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ARTICLE INFO ABSTRACT

Keywords: Alloys of the Fe-Cr—C-B-Ti alloy system are characterized by brittleness, which can be eliminated
Coating by the copper alloy, while corrosion resistance and abrasive wear resistance are significantly
Hardfacing

reduced. In this article, comprehensive investigations are carried out on the microstructure and
mechanical properties of the proposed high-copper boron-containing alloy 110Cr4Cu7TilVB.
Systematic theoretical and experimental studies encompassed thermodynamic calculations in

Deposited metal
Fe-C-B-Cr-Ti alloy
Phase diagram

DFT ThermoCALC, production of flux-cored wires for hardfacing and welding, receipt of SEM images,
CASTEP acquisition of load and unload diagrams (discharge) via instrumental indentation on various
Mechanical properties phases of the deposited metal, and determination of chemical composition at indentation points

through local chemical analysis. Mechanical properties of some phases such as y-Fe phase
(austenite), hemioboride Fey(B,C) and boron cementite Fe3(B,C) and titanium carbide TiC in
Fe-Cr—C-B-Ti-Cr alloy were determined by using density functional theory (DFT) implemented
in the CASTEP code. We also compared these compounds; properties with other available com-
mercial compounds, where available. With the knowledge of calculated elastic constants, the
moduli, the Pugh’s modulus ratio G/B, the Poisson’s ratio v and the hardness of the title phases,
110Cr4Cu7TilVB were further predicted and discussed.
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1. Introduction

Mining industry is one of the branches characterized by significant energy consumption. In the world economy growth conditions,
the rising of prices for energy resources, slow transition of the economies of developed countries to renewable energy sources (solar,
wind, etc.) led the world economy to energy crisis. According to the statistics, around 23% of global energy consumption and roughly
80% of wear and wear-related failure stem from friction [1]. In addition, the wear of individual parts leads to a gradual decrease in
performance, efficiency and work parameters of a machines and complexes. Considering into account the constantly growing re-
quirements, it is necessary to increase the efficiency and effectiveness of technological processes, machines and vehicles [2]. The
theoretical foundations of healing crack-like defects in structures using repair coatings and patches were developed for cracked plates
[3-5] and shells [6-9]. The effect of injections of non-contrast filler on the strength of bodies with through and surface defects is
studied in articles [10,11].

For these reasons, increasing the wear resistance parts and machine parts used in the mining industry is a recent problem; thus,
effective and inexpensive solutions are needed [12]. Wear resistance can be increased due to the use of surfacing technology [13-17].
In addition, due to replacing of worn-out components and the associated down times are costly. Before welding coatings, due attention
should be paid to the preparation of the surfaces of machine parts [18]. According to the condition of filler material deposition, the
three most popular surfacing techniques utilized today are as follows: solution state (sole gel, electrochemical deposition [19,20],
chemical solution deposition), gaseous state (ion beam-assisted deposition (IBAD), chemical vapour deposition (CVD)), physical
vapour deposition (PVD) [21,22] and molten or semi-molten state (arc welding, plasma technology [23,24], spraying [25-28] and
laser/electron beam [29,30]. Another issue is the shaping properties of surface layers to improve the tribological characteristic and
wear resistance by various surface engineering methods including heat treatment [31,32] and thermochemical treatment (oxidation
[33,34], carburizing, boriding, nitriding [35]) etc. Among the variety of methods used for hardening coating applications, the simplest
and most efficient are the arc welding techniques [2,36,37]. Of the different surfacing techniques, hardface welding has the greatest
mobility, process flexibility, and thickness-building ability [38]. The following welding techniques are widely implemented in practice
[39,40]: shielded metal arc welding (SMAW) [41,42], gas tungsten arc welding (GTAW [43,44] or TIG) [45,46], gas metal arc welding
(GMAW or MIG), submerged arc welding (SAW), manual metal arc welding (MMA or MMAW) and flux-cored arc welding (FCAW) [2,
14,47-511]. Self-shielded flux-cored wires arc welding (FCAW-S) is more environmentally friendly and more energy efficiency [52],
higher productivity, high quality of the deposited metal, high deposition rate, arc visibility [41,48,49]. The flux cored wires segment is
the most significant by type segment in the global market, and is expected to be the first preference [52].

The main aspect influencing the parts renovation hardening durability and the choice of hardfacing (welding) technology, is the
choice of deposited metal type. High chromium Fe-Cr-C alloys system is the most widely used alloy [53], because in view of high
volumetric share of carbide precipitations (M7Cs, M3Cz and M23Ce [54,55]. But high chromium Fe-Cr—C alloys deposited metal alloys
are easy to crack in the process of hardfacing, which imposes limitations on their application [56]. The tendency to cracking is
explained by the large shrinkage of the deposited metal during cooling, prevented by the substrate (thermal stress). The formation of
cracks helps to release a portion of thermal stress, but there is still a considerable amount of residual thermal stress inside [57]. As a
result, a significant level of thermal stress inside the overlay is accumulated, often higher than its material strength, leading to cracks
uniformly distributed over the whole overlay plate [36]. Residual stresses can later lead to cracking during operation through the
formation of chips [58]. Thus, it is necessary to increase the ability to the deposited metal internal stresses relief, which can be
achieved primarily by regulation of the main alloying elements content (reducing of the carbide phase content), as well as additional
alloying by increasing ductility elements. Anyway it will lead to abrasive wear resistance decreasing. In addition, it is necessary to
reduce the cost of filler materials and improve the hardfacing process efficiency In this connection, Fe-C-B system alloys being highly
resistant to abrasive wear and having relatively low cost, become more widely spread [59,60]. Today, there are numerous in-
vestigations into simple ternary alloys of the Fe-C-B system [61-64], as well as additionally alloyed with a carbide-forming element
[25,65-67] such as Cr [41,68-70], V, Nb, Mo [71,72], Ti [47,73], ferrite forming element (Al, Si) [58,73] and austenite forming
element [74] (Cu [75,76], Ni, Mn). Boron can form the following compounds in these alloys: iron monoboride FeB, hemioboride FesB,
Fe3(B,C) and cubic boron carbide Fey3(C,B). In most cases, most part of the boron will form the hemiboride Fe,B, being a brittle phase.
The latter is explained by inherent brittleness of Fe;B due to the week B-B bond along [002] direction [77,78], which leads to a great
susceptibility of boron alloys to cracking. Kirkovska et al. [79] showed that among the alloying elements C, Cr, Mn, V, W, Mn + V, the
greatest increase in the indentation modulus of both monoboride FeB and hemioboride Fe;B, was observed in alloying with chromium.
Whereas the lowest modulus in the case of FeB formed in Fe-B-X (X = C, Cr, Mn) was measured in the presence of C as an alloying
element, while for FeyB, in Mn alloyed FeyB. It explains the interest of modern researchers to Fe-C-Cr-B alloys. It is necessary to limit
the carbon and manganese content. Depending on the content of elements in Fe-C-Cr-B system alloys, carbides, borides and carbo-
borides can be formed in the alloys. Studies by Lentz et al. [68] Fe-C-Cr-B alloys alloys showed that the fracture toughness as well as
hardness of M3B phase can simultaneously be increased by purposely adjusting the Cr content (up to 5 mass%) [80,81]. Mechanical
properties increasing can be explained by the structure of hemioboride FeyB, which is rearranged from an orthogonal lattice to a
tetragonal one [64]. At that, Fe,B with a tetragonal lattice is less brittle. Further improvement of the mechanical properties of
hemioboride due to additional alloying of the boride [67,79] elements (Ti, V, Cr, Co, Ni, and Cu) showed that it can enhance the
ductility of the Fe,B, but cannot change the intrinsic brittle nature of the Fe;B [67]. Copper increases the plastic properties of hem-
ioboride most of all the range of alloying elements M = Ti, V, Cr, Mn, Co, Ni and Cu (Feg g75Mo 125)2B, at the same time, the value of
G/B (0.5883) is close to the critical value of the ductile/brittleness transition (0.571) [67]. In addition, V and Ni have a greater effect
on mechanical properties than Ti and Cr [67]. The experimental works suggested that Cr, Mn and Mo increase the hardness of Fe3B,
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whereas Ni and Cu reduce it [82-86]. Moreover, Cr, Mn, Mo and Cu have shown the capability for reducing the brittleness of FesB In
this case, further improvement of alloys performances can be achieved due to the improvement of the matrix mechanical charac-
teristics [67,82,84,86].

Particularities of materials with a heterogeneous structure of the surface layer foresee an interaction of soft matrix and solid phase
in the process of elastic and plastic deformation. The matrix connects and holds the solid phase, therefore the alloy wear resistance
depends on its mechanical properties [87,88]. If the matrix strength is insufficient, it is squeezed out (INDENTION) at stresses above
the yield point of the matrix, due to the occurrence of a high level of plastic deformations in the plastic matrix. The latter causes the
strengthening phase microcracking (carbides, borides, etc.), due to the lack of the matrix mechanical support [89,90]. In this case, the
matrix properties, namely its hardness and plasticity, play a decisive role in solid phase cracking prevention. The matrix properties are
determined by the degree of its carburization and saturation by alloying elements, its structure, as well as the dispersion and the second
phase rate (two- and multiphase structures). Copper is part of the bonds in composite materials [91]. Thus, some studies have shown
[92,93], that two- or multi-phase steels with relatively lower hardness can have significantly increased resistance to abrasive wear due
to a good combination of strength and ductility compared to the martensite high strength. Thus, Yoo et al. [94], engaged in study of the
abrasive wear of boron-containing steels, came to the conclusion that alloys with a relatively low boron content (less than 0.6%) had
better wear resistance compared to metals with a higher boron content (more than 1%). A decrease in resistance to abrasive wear of
steels containing a larger amount of boron (more than 1%) is also connected with the formation of a brittle FeB phase and a small
amount of residual austenite [94]. Ductility of austenitic matrix is greater then of the martensitic phase. So it’s to be expected that the
deposited metal cracking resistance (brittle failure mechanism) will be increased. The results showed [95], that an addition of Mn and
Cr can increase the Fe,B ductile and significantly intensify an interaction between metal matrix and strengthening phase. Austenite
phase increasing can be achieved by adding of austenite-forming elements such as Ni or Cu. Copper is almost not dissolved in cementite
and chromium carbides [96,97], and also does not form compounds with boron (B) and remains only in the matrix [98]. A copper is
mostly dissolved in austenite, thereby it has influence to the formation of residual austenite in Fe-B-C-Cu alloys [99,100], formation of
the martensitic phase and prevents the ferrite and pearlite formation [99,101]. It should also be noted that with the addition of copper
the solubility of carbon in the matrix decreases [102]. In addition, it is known that copper increases the strength of steel i [103]. It was
found the Cu precipitates can effectively improve strength without harm to toughness [104]. The Cu-precipitates also can reduce the
mobility of dislocations [105]. Dislocation would loop around the nondeformable precipitates, which is beneficial for toughness [106].
Thus, the deposited metals with Cu addition are necessary to study, and the welding consumables with suitable Cu addition is an
efficient solution for an advanced strength-toughness balance [103]. Yi et al. [76] studied the effect of Cu on the microstructure,
mechanical properties and wear resistance of Fe-Cr-B-C alloy. The composite coatings with different Cu additions were mainly
composed of a-Fe, y-Fe, MyB and M23(C,B)¢. With the increase of Cu additions, the coating matrix structure gradually changed from
pearlite to martensite, and hard phases of MyB and Ma23(C,B)¢. The results showed that appropriate addition of Cu improved the
hardness and impact toughness of the alloy, and wear resistance increased with the increase of Cu contents [107].

Flux-cored wire electrode consists of the outer metal shell and core filler. When flux-cored wire is used, the required chemical
composition of the deposited metal is provided mostly by the filler composition. One of the main issues during hardfacing processes, is
to ensure the deposited metal required performance indicators (composition, mechanical properties, abrasion and corrosion resistance,
etc.) as well as the required quality of the deposited metal [108-112]. Many researchers propose the introduction of an exothermic
addition into welding materials [2,48,52,113-116]. as a solution for the energy efficiency and productivity increasing. It allowed to
reduce a consumption of electricity used for welding materials melting due to a chemical heat generation. According to research, an
introduction of exothermic addition in the core filler is an effective measure to improve the uniformity of flux-cored wire melting [48,
117,118]. Besides, the introduction of an exothermic addition increases the deposition rate [49], improves the morphology of the weld
bead [51,119], arc process efficiency [119] and the hardfacing process stability [120]. Trembach et al. [49] determined that the
introduction of exothermic addition (CuO-Al) of to the core filler had a significant effect on such indicators of the weld bead
morphology, microstructure and mechanical properties [87,121-123].

The purpose of this development of an alloy with increased mechanical properties is to compare the phase composition and
chemical composition of the phases of calculated data with experimental data for the boron-containing alloy 110Cr4Cu5TiVBAl with a
high copper content, and to investigate the mechanical properties of hardfacing alloys.

2. Materials and methods
2.1. Materials and conditions

For testing, templates were made, cut out of $S235J2G2 EN10025-2 preliminarily deposited on the plate using flux-cored arc

Table 1
Hardfacing conditions used in flux cored wire arc process.
Travel speed  Contact tip to Arc Weld-ing Heat inpute Initial Prehea- Thermal Cooling Cooling
TS, mm-s~! work distance voltage curent HI, kJ-mm ! tempera- ting conductivity A, J/ time rate CR,
CTWD, mm Ua, V LA ture Tp, °C (ssm-°C) Atg/s °C/s
To, °C
5.14 40 27.72 369.32 1.494 25 220 42 6.95 43.2
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welding. Hardfacing was applied in four layers. Table 1 was shown the used hardfacing conditions used when hardfacing with a self-
shielding flux-cored wire electrode with an exothermic addition in the core filler. After that, the samples were subjected to mechanical
processing in modes that exclude overheating and tempering of the deposited metal. The chemical composition of the deposited metal
is given in Table 2.

2.2. Microstructure observation and mechanical properties measurement

The microstructure of the hardfacing layer was observed by scanning electron microscopy (SEM) using a ZEISS EVO 40XVP (ZEISS
Group, Jena, Germany) scanning microscope, with the INCA ENERGY 350 (Oxford Instruments, Abingdon, UK) X-ray microanalysis
system, at the Center for Collective Use of Scientific Instruments “Center for ElectronMicroscopy and X-ray Microanalysis” of the
Karpenko Physico-Mechanical Institute of the National Academy of Sciences of Ukraine (Lviv, Ukraine).

Depth-sensing indentation found wide application for mechanical properties measurements of modified surface layers [124-128],
sintered metal composites [129], iron-rich borides and carboborides [130].

Indentation tests were carried out using multifunctional indentation tester “Micron-gamma” of the National Aviation University
(Kyiv, Ukraine) [131,132]. Indentation curve recorded during Berkovich diamond tip penetration into the samples of metal alloy
110Cr4Cu6Si1MnBTi allows to determine the indentation hardness and modulus, the resistance to plastic deformation and other
mechanical parameters. The indentation test parameters used in this work are presented in Table 3. Samples were cut from welded
plates according to the procedure presented in the work [48].

3. Results and discussions
3.1. Simulated solidification process using Thermo-Calc

Thermo-Calc was used to create phase mass fraction diagrams (so-called “property diagrams”) (Fig. 1), which show the evolving
phase fractions as a function of decreasing temperature for a specific composition.

Fig. 2 a-i depicts the relationship between the composition ratio of each precipitated phase and temperature in the experimental
steel. As shown by the results of chemical composition modeling for the phase MyB_CB (Fig. 2 h) it will contain the following pro-
portion of the main chemical elements: Fe = 0.4-0.5; Cr = 0.37-0.44; B = 0.09; Mn = 0.03-0.06. Such a composition correspond to the
CrFeB-type boride. It should also be noted that, in this case the volume fraction of the M;C3_D101 phase continues to grow. Liquid
phase is almost disappeared at a temperature about 1200 °C. As a consequence, the M3B_CB (CrFeB type boride) and M;C3_ D101
(chromium carbides Cr4Fe3Cs) phases will precipitate from the solid solution of the FCC_A1#3 phase (y-Fe phase).

It is interesting to investigate the chemical composition of formed phases for better understanding of the solidification process of
the alloy subject to study, as well as the changes in their chemical composition for each phase and their composition change. The
change in the content of each element in each phase was calculated depending on the temperature precipitation, as shown in Fig. 3 to
clarify the elements and content of each phase. Statistical analysis was carried out for all types of second phase precipitation using
Thermo-Calc as shown in Table 4, mainly including maximum mass fraction of the precipitation, the initial temperature of formation,
the temperature of complete breakdown, etc.

Continuation of intense precipitation of CrFeB type boride phases and chromium carbides Cr4FesCs leads to depletion of the liquid
alloy in chromium, as evidenced by Fig. 4 b composition of the liquid phase in the temperature range from 1167 °C to 1152 °C. At that,
the mass fraction of manganese (Mn) and iron (Fe) in the liquid alloy increases, while the mass fraction of other chemical elements
remains almost unchanged. Further cooling of the liquid melt leads to an increase in the volume fraction of the M2B_CB and
M7C3_D101 phases, as well as the separation of an insignificant amount of the M2B_C16 and CEMENTITE phases. However, their
proportion is insignificant, so they were not specified in the phase diagram (Fig. 1). In Table 5, the various transformation temper-
atures of Grade 110Cr4Cu7TilVB alloy are presented.

The primary phase precipitating from the liquid phase is the FCC_A1#2 phase. Its deposition begins at a temperature of 1505.5°C
(Fig. 1). Analyzing chemical composition of the phase at the primary stage of solidification (Fig. 2 a), we can state that this phase will
be titanium carbides (TiC), having a face-centered-cubic (FCC) lattice (Fig. 1). During the formation of the FCC_A1#2 phase, some part
of titanium is substituted by chromium after titanium solution depletion starting from the temperature of 1461 °C. As a result,
segregated titanium carbides are incrementally enriched by chromium. The volume of this phase gradually increases up to 0.063 vol
fraction (6.3 wt%). Initial precipitation of carbides can be explained by the fact that carbon (C) has higher electronegativity than boron
(B). Besides it, B promotes the precipitation of carbide [133].

It is thermodynamically possible for the phase FCC_A1#3 (Fig. 1) being austenite (yFe), to precipitate from the liquid solution at
temperature of 1365.78 °C. The first portions of y-Fe precipitated phase, which contains a large amount of dissolved copper (0.054 vol
fraction) (Fig. 2 b). The solution contains less chromium (0.034 vol fraction) (Fig. 2 b) and carbon 0.0033 vol fraction. The liquid phase

Table 2

The chemical composition of the deposited metal, mas.% [3].
C Cr B Ti Cu \4 Mn Si Al N P S Fe
1.1 4.07 0.45 1.5 5.2 0.26 1.8 1.23 0.5 0.046 0.017 0.031 Bal.
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Table 3

Indentation test parameters.
Parameter Types Value
Max load on the indenter 0.5N
Loading rate 5 mN/s

1.0
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Fig. 1. Phase-quantity graphs (phase fractions) calculated with ThermoCalc for the samples 110Cr4Cu7TilVB.

volume fraction begins to decrease quickly, mainly due to the deposition of the y—Fe phase. Liquid phase is enriched with alloying
elements such as chromium, carbon, boron (Fig. 4 a). The mass fraction of copper remains almost unchanged, but the same of titanium
decreases. It can be stated that copper is dissolved mostly in the austenite phase. This copper performance during iron alloy solidi-
fication is shown in the studies of Ohtsuka [134]. Carbon enrichment of liquid phase and almost constant amount of copper in liquid
phase within the temperature range from 1353 °C to 1223 °C is due to the low solubility of carbon, and the limited solubility of copper.
Liquid phase enriched with copper is separated from the solution (LIQUID phase composition) at a temperature of 1173.71 °C, in the
phase diagram (Fig. 1). This phase will disappear at 1080.57 °C. This phase transitions to a solid phase, being a phase enriched with
copper FCC_A1 with a body centered cubic (BCC) structure. Copper appearance as a separate phase is confirmed by the studies of Yi
et al. [76]. This precipitation can act as heterogeneous precipitation of pearlite nucleus, resulting in hardenability reducing [76].

Gradual increasing of boron concentration in the remaining solidifying liquid phase (Fig. 4 b), which volume fraction decreased to
0.36 vol from the initial one, leads to precipitation from the liquid M2B_C16 phase of borides. This precipitation occurs when the
temperature drops below 1168.55 °C (Fig. 1). According to Fig. 2 d this phase will correspond to hemiboride (Fe,Cr),B. It gradually
transformed in the boride of the M2B_CB phase according to the phase diagram (Fig. 1) at a temperature of 939.45 °C. Hemiboride (Fe,
Cr),B will be observed in the alloy up to temperature above 603.63 °C. Quick precipitation of remaining part of liquid solution in main
form as FCC_A1#3 (Fig. 1) happens. Small amount of cementite and a other phases will also precipitate.

M7C3_D101 phase separates from the solution at temperature below 942.42 °C. Based on the analysis of the M7C3_D101 phase
chemical composition we can say that it represents the chromium carbide Cr;Cs. However, it is completely dissolved in the austenitic
matrix at 778.81 °C. At the same time, a small proportion of cementite begins to precipitate from the matrix (779 °C which will slowly
turn into graphite), while the remaining volume of the primary austenitic phase transfers mainly into low-alloyed ferrite and a small
amount of the hardening phase in the form of M2B_CB (Fig. 1). It should be noted that the precipitated phase M2B_CB will correspond
to hemioboride FeCrB, which contains a large amount of chromium (Fig. 2 f and 2 g).

After solidification, boron atoms and other metal atoms diffused into cementite in the pearlite, resulting in the formation of boron-
cementite M3(B,C) (Fig. 2 h).

3.2. CCT diagram and welding cycle

As known, a hardfacing process is characterized by processes nonequilibrium due to a high cooling rate and welding deformations
and stresses formation (thermal welding cycle (TWC)). The phase separation under such conditions occurs according to the grain
formation and growth mechanism. High overcooling (supersaturation) degrees and long soakings at appropriate temperatures are
required to start transformation. Transformations nature depends on the alloy composition, maximum temperatures of heating,
depending on speed and deformation parameters of a TWC. The difference of free energies (thermodynamic potentials) is the trans-
formations driving force. Phase transformation kinetics at various degrees of overcooling is shown at Continuously cooling trans-
formation (CCT) diagram [135]. We implemented JMatPro program to predict the phase structure and the chemical composition of the
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Fig. 2. The relation between the composition ratio of each precipitated phase and temperature in experimental steel: (a)-FCC_A1#2; (b)-FCC_A1#3;
(c)-LIQUID; (d)-M2B_C16; (e)-FCC_A1; (f)-M7C3_D101; (g)-M7C3_D101; (h)-M2B_CB; (i)-BCC_A2 of the 110Cr4Cu5Si1MnBTi.

phases forming during the hardfacing process [123].
Continuously cooling transformation (CCT) diagram was received based on the simulation results.
The CCT diagram (Fig. 5) shows the formation of three phase regions (martensite, bainite and pearlite) depending on the selected

cooling rate. The critical cooling rate, when we get an exclusively homogeneous microstructure of martensite (+ residual austenite), is
calculated to be approximately 30 °C/s. The temperature Mf is not shown on the diagram because the investigated experimental
material contains 1.1% C, and as is known, increasing the proportion of C content shifts the temperature of the final Mf to negative
temperatures. The Ps temperature at slow cooling rates has an approximate temperature of ~758 °C. For this reason, the authenti-
cation temperature should generally have a value of at least 50 °C above this temperature.

Fig. 6 represents the development and proportion of different phases during a cooling rate of 45 °C/s. The solidification of the liquid
phase (Liquid) into a solid phase begins at a temperature of 1365 °C. Ferrite is partially transformed from austenite at a temperature of
approximately 800 °C. Taking into account the welding technology (preheating temperature 220 + 15 °C), we expect to have a three-

phase matrix containing mainly austenitic (~60 wt%) and martenitic (~30 wt%) phases, as well as not a large part of the ferritic phase
(~10 wt%).

3.3. Elemental distribution (scanning electron microscopy)

Fig. 7 shows a map of the distribution of alloying elements in the deposited metal, examined using EDS mapping analysis. Fig. 7 a
shows a scanning electron microscope (SEM) image, and Fig. 7 b shows a statistical diagram presenting the content of alloying
elements.

Analizing an alloying elements distribution (Fig. 7 g, h,i,j) we can notice that the carbon is concentrated in the area of titanium and
vanadium and their carbides accumulation ((Ti,V)(C,N)). In addition, a nitrogen is also concentrated in this area.

Iron is concentrate more in the matrix (Fig. 7 ¢). Its concentration in borides areas is lower (Fe,Cr)5(B,C). It was revealed that there
is almost no iron in carbide titanium formation areas. Manganese has a nature of distribution between the matrix and the changing
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Fig. 3. Scheil solidification diagram of the 110Cr4Cu7Si1MnBTi alloy using by Thermo-Calc analysis.

Table 4
Predicted phases, their chemical formulas and temperatures of existence, modeled with Thermo-Calc.
Parameter Phase
FCC_A1#2 FCC_A1#3 M2B_C16 FCC_A1l M7C3_.D101 M2B_CB BCC_A2
TiC y-Fe Fe,B Cu Cr,Cs CrFeB o-Fe
(austenite) (ferrite)
Chemical formula TiC y-Fe Fe; ¢Cro 4B CrsFe4Cg (Fe3Crp sMny 5) Fe; 25Cro.7sB o-Fe
C3
Phase appearance temperature, °C 1505.48 1365.78 1168.55 1080.72  942.42 560.2 939.45 758.65
Min phase existence temperature in 500 733.22 603.63 500 778.82 531.1 500 500

the considered range, °C

phases similar to the iron, but its concentration level was higher in the boride phase then in the matrix (Fig. 7 ). This is confirmed by
the higher color brightness (Fig. 7 1) in these areas and the EDX analysis results. Chromium is almost absent on the titanium carbide
formation areas (Fig. 7 d). The obtained results are similar to those of Zhang et al. [136]. This distribution of alloying elements can be
explained by the atomic radii ratio and an external electronic configuration structure, by the ratio of atomic radii and external
electronic configuration. In the first place, the propensity for the solutes to form solid solutions involves the crystallographic aspect. To
estimate the solubility of the alloying elements, the (ro — r)/ro ratio should be of use, where r-atomic radius of the solvent, ro-atomic
radius of the solutes. Elements in the order of atomic radii increasing can be arranged in the following series (according to
Belov-Bokiyu): Fe—Cr—Ni—Cu—Mn—V—Si—Mo—Al-Nb—Ti. Probability of iron atoms replacement in borides by atoms of alloying
elements in the solid solution decreases correspondingly. In addition, electronic configuration has influence to the elements solubility
and their ability to be valency electron sources or their acceptors.

Due to the fact that the titanium atom has the largest atomic radius in the series, compared to the iron (Fe) atom the probability of
iron atoms replacement in borides and in the matrix by titanium atoms is very low. Ti atoms possess negative charges and thus act as
electron acceptors. It can explain almost complete absence of titanium in the borides and in the matrix. The obtained results showed
that titanium is almost completely contained in its own carbide Ti(C, N) in the studied alloy of Fe-B-C-Cr-Ti. It also can be explained
by the significant thermodynamic probability of the titanium carbides formation in calculations made (Fig. 2 a). The ions of such
elements as Mn, V, Cr, have p6-shells and form with boron the same valence bonds like the atoms of iron. In addition, manganese
atoms partially replace iron atoms in crystal lattices [137]. Solid replacement solutions are formed correspondingly [74].

At the same time, copper, silicon and aluminum are concentrated mainly in the matrix (Fig. 7 e, k, m). Aluminum and silicon are sp-
elements, whereas copper atomic configurations tend to the stable d5-states. The higher solubility of Al and Si in the boron-rich
Fe-B-C alloys, as compared with Ti, may be attributed to the stronger acceptor abilities of these elements [65]. Copper is not dis-
solved in hemioboride Fey(B,C) and borocementite Fe3(B,C), but titanium carbide TiC is dissolved only in the matrix. Similar results
have been obtained by other researchers [74,96-98]. This solubility of copper is explained by the electronic structure of its atoms.
According to Sukhova [74] copper atoms have the following outer electron configuration: d10s2, due to which it cannot accept



V. Lozynskyi et al. Heliyon 10 (2024) 25199

1360 T
1340 4 si =  LIQUID + FCC_A1 (a)
Mn == LIQUID + FCC_A1 +FCC_A1#2
1320 - A —  LIQUID + LIQUID#2 + FCC_A1 + FCC_A142
B r Cu
1260 4 v
1240 ¢
Mn
1220 4 B
Ti Si

T T T T T

0.00 0.05 0.10 0.15 0.20 0.25
A Mass fraction of all components in LIQUID

]

-~
-

Temperature oC
N
@ o
(=} o
PR

1160 - - . o= | IQUID+LIQUID=2<FCC A1-FCC A122
FT' Si e L IQUID+LIQUID=2FCC A1FCC A122M2B_C16 (b)
1150 Vv LIQUID+ LIQUID=2<FCC_A1<FCC_A1£2M2B_C16+M7C3_D10
Mn == | IQUID~LIQUID=2-FCC _A1-FCC . -AM2B_C16-M7C3_D10

—_— e | IQUID-LIQUID=2-RCC A1-FCC A 0B C16-M7C3 D101+
&) 1140 4 cc Cr ™ LIQUID-LIQUID=)-FCC AI-FCC A12-\0B C16~CEMENT!
S u T s LIQUID:LIQUIDE2FCC_A14FCC_A1220B_C16+ CEMENTI
= 1130
g B
= 1120
g , ‘
a 1110
qE) Si B
& 1100

1090

1080

T T T T T T T T

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160
A Mass fraction of all components in LIQUID

Fig. 4. Element concentration in the liquid phase during solidification estimated with the Scheil-Gulliver approach in the range below: (a)-
1200-1360 °C; (b)-1070-1160 °C.

Table 5
Various transformation temperatures of Grade 110Cr4Cu7TilVB alloy.

Description of Phase Change Temperature, °C

o-Fe+CrFeB + TiC + Cu-phase — a-Fe+CrFeB + TiC + Cu-phase + Cr,Cs 531.1
o-Fe+CrFeB + TiC + Cu-phase + Cr,C3 — a-Fe+CrFeB + TiC + Cu-phase 560.2
o-Fe+CrFeB + TiC + Cu-phase — a-Fe+CrFeB + TiC + Cu-phase + Fe,B 603.63
o-Fe+CrFeB + Fe,B + TiC + Cu-phase — o-Fe-+CrFeB + Fe,B + TiC + Cu-phase+y-Fe 603.63
o-Fe+CrFeB + FeyB + TiC + Cu-phase — a-Fe+CrFeB + Fe,B + TiC + Cu-phase+y-Fe 733.22
o-Fe+y-Fe+CrFeB + Fe;B + TiC + Cu-phase — y-Fe+CrFeB + Fe,B + TiC + Cu-phase 758.65
y-Fe+CrFeB + Fe;B + TiC + Cu-phase — y-Fe+CrFeB + Fe,B + TiC + Cu-phase + Cr;Cs 778.82
y-Fe+CrFeB + Fe,B + TiC + Cu-phase + Cr;C3 — y-Fe + Fe,B + TiC + Cu-phase + Cr;C3 939.45
y-Fe + Fe;B + TiC + Cu-phase + Cr,C3 — y-Fe + Fe,B + TiC + Cu-phase 942.42
y-Fe + FeyB + TiC + Cu-phase — y-Fe + Fe,B + TiC + Cu-phase + Liquid Cu 1080.57
y-Fe + FeyB + TiC + Cu-phase + Liquid Cu — y-Fe + Fe;B + TiC + Liquid Cu 1080.72
y-Fe + FeyB + TiC + Liquid Cu — y—Fe + FeyB + TiC + Liquid Cu + L 1158.8
y-Fe + Fe,B + TiC + Liquid Cu — y-Fe + TiC + Liquid Cu + L 1168.55
y-Fe + TiC + Liquid Cu + L — y-Fe + TiC + L 1173.71
y-Fe + TiC+ L — TiC + L 1365.78
TiC+L—L 1505.48

additional electrons, serving only as a source of valence electrons It makes difficult the delivery of the electrons and imposes re-

strictions on the electron exchange. It means that Cu doesn’t react with B [76]. Therefore, the solubility of Cu in carboboride crystals is
practically absent.
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the deposited metal during FCAW-S process.

3.4. Microstructure

Fig. 8 a, b shows the microstructure of medium-boron deposited metal with a low content of chromium (4% wt.) and a high content
of copper (5% wt. Cu). The microstructure of the hardfacing layer was observed by scanning electron microscopy using a ZEISS EVO
40XVPmicroscope, with the INCA Energy X-ray microanalysis system.

In order to clarify the microstructural evolution of deposited metal, the chemical composition of the above-mentioned points was
analyzed by EDS. Energy dispersive X-ray spectrometer INCA ENERGY 350 with microanalytical INCA X-stream processor, Microscope
Image Capture System (MICS) and Inca Energy software. The results of the studies were presented in Fig. 9 and Table 6.

Indent with mark 1 represents y-Fe + Cr;Cs eutectic as a matrix. According to the results of the analyzes performed by electronic
probe microanalyzer (EPMA), we can conclude that the matrix dissolved almost all copper (Table 6). It confirmed the results of the
other researchers studies as the predominant dissolution of copper in austenite [75,96,107]. However, other researchers underline an
existence of copper in the matrix in the form of its own ultrafine copper phase [76]. These statements were also confirmed by our
thermodynamic calculations. It is necessary to perform additional researches to make a high quality analysis.

Marker 2 corresponds to titanium carbides, in which some part of titanium is replaced by a small amount of vanadium, niobium and
chromium (Table 6). Titanium carbides (TiC) are uniformly distributed in the deposited metal in the form of separate parts. It may be
noted that we observed a relatively large amount of dissolved iron in titanium carbide. As it was already mentioned, the hardfacing
process is characterized by nonequilibrium solidification conditions. It caused an increasing of iron content in TiC. Therefore the
ternary (Ti,Fe)C systems were formed. It is also confirmed by Rasander et al. [138].

Investigation performed by EPMA showed that the edged phase in the form of network is hemiboride Fe,C. The results showed that
some of iron atoms will be substituted by chromium atoms, and the compound will correspond to the following chemical formula:
Fe; gCrg 2B (Table 6). It should be noted that Fe;B represents an edged phase. Studies of Filonenko and Galdina [139] and Koifman
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Fig. 9. Chemical composition of the region (phases) of the deposited metal for different markers shown in Fig. 8 according to EDX analysis data and

its typical EDX spectra.

Table 6

Compositions of the austenite (y—Fe), MoB and Ma3(B,C)e measured by using an EDX analysis data.

Phase Element, at.% Calculated Formula
B C Fe Cr Si Mn Ti Other
Eutectic - 3.04 83.18 2.41 1.45 0.99 - 8.52Cu Feg.79CUg.07S10.02Mng.01 Co.11+ +Cre.5(Si, Mn)o 5C3
y-Fe + Cr;Cs
TiC - 16,51 1429  1.55 0.33  3.12(Nb)  61.48 273V Ti.g1Fe.10C
Fe,B 10.74 2.67 76.79 7.98 - 1.07 0.36 0.38V Fe; gCro 2B
Fe3(B,C) 3.26 3.0 75.96 14.52 0.38 2.18 - - Fe 5Cro.5Bo.5Co.5

11
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et al. [140] showed the possible partial substitution of boron by carbon atoms. They attributed this to the similar cation radii and
bonding behavior of B and C. Experiments [139] showed the possibility of boron atoms substitution by carbon atoms in the Fe,B boride
crystal lattice within the range of 0.15-0.4 (wt.%).

Whereas the dendrites are Fe3(C) with a ferrite phase between dendrites. Borocementite formation can be explained by the fact that
some carbon atoms in cementite were replaced by boron atoms. Filonenko [141] confirmed that boron atoms can substitute up to 80%
(at.) of carbon atoms in cementite (FesC). It is explained by the lower Gibbs energy of Fe3(C,B) borocementite formation compared to
the Gibbs energy of Fe3C cementite formation.

Thus, the alloy structure could be a matrix in the form of a y-Fe+Cu+Cr,Cs eutectic, a hemioboride My(B,C) lattice with individual
large TiC particles, and a ferrite-boron-cementite eutectic o—Fe + Fe3(B, C). M2(B, C) was a product of a eutectic reaction that existed
as a lattice boron carbide in the microstructure. It should be noted that the hemioboride Fe,(B,C) phase joints to the titanium carbide
(TiC) particles.

3.5. Mechanical properties by first-principles investigations

Due to the grain’s small size, indentation points correspond to two phases or eutectics. It is necessary to analyze the data obtained
experimentally and the mechanical properties of individual phases obtained theoretically to make a qualitative analysis. It would
improve an understanding and analyzing of mechanical properties obtained by common tests. The criteria for mechanical stability of
an unstressed crystalline system are determined by elastic constants inequality [142].

The first-principles calculations based on density functional theory (DFT) are performed using the CAmbridge Serial Total Energy
Package (CASTEP) code [143]. The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional
[144] is used to predict the exchange-correlation energy, which depends on both the electron density and its gradient at any point
within the crystal. The shear modulus, G represents the resistance to plastic deformation, while the bulk modulus, B represents their
resistance to fracture. The valence electronic configurations of the elements used in this work are represented as follows: 2522p? (C)
and 2sz2p1 (B), 3d34s! (Ti), 3d%4s! (Cn), 3d’4s! (Fe) and 3d'%4s! (Cu). A list of phases considered in the calculation and their com-
pounds is provided in Table 7 and Table 8. The calculated values of lattice parameters for the investigated phases are presented in
Table 9.

In order to use a calculation procedure for mechanical properties, it is necessary to determine the elastic stiffness constants first.
These constants characterize the bond strength in a certain direction. Elastic constants (the cubic and tetragonal phases) were
calculated depending on the crystal lattice phases structure, according to the method proposed by Mehl et al. [151]. Calculated elastic
stiffness constants for studied phases were shown in Tables 10-12.

Once elastic constants have been obtained, the bulk modulus (B) and shear modulus (G) can be determined. For the tetragonal
crystal, the Voigt bound of (By) and (Gy) in the hexagonal system can be estimated as Egs. (1) and (2) [154], orthorhombic crystals as
Egs. (3) and (4) [155,156]:

2-(C;1+Cpa)+4-Ci3+Cs3

By = 5 @™
szlz'(c44+cﬁo)+cn+C12+2'C33—4'C13 2
30
1
Bv:§‘(Cu+2‘C12+2'C13+sz+2'C23+C33) 3
1
GV:E “(Ci1 =Ci = Ci3+Cp —Cys +C33+3-Cyy +3-Cs5 +3- Cgs) @
The Reuss bounds of Bg and Gy are for tetragonal structure Egs. (5) and (6) [154], Orthorhombic Egs. (7)-(11) [155,157]:
_ Cu-(Cu+Cp)-2- ch (5)
RTCL+Cn+2-Cs;3—4-Cy
Table 7
Chemical compositions of calculated phases.
Phase Compounds Alloy composition, wt.%

Fe Cr Ti Cu C B
y-Fe (austenite-+(C,Cu)) Fep.79Cu0.08Co.13 87.18 - - 9.78 3.04 -
y-Fe (austenite + C) Feo.87Co.13 96.96 - - - 3.04 -
Fe,B Fey 75Cro.25B0.85C0.15 80.21 10.67 - - 1.76 7.36
Fe3(B,C) Fe,.5Cro.5Bo.5Co.s 78.65 15.09 - - 3.26 3
TiC Tio.g3Feo.17C 16.92 - 68.6 - 14.48 -

12
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Table 8

Experimental data and the crystal details obtained from the Rietveld refinement.

Heliyon 10 (2024) e25199

Parameter Phase types
Identification code y-Fe (austenite) (Ti,Fe)C (Fe,Cr)»(B,C) (Fe,Cr)3(B,C)
Formula weight Feg.79Cu0,08Co.13 Tio.s3Feo.17C Fey.75Cro.25B0.85C0.15 Fey 5Cro.5Bo.5Co.5
Radiation FCC Cubic Tetragonal Tetragonal
Crystal system Fm-3m Fm-3m I4/mcm 14
Table 9
Calculated lattice parameters (lattice constants, angle and cell volume) of investigation phases.
Compounds a, A b, A ¢ A Unit cell volume V, A3 Volume per atom o B v
Q, A3/atom
Feo.70CUo.05Co.13 (austenite) 2.78 2.54 2.87 542.95 10.05 81.63 88.86 90.44
Fep.g7Co.13 (austenite) 2.84 2.47 2.77 524.23 9.71 89.99 90.01 90.0
y-Fe(C)" a=b=c=0.357" - - - - -
Tio.s3F€017C a=b=c=4.266 621.09 9.70 90.02 89.97 89.97
Tic” a=b=c=4332" - - - _ _
Fe; 75Cro.25B0.85Co.15 a=b=4.93 4.18 203.78 8.49 90.07 90.03 88.68
Fe, 75Cro.25B° a=b=5.068 4.199° 107.844° - - - -
Fe, 75Cro.25B" 5.032¢ 5.031¢ 4.177¢ 105.724¢ - - - -
Fe B © a=b=05.052° 4.232°,° 108.012¢° - - - -
Fey 5Cro.5Bo.5Co.5 8.57 8.04 4.16 286.53 8.95 90 90 89.99
FesC' 5.058" 6.703 4.506' 152.77" - - - -
FesB® 5.336° 6.608° 4.354° 153.56° - - - -
@ Ref. [145].
P Ref. [146].
¢ Ref. [67].
4 Ref. [147].
€ Ref. [148].
f Ref. [149].
& Ref. [150].
Table 10
The calculated elastic stiffness constants (C11, Ca2, C33, C44, Css, Cess C12, C13, C14, C15, C16) of matrix compounds.
Compounds Phase Calculated elastic stiffness constants Cij, GPa
Cn (& Cs3 Caq Css Ces (&P Ci3 Ci4 Cis Cie
Feg.78Cu0.07Co.13Cro.02 Triclinic 281 311 304 83 49 109 198 184 0.055 0.47 7.60
Feo.87Co.13 Ortho-rhombic 348 418 340 80 -39 118 246 262 -2.0 2.0 0.025
y-Fe (O) * Octahedral 389 - - 60 - - 145 - - _ _
@ Ref. [152].
Table 11
The calculated elastic stiffness constants (Ca3, C24, Ca5s, C26, C34, C3s, C36, Cas, Ca6, Cs6) Of matrix compounds.
Compounds Phase Calculated elastic stiffness constants Cij, GPa
Co3 Co4 Cos Cos Cs4 Css Cse Css Cue Cse
Feg.78Cu0.07Co.13Cro.02 Triclinic 185 37 23 2.34 —0.568 —6.69 1.42 -17.61 6.67 15
Fey87Co.13 Ortho-rhombic 247 -3.11 10 0.02 1.25 6.25 —0.03 3.47 0.40 0.78
G — 5-(Cj1+Cpa)-Cy ©)
R =
4-Cy+3-(Cii —Cp)
-1
Br=)"[Ci1 - (Cp +C33-2-Cp3) + Cpp - (C33-2:Cy3)-2-C33 - C2+ Cyz - (2: C3-C12) + Ci3 - (2: C-Cy3) + Co3 - (2 Cy3 + C3)]
@
Gr=15- {4' [Cii - (Coa+C33+Cy3) +Cr - (C334+Ci34+C33-Cio = Crp - (Co3 + C12) + Ci3 - (Cro + Ci3) — Co3 - (Ci3 + C23)]/X
_ - T
+3-(Cil +C +C) } ®
Ci1+Cp)-Cx3—2-C?
By — (Cii+Cp)-Cs 13 9

T Ch+Cip+2:-Cy—4-Cps

13
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Table 12

The calculated elastic stiffness constants of investigation hard phases along with other available values.
Compounds Phase Calculated elastic stiffness constants Cij, GPa

Cn Ci2 Ci3 Cas3 (& Cs3 Cas Css Ceo
Tig.g3Feq.17C Cubic 513 130 - 131 - 156 - -
TiC* Cubic 517 117 - - - 174 - -
Tic” Cubic 519 115 - - - - 183 - -
Fe1.75Cro.25B0.85C0.15 Tetragonal 506 252 245 248 499 423 133 129 121
Fe; 75Cro.25B¢ Tetragonal 436.2 171.7 143.4 143.4 436.2 370.4 161.3 161.3 151.9
FeyB© Tetragonal 413.4 153.4 128.5 128.5 413.4 387.7 148.0 148.0 156.2
Fe, 5Cro.5Bo.5Co.5 Tetragonal (I4) 451 283 224 235 489 522 134 117 136
FesC! Tetragonal (14) 388 156 164c 162 345 322¢ 15 134c 134c
Fe3B® Tetragonal (14) 281.7 337.5 165.3 182.2 337.5 354 130.2 118.7 175.6
@ Ref. [153].
P Ref. [146].
¢ Ref. [148].
4 Ref. [146].
¢ Ref. [150].
G _5 { [(Cii+Cip) - Cs3—2-C,] - Cas - Ces } o)
R=="
2 |3-By-Cu-Ces- [(Cl] +Cp) - Cy3—2- Cf;} - (Cas + Ces)
with:
X=Ci3-(Ci2-Cy3+C13Cy) +Cp3+ (Ci2 - Ci3 — Cp3C11) +Cs3 - (Cn -Cy — C?g) (1n

At the second stage, we defined the following mechanical properties which are related to the elastic constants: bulk modulus (Bg)
and shear modulus (Gg) (using the Voigt—Reuss-Hill (VRH) method). Then the Young’s modulus (Y) and Poisson’s ratio (v) can also be
calculated from the B and G values. The following equations were used to determine the shown mechanical properties Eq. (12)-(16)
[122,124,158]:

B, =2V Br (12)
2
Gy =Sy FGr 13)
2
9.B-G
" 3.B+G 14
 3.B-2.G s

Y=2.3-B+0)

The formula for calculated hardness theoretically is as follow:

2
(Hy ) g0y =0.92 - (G/B> . G008 N

Table 13 shows the results of mechanical property calculations performed using the CASTEP code.

It is important to understand the nature of the bonds and brittle/ductile behaviour to perform a high-quality analysis of the
physical-mechanical powers of separate phases. To cover these issues, it is also acceptable to use in the materials science practice,
except such mechanical properties as Poisson’s ratio (v), Pugh’s ratio (G/B) and Cauchy pressure (p¢). The Pugh’s ratio, G/B, is a
widely used parameter which is associated with brittle/ductile nature of a material [159]. The critical value which separates ductile
and brittle materials is around 0.57; i.e. [158], if G/B > 0.571, the material behaves in a brittle manner; otherwise the material behaves
in a ductile manner [159]. However, the determination of the material behavior should be considered taking into account the Poisson’s
ratio (v) [160].

So, materials in which the value of v is 0.33 for ductile/metallic materials. In contrast, for brittle/covalent materials, the v is 0.1,
and thus a larger v value states better ductility. Compounds with a value of Poisson’s ratio less than v < 0.33 originate from the more
aimed covalent bond as shown in Table 13. It could significantly prevent the generation and movement of dislocations during plastic
deformation. As a result, hardness is increased and plasticity is reduced. Cauchy pressure is another indicator characterizing the nature
of connections in a bond, which can be used to predict the types of bonds in a solid body.

According to Eberhart and Jones [155], the value of Cauchy pressure (p¢) relative to the zero point reflects the nature of a bond at
atomic level. So, it determines the prevailing type of bond. The sign of Cauchy pressure with a dominant covalent bond is negative (pc
< 0), and for compounds with a dominant ionic bond or solid solutions with a dominant metallic bond is positive (pc > 0) [161,162]. In
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Table 13
The calculated bulk modulus (B), Young (Y) and Shear modulus (G), Pugh’s ratio (B/G), Poisson’s ratio (v), Cauchy pressure (pc), Vickers hardness,
HV ((all are in GPa unit) for all phases.

Compounds B, GPa G, GPa Y, GPa Pugh’s ratio v Cauchy pressure HvTa | GPa
k=G/B failure mode Pc Dominant type of bond

Feg.79Cug.08Co.13 224 60 184 0.27 ductile 0.38 115 metallic 3.73

Feo.57Co.13 290 102 274 0.35 ductile 0.34 166 metallic 7.41

y-Fe(C)" 226 80 310 0.35 ductile 0.34 85 metallic 6.29

Tio.g3Feq.17C 258 169 416 0.65 brittle 0.23 —26 covalent 21.50

Tic” 251 184 444 0,73 brittle 0.205 —57 covalent -

TiC* 249 190 454 0.76 brittle 0.196 —68 covalent 25.94

Fe; 75Cro.25B0.85Co.15 323 121 322 0.37 ductile 0.33 123 ionic 8.96

Fey 75Cro.25B" 238.63 146.35 364.5 0.61 brittle 0.245 10,4 ionic 18.01

FEZBd 225.8 143.70 355.7 0.64 brittle 0.237 5.4 ionic 18.54

Fe, 5Cro.5B0.5Co.s 327 122 326 0.37 ductile 0.334 166 ionic 8.96

FesC® 224 72 194 0.32 ductile 0.36 22 ionic 5.2

FesB' 210 112 285.3 0.53 ductile 0.27 218 ionic 12.7

2 Ref. [152].

b Ref. [153].

¢ Ref. [146].

9 Ref. [148].

¢ Ref. [149].

T Ref. [150].

addition, Cauchy pressure gives negative values for brittle solids, and positive values for ductile metals. The smaller the p¢ value is, the
greater the brittleness of the compound or solution is, and vice versa. For cubic phases, the Cauchy pressure is calculated according to
the following formula p,=C;2-Cy44, while for hexagonal structures C44=Css the formula has the following form p.=C;2-Css. Poisson’s
ratio is another important parameter for understanding of the materials ductile or brittle behavior based on the bonds properties.
Higher Poisson’s ratio usually shows higher tendency for metallic bonds. It can mean higher strength [163]. Namely, v > 0.33 value
means ductile materials, while v < 0.1 value means covalent (brittle) materials. However, the larger v value is, the better the material
plasticity is [160].

We will begin the obtained data analyzing from the matrix, being an important component of wear-resistant alloys. The analysis
showed that the austenitic phase enriched with a significant amount of copper (Fep 79Cug 08Co.13) could have the hardness lower
compared to the austenitic phase without copper (Feg g7Co.13). However, we can conclude that the dissolution of copper in austenite
phase caused a significant weakening of the shear modulus (G). A decrease of shear modulus (G) values is an indicator of a smaller bond
between atoms [164]. According to the obtained results (Table 13), during comparison of the austenitic phase and the austenitic phase
doped with copper we noticed a decrease in shear modulus, comprising almost 1.7 times (60 GPa compared to 102 GPa). As known, the
indicator shows the material ability to resist the shear deformation, thus the plastic properties should be improved. According to Eq.
(15) it had a significant effect to the Poisson’s ratio (v). The lower Poisson’s coefficient derives from more directional covalent bond.
However, the metallic bond remained dominant. Pugh’s ratio (G/B) values indicated (see Table 13) to the plasticity improvement
(0.27 compared to 0.35 at a limit value 0.57). Metal bond was also decreased. Cauchy pressure parameter also confirmed it. Moreover,
dissolution of a great part of copper led to a decrease of the Young modulus (Y) almost to ~1.5 times. It is necessary to specify that
despite a significant improvement in ductility, there was a significant hardness reducing (from 7.41 GPa to 3.73 GPa at a high copper
content). Probably it was caused by deterioration of the bonds between atoms. It should be noted that according to Table 9, the
austenitic phase enriched with copper had an increased lattice parameters in two directions (b = 2.54 A, ¢ = 2.87 A con.) and smaller
dimensions for one direction (a = 2.78 A con. a = 2.78 A). The lattice size increasing in two directions can be explained by the larger
sizes of copper atoms compared to implicated iron atoms [74], leading to FCC lattice distortion and interplane distance [165]
increasing.

The second phase in the deposited sample structure was hemioboride FeyB (Fe; 75Crg.25B0.85C0.15)- This phase is important because
it forms a lattice in the deposited metal structure and makes a shield protecting an alloy from abrasive wear. Therefore, its properties
are also important. Carboboride FesB(Fe; 75Crg.25B0.85C0.15) has two specific features. In the first place, iron (Fe) atoms are partially
implicated with chromium (Cr) atoms. In the second place, boron atoms (B) are partially displaced by carbon atoms (C). This nature of
the hardening phase affects to its final mechanical properties, caused by the difference in the atomic radius and the structure of the
external electronic configuration. Arrangement of boron atoms in Fey(B, C) carboride lattice can be divided into two sublattices. The
first sublattice presents the arrangement of boron atoms, having eight the most close iron atoms ¢ = 4.18 A (Table 9). In the second
sublattice atoms are located at a distance of 4.93 A from each other (Table 9). It should be noted that with the partial replacement of
boron atoms by carbon atoms, the density is decreased (compared to simple hemioboride Fe;B and chromium-containing hemioboride
Fe; 75Cro.25B. According to the studies results shown in Table 13, we observe a significant increase in bulk modulus (B) and a sig-
nificant decrease in the shear modulus (G) and the young modulus (Y) for carboride phases Fe;j 75Crg 25B0.g5C0.15, compared to
hemioboride Fe;B and partially displacement with chromium Fe; 75Crg 25B. The partial substitution of boron for carbon changed the
character of the hemioboride failure mode from brittle to ductile. It is swown by Pugh’s ratio, being k = 0.37 for Fe; 75Crg 25B0.85C0.15,
compared to k = 0.61 for Fe; 75Crg 25B. Such plasticity increasing can be explained by a significant grow of the ion bond fraction. It’s
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evidenced by an increase of the carboboride Cauchy pressure index from pc = 10 to pc = 123. However, a significant increase of ionic
bonds proportion and the covalent bond decrease led to the microhardness significant loss. Microhardness value decreased signifi-
cantly from HV = 18.016 GPa to HV = 8.96 GPa compared to FeyB. This level of microhardness remains enough for effective resistance
to abrasive wear. In addition, coefficient value which equals to the critical value of 0.33 shows a significant improvement in the plastic
flexible nature of this phase.

The results of our studies showed that the carbide phase is the only brittle phase in the deposited metal structure (with the
exception of non-metallic NMI inclusions). As already shown, titanium carbides in our alloy contain a significant amount of iron in
their composition. The simulation results obtained by us using density functional theory (DFT) showed a positive effect on the
plasticity of titanium carbide when partially replacing titanium atoms with iron atoms (Table 13). It can be explained by a decrease in
the clear bond between titanium and carbon atoms in titanium carbide [164], as evidenced by the shear modulus weakening (G
(Tig.g3Feo.17C) = 169 GPa compared to pure titanium carbide G(TC) = 190 GPa), and lower values of Pugh’s ratio (k(Tip g3Feg.17C)=
0.65 compared to k(TC)=0.76 for pure titanium carbide). Availability of TM impurities significantly affects the stability and mobility
of C atoms near TM [138]. Alloying reduces metal-carbon covalent bonds, which predominate in (Ti,M)C. Substitution of Ti by a TM
atom with a large number of valence electrons leads to submission of loosening states, which increases the total energy of the system
compared to the pure TiC [138]. This leads to chemical bond strength weakening and improves ductility. It is also confirmed by Li et al.
[166]. It should be noted that the dominant type of bond for titanium carbide is the covalent bond. It was confirmed by Cauchy
pressure substractive values. However, Cauchy pressure is twice higher in the case of partial replacement of titanium atoms by iron
atoms in titanium carbides. It is also a confirmation of the plastic properties improvement. A slight decrease in microhardness was
observed (from HV™@ — 2594 GPa to HVT' — 21.5 GPa).

Investigations have shown that the structure contained borcementite Fey 5Crg 5Bo 5Co.5 in which the carbon atoms were partially
displaced by boron atoms. Some iron atoms were partially displaced by chromium atoms. The analysis showed that the received
borcementite phase had a significantly higher elastic moduli value compared to cementite [146] and exceeded iron boride FesB [150].
It should be noted (Table 13) that shear modulus (G) for borcementite Fe3(C, B) was significantly greater than the values for cementite
FesC, indicating greater bonds between atoms. The bond energy between iron and boron atoms was higher than between iron and
carbon atoms. The positive effect of chromium additives can be explained by reducing the B-B bond length to increase bond strength.
Pugh’s ratio value for borcementite Fe3(C,B) showed its ductile fracture mode compared to FesB. It means better crack resistance.
However, a change of the poisson’s ratio v=0.27 < 0.33 for Fe3B, showed the fracture change nature. For Fe3(C,B) v = 0,37 > 0,33 it
indicates the fracture ductile nature. It can be explained by a decrease in an ion bond proportion in the compound, as evidenced by a
decrease in Cauchy pressure parameter from k=218 for Fe3B to k=116 for Fe3(C,B). Ionicity should always be avoided, as it can have
influence to the occurrence of cracks and materials destruction [167]. The phases according to microhardness increasing can be ar-
ranged in the following order FesC > Fe; 5Crg 5Bg 5Co.5>FesB (HV=5.2 GPa, HV = 8.96 GPa, HV = 12.7 GPa according to Table 13).
The hardness value can be correlated with the degree of dominant bond according to the values of Cauchy pressure (degree of ion bond
Table 13).

3.6. Mechanical properties and indent morphology

Mechanical properties evaluation is one of the most important aspect in developing process of new wear-resistant materials as well
as modification of existing ones [168-172]. Wear loss is the result of a complex tribological system reaction which depends not only on
contacting materials properties (hardness, strength, plasticity, etc.) but also on the working or testing conditions [173]. Archard
proposed the wear model for the sliding adhesive contact in which worn volume is inversely proportional to softer material hardness
[174]. However, a significant number of publications have showed many contradictions in abrasive wear resistance and hardness
correlation for materials with practically the same hardness but different microstructure.

Ductility index (H/E) [175], plastic deformation index (H3/E2) [176], abrasion damage tolerance index 1/ (E2 -H) [177] found wide
application for materials behavior prediction under abrasive wear on the basis of their mechanical properties. A greater value of H/E
indicates a higher load-bearing capacity, so material can effectively withstand higher loads within its elastic limit [178]. The ductility
index (H/E) could characterize dissipated energy during damaging process which could be related to the volume of material removed
by a single particle impact and thus to the rate of erosion [179]. The ratio H>/EZ? characterizes the material’s ability to withstand plastic
deformation during contact and crack resistance, higher value of the parameter indicates higher crack resistance (fracture toughness)
[180]. The abrasion damage tolerance index 1 /(E*-H) [177] for determining the resistance of materials to abrasive wear has also
become established.

The ten measurements were made with indentation load 50 mN and step 50 pm between indents to eliminate influence of material
plastic deformation. Depth-sensing indentation technique allows to determine instrumented hardness (H;r) and elastic modulus (Ejr)
for each measurement point during single experiment to analyze influence of individual phases, interphase boundaries and multiphase
regions on mechanical properties. Moreover, SEM images of the residual indentation impressions formed after indentation tests using
Bercovich indenter (Fig. 10 a) were analyzed to identify different phases and phase boundaries. Recorded indentation diagrams are
presented in Fig. 10 b. Table 14 shows the data of micro-indentation tests and the values of some indicators.

Indentation results corrected according to procedure reported in Ref. [122] are presented in Table 12 and the SEM images of the
indents are shown in Fig. 11. Analysis of obtained experimental results showed that we can subdivide indentation results into 3 groups
depending on the phases which were involved in contact with a diamond Bercovich indenter.

Group 1 corresponds to the deposited metal with titanium carbides and eutectic y-Fe + Cu + CryCs and have high hardness and the
highest hardness correspond to indents with titanium carbide (Fig. 11 b, h, i). Formed indentation impressions under applied loads are
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WD=95mm Photo No. = 827 Time :13:20:04

(a) (b)

Fig. 10. SEM images of the residual nanoindentation impressions (a) and graph the load vs. depth (P-h) for 10 point (Indent 1-10) (b).

Table 14
Mechanical properties of the investigated 110Cr4Cu7Til1VB alloy.
Indent  Hyr, Err, Ductility index Plastic deformation index (Hf/ Index of tolerance to abrasion damage (1/ Phase
GPa GPa Hyr/Err Ef)-103, MPa (E*H))-10 %, MPa 3
1 8.713 283.6 0.031 8.22 1.427 “Eutl + TiC +
"Eut2
2 9.320 199.2 0.047 20.40 2.704 TiC + “Eutl
3 8.252 206.4 0.040 13.19 2.845 Fe,B + TiC
4 7.773 197.6 0.039 12.03 3.295 Fe,B+"Eutl
5 7.704 204.0 0.038 10.99 3.119 Eut2+ TiC +
Fe,B
6 7.188 202.7 0.035 9.04 3.386 "Eut2
7 7.848 199.6 0.039 12.13 3.198 FeyB + TiC
8 9.017 210.1 0.043 16.61 2.512 “Eutl+ TiC
9 10.057 239.2 0.042 17.78 1.738 TiC + “Eutl

@ Eutl-eutectic y-Fe + Cu + Cr;Cs,
b Eut2-eutectic a—Fe + Fe3(B,C).

large than individual phases and we measure integral hardness values, so obtained hardness had predictably lower values compared to
the calculated for individual phases. Simultaneously, on the SEM images of the formed indents plastic deformation along the
boundaries of the eutectic y-Fe + Cu + CryCs can be clearly seen and indicates high plastic properties. This is also confirmed by the
high values of the plastic deformation index (H3/E?) obtained for these indents. For group 1 value of H3/E? are 20.4-10~3 MPa,
16.61-1073 MPa and 17.78-10"2 MPa (Table 14 for indent 2, 8, 9). In addition, mentioned above areas will have higher elastic
properties, compared to other areas of the deposited metal (from H/E = 0.47-0.42). It should be noted that the values of abrasion
damage tolerance index 1/(E2-H) for such areas showed the lowest values. In this way, areas of deposited metal with titanium carbides
showed lower resistance to abrasive wear despite the high integral hardness (Fig. 11 i). It could be explained by a tendency to brittle
fracture during interaction with abrasive particles. This is consistent with the Sun et al. [181] results, in which the negative effect of
large titanium carbide (TiC) particles was associated with cracking due to increased stress concentration attributed to the accumu-
lation of additional points and one-dimensional (dislocations) defects [182-184] at the boundary of the TiC matrix [181].

We can outline group 2 of indents 3, 4, 7 (see Fig. 11 ¢, d, g) which characterized by the presents of hemioboride Fe,B and a small
amount of the second phase TiC or eutectica y-Fe + Cu + Cr7Cs, Indentation hardness (Hjr) of the second group is in the range from
7.77 GPa to 8.253 GPa (Table 14), and it had low values of the indentation modulus E;r = 199.6-206.4 MPa. These arears of deposited
metal had relatively high values of ductility index H/E ~ 0.04 and plastic deformation index H3/E?=(12.13-13.19)-10"% MPa.

Group 3 indent 1, 5 and 6 (Fig. 11 a, e, f) included areas of deposited metal with eutectic o—Fe + Fe3(B,C) according to the EDS
results. Group 3 characterized by practically similar mechanical properties as in group 2, where the main phase is hemiboride Fe;B. For
the 3 group indentation hardness (Hyr) and indentation modulus (Ery) is in the range from 7.188 GPa to 7.04 GPa and 202.7-204 MPa
respectively (Table 14 for indent 5, 6). For group 3 values of H3/E? are (9-11)-10"2 MPa, H/E are 0.35-0.38), and the values of
abrasion damage tolerance index 1/(E2-H) 3.119-3.386 -10~° MPa 2 (Table 14). The experimental data obtained for this group agree
with the calculated values of the mechanical properties for these phases. The difference in mechanical properties can be explained by
the variable mechanical properties of the matrix phases. Thus, for group 2, the matrix is austenite, while for group 3, the matrix is
primarily a ferrite phase. It should be noted that these areas of deposited metal have the greatest resistance to abrasive wear, as
indicated by the value of the abrasion damage tolerance index 1/(E2-H).
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Fig. 11. Indentation marks and their load-depth dependence curves for different sections of the deposited metal, each shown in Fig. 10: (a)-Indent
1; (b)-Indent 2; (c)-Indent 3; (d)-Indent 4; (e)-Indent 5; (f)-Indent 6; (g)-Indent 7; (h)-Indent 8; (i)-Indent 9.

Analytical methods for solving singular problems about the stress state of coatings under local load in relation to the problems of
indentation and interaction with abrasive particles are proposed in papers [185-187]. Later, these approaches were developed to
model the behavior of layered [188,189] and functionally gradient [190] coatings.

In the following work, it is planned to investigate the influence of copper addition on the mechanical properties of the
Fe-Cr—C-B-Ti-Cr boron alloy of the alloying system, the abrasive wear resistance and tribocorrosion wear.

4. Conclusions

The article considered the possibility of applying to alloys deposited by hardfacing process (characterized by non-equilibrium
conditions) modern software products (Thermo-Calc, JMatPro) for predicting the phase composition and chemical composition of
the resulting phases, as well as a computation complex for calculating mechanical properties. The main conclusions are as follows.

1. In the process of equilibrium cooling the precipitation of the experimental steel, the precipitation order of phase is TiC — y-Fe —
Fe;B —»Cu — Cr;C3 — CrFeB — o-Fe. The primary phases are the phases of titanium carbide, austeite and hemiboride (Fe, Cr),B.
Moreover, the first phase that will be formed in the liquid solution will be titanium carbide.

2. Analysis of the alloying elements distribution in the deposited metal showed that such alloying elements as Cu, Si, Al were
concentrated mainly in the matrix, since chromium was concentrated mostly in borides. Whereas titanium was contained entirely
in own TiC carbides. It was also confirmed by thermodynamic calculations, EDS mapping analysis and electron breakdown
microanalyzer (EPMA)

3. y-Fe+Cr;Cg eutectic was found in the alloys subject to research as a matrix, a M2(B,C), borocarbides skeleton, as well as M3(B,C)
(M = Fe, Cr, Mo, V, Mn).

4. Cu phase was not observed as individual particles in deposited metal due to the significant solubility of copper in the residual
austenite. It was formed in the deposited metal due to the impossibility of achieving a stable state of the metal during welding.

5. EDX analysis data and his typical EDX spectra showed that typical phases in the alloy were as follows: y-Fe (austenite), hemi-
oboride Fej gCrg oB, borcementite (Feo 5Crg 5)(Bo.5Co5), and titanium carbides (Tip.g1Feg.19)C.
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6. First principles calculations using density functional theory (DFT) were performed to study the mechanical properties of phases
(y-Fe (austenite), hemioboride Fe; gCrg 5B, boron cementite (Fes 5Crg 5)(Bg5Cos), and titanium carbide ((Tig g1Fep.19)C) in the
deposited metal 110Cr4Cu7Ti1VB. Pugh’s ratio had the highest value k = G/B = 0.65 for it, while hemioboride FesB and bor-
cementite Fe3(B,C) were plastic phases G/B = 0.37 < 0.571. The most plastic phase were the austenitic phases. At the same time,
the titanium carbide phase had the highest microhardness, due to the dominant covalent bond type, confirmed by the high values of
Cauchy pressure pc = —57 < 0.

7. We determined mechanical properties of deposited metal areas with different phase composition, using microindentation method.
The areas of deposited metal with boride and carboboride eutectics were the most wear resistant. Whereas areas of the deposited
metal with titanium carbides showed less resistance to abrasive wear due to the brittle failure tendency, despite high values of
microhardness.
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