positioned in Figure 15 indicate that the initial specimen of 140Fe6MnTiB
steel was situated in the ‘wedge/pile-up’ area that is in line with the other Fe-Mn steels regardless the
manganese content (Fe23Mn [46] and Fel2Mn3Ni [79]). Conversely, the ploughing mechanism of
wear became predominant for the HFMI treated samples instead of the plasticity dominated wear
observed for the initial specimen owing to the HFMI-induced stain hardening and plasticity
exhaustion. However, as compared to the HFMI-hardened 90Fe12Mn3Ni steel [80], the border with
‘wedge/pile-up’ area is much closer. This correlated well to the experimentally observed pile-ups
formed along the tracks after scratch (Figure 11) and wear (Figure 13) of the 140Fe6MnTiB steel.
Additionally, the values of Dj for the HFMI-processed specimens of 140Fe6MnTiB steel were three
times smaller than the value assessed for the initial deposit. This indicates much higher resistance of
the HFMI-hardened surface of the 140Fe6MnTiB steel deposit to the penetration of the spherical
counterbody. For the HFMI-treated 140Fe6MnTiB steel deposits, the morphologies of the worn
surfaces contained some ploughings (Figure 11c-d), which quantity and depth however are much
lower than those observed for 90Fe12Mn3Ni steel [79] owing to the heterogeneous microstructure,
namely the harder boride/carbide eutectic interlayers and hardened austenite matrix with fine
Ti(C,N) particles (Figure 5, Figure 6, Figure 11, Table 5). Similar beneficial influence of manganese
carbides [36] and titanium carbonitrides [70] was reported for MMAS. In a high carbon Fe-Mn-C
austenitic alloy, was prone to form a strong C-Mn bond network at subgrain boundaries, which could
constrain the movement of solute atoms and strongly hinder the initiation of slip systems and the
movement of dislocations. In addition, C-Mn atomic pairs could also strongly interact with the strain
field of dislocations, further increasing dislocation density by pinning effects [36]. At the same time,
severe shot-peening regime was reported to become less beneficial and even slightly adverse due to
overgeneration of dislocation around Ti(C,N) particles, which may lead to critical decrease in the
impact toughness and deterioration in the wear resistance [70,173]. Additionally, the extreme
hardening of the top surface layer of the laser-remelted high-manganese steel by ultrasonic rolling
supplemented with the plasticity decrease was also concluded to become deteriorative for fatigue
crack initiation [71]. Due to overloading, the formation of numerous multisystem twins beneath the
top hardened layer may prevent the extension of the deformed layer deeper into the material, and
may thus facilitate the exfoliation of the overhardened layer during wear test.
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5. Conclusions

The microstructural peculiarities and properties of the of titanium and boron-alloyed high-
carbon medium-manganese 140Mn6Cr3TiB steel deposit before and after high-frequency mechanical
impact (HFMI) treatment were studied in this paper. The obtained results allow us to draw the
following conclusions:

1. The micromechanical investigation of the 140Mn6Cr3TiB steel deposit through nanoindentation
revealed a distinct correlation between the phase composition and the deformation behaviour.
The austenitic-martensitic matrix exhibits high ductility and a superior index of tolerance to
abrasion damage (up to 64.95), while the eutectic constituent, composed of chromium and
manganese carbides and iron and manganese borides, provides the necessary structural rigidity
with a significantly higher plastic deformation resistance (up to 11.033 MPa). The heterogeneous
nature of the steel creates a “shield-and-buffer” effect, where the hard eutectic framework resists
penetration and tough matrix prevents brittle failure.

2. A critical finding is the dual-regime strain-hardening behaviour observed in both structural
constituents. In the large-strain regime (12), the strain-hardening exponent increases
substantially, reaching values of 0.577-0.579 for the matrix and up to 0.594 for the eutectic phase.
This pronounced hardening capability, likely driven by dislocation density evolution and
potential strain-induced phase transformations (TRIP/TWIP effects) in the metastable austenite,
ensures that the material maintains its integrity and resistance to localised wear even under
severe contact loading.

3. The synergistic interaction between the phases is further evidenced by the properties of the
transition zones (Matrix + Eutectic), which follow the rule of mixtures while maintaining a high
tolerance to abrasion damage (64.89). This indicates that the 140Mn6Cr3TiB steel deposit
effectively combines the high hardness of boride-carbide phases with the high fracture
toughness of the manganese-rich austenite. Such a mechanical profile makes this alloy highly
suitable for applications involving intense abrasive-impact wear, where a balance between
hardness and energy dissipation is paramount.

4. The HFMI treatment results in the formation of the strain-induced &- and a’-martensites (~66%
and 3-6%, respectively), a significant grains/crystallites refinement (down to 31-54 nm), and
dislocation density (~2.2*10"3-5.1*10"*cm2), which support essential hardening from HVo2=5.17
GPatoHVo2=~ 7.8 GPa.

5. The HFMI treatment regime (load = 100 N, amplitude = 10 pm, and HFMI time = 60 s) is found
to be optimum. It leads to the enhancement in wear resistance of 140Mn6Cr3TiB steel hardfacing
that manifests itself by the decrease of the wear volume by ~4 times from 15.2 pm? to 3.9 um?
and in the decrease in the scratch track depths by ~30% (from ~0.52 um to ~0.37 pm) in
comparison with the initial deposit.

6. The HFEMI-hardening changed the wear mechanism of titanium and boron-alloyed high-carbon
medium-manganese 140Mn6Cr3TiB steel deposit to the ploughing mechanism instead of the
‘wedge/pile-ups’ formation operated in the as-deposited hardfacing.
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Abbreviations

The following abbreviations are used in this manuscript:

ASTM American Society for Testing and Materials
FCAW Flux-Cored Arc Welding

FCAW-S  Flux-Cored Arc Welding Surfacing
GMAW Gas Metal Arc Welding

TRIP Transformation-Induced Plasticity

TWIP Twinning-Induced Plasticity

HFMI High-Frequency Mechanical Impact

UIT/UIP Ultrasonic Impact Treatment / Ultrasonic Impact Peening
UNSM Ultrasonic Nanocrystalline Surface Modification
XRD X-Ray Diffraction

FWHM Full Widths at Half Maximum

SEM Scanning Electron Microscopy

EDS Energy Dispersive Spectroscopy

HV Vickers Hardness

BCC Base Centred Cubic

BCT Base Centred Tetragonal

FCC Face-Centred Cubic

HCP Hexagonal Close-Packed

SFE Stacking Fault Energy

CCT Continuous Cooling Transformation

MMAS Medium-Manganese Austenite Steel
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