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Abstract. The study focuses on investigating the influence of ultrasonic vibrations introduced into the crystallizing metal of the weld pool 

through filler wire during automated electric arc surfacing with flux-cored wire, on the formation characteristics of a wear-resistant 
coating made from the 280Cr14Mn6Ni6Mo3Ti2Nb2 alloy. The effect of ultrasonic vibrations on the structural-phase composition, 
hardness, and wear resistance of the surfaced coating is analyzed, particularly under normal and elevated temperatures up to 600 °C in 
conditions of exposure to a gas-abrasive flow. The failure pattern of the thin surface layers of the worn coatings is also studied. It was 
established that the microstructure of the coating consists of a carbide eutectic based on austenite, which possesses increased ductility 
and sufficiently high strength due to alloying with chromium and molybdenum. This ensures reliable retention of reinforcing phases 
represented by Мо2С, (Ti,Nb,Mo)xCy , and MexCy carbides. It is shown that under the influence of high-frequency acoustic vibrations, 
large primary MexCy carbides disappear from the alloy structure, the volume fraction of austenite increases by 25 %, and the propor-
tion of MexCy-type carbides decreases. Additionally, a redistribution of alloying elements between the austenite and carbide phases is 
observed. The formation of a fine lamellar eutectic leads to changes in the wear mechanism of the alloy: hard solution layers dampen 
shear deformations caused by impacts of abrasive particles, while the plastic flow of the austenitic matrix forms a metallic binder 
around the broken carbide fragments, reducing the likelihood of their detachment. This results in an 18 % increase in the alloy’s resis-
tance to high-temperature gas-abrasive wear, surpassing the performance of an international industrial counterpart. 

Keywords: wear-resistant coatings, carbides, austenite, electric arc surfacing, ultrasonic vibrations, filler wire, high-temperature gas-
abrasive wear
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Аннотация. Исследование посвящено изучению влияния ультразвуковых колебаний, вводимых в кристаллизующийся металл 

сварочной ванны через присадочную проволоку в процессе автоматической электродуговой наплавки порошковой прово-
локой, на особенности формирования износостойкого покрытия из сплава 280Х14Г6Н6М3Т2Б2. Выявлено влияние 
ультра звуковых колебаний на структурно-фазовый состав и твердость наплавленного покрытия, а также его износостой-
кость при нормальной и повышенной до 600 °С температурах в условиях воздействия газоабразивного потока. Изучен 
характер разрушения тонких поверхностных слоев изношенных покрытий. Установлено, что микроструктура покрытия 
состоит из карбидной эвтектики на основе аустенита, обладающего повышенной пластичностью и достаточно высокой 
прочностью за счет легирования хромом и молибденом, что способствует надежному закреплению в нем упрочняющих 
фаз, представленных карбидами Мо2С, (Ti,Nb,Mo)xCy и MexCy . Показано, что под действием высокочастотных акустиче-
ских колебаний в структуре сплава исчезают крупные первичные карбиды MexCy , на 25 % увеличивается объемная доля 
аустенита при снижении доли карбидов типа MexCy , а также наблюдается перераспределение легирующих элементов 
между аустенитом и карбидной фазой. Установлено, что формирование тонкопластинчатой эвтектики обусловливает 
изменения в механизме изнашивания сплава: прослойки твердого раствора демпфируют сдвиговые деформации при 
ударах абразивных частиц, а пластическое течение аустенитной матрицы формирует вокруг образующихся обломков 
карбидов металлическую связку, снижая вероятность их выкрашивания. Это способствует повышению на 18 % стой-
кости сплава к высокотемпературному газоабразивному изнашиванию, которая превосходит показатель зарубежного 
промышленного аналога.  

Ключевые слова: износостойкие покрытия, карбиды, аустенит, электродуговая наплавка, ультразвуковые колебания, присадоч-
ная проволока, высокотемпературное газоабразивное изнашивание
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IntroductionIntroduction
Industrial equipment during operation is subjected 

to abrasive wear, which significantly reduces its ser-
vice life by altering the size, shape, and condition 
of the working surfaces of parts [1; 2]. For instance, 
components of industrial fans, draft machines, solid-
fuel boilers, and gas turbine units are exposed to abra-
sive particles carried by high-speed flows of heated 
gases. The need to replace wornout parts leads to sub-
stantial economic losses due to prolonged equipment 
downtime during repairs [2–4]. Extending the service 
life of parts can be achieved efficiently by strengthen-
ing their surface with wear-resistant alloys [4; 5]. 

One of the key kinematic parameters determining 
the nature and intensity of the wear surface destruction 
is the angle of its attack by the gas-abrasive flow [6; 7]. 
At small attack angles (20–30°) and temperatures 
up to 600 °C, typical for the operation of forced draft 

fans, the surface destruction mechanism is dominated 
by plastic displacement of the metal and microcutting, 
which leads to low wear resistance of ductile mate-
rials [8–10]. Under these conditions, alloys based on 
iron with a composite structure, consisting of both large 
and fine hard carbides distributed throughout a ductile 
matrix, are more preferable [11; 12]. 

The task of obtaining thick wear-resistant coatings 
on the surface of parts is most universally and effec-
tively solved by electric arc surfacing with flux-cored 
wire [1; 13]. The use of flux-cored wire allows the pro-
duction of coatings with virtually any chemical compo-
sition, providing them with the necessary operational 
properties [14; 15]. Dynamic exposure to ultrasonic 
vibrations (from 18 kHz) on the alloys crystallizing 
during the surfacing process is one of the known tech-
nological methods that allows altering their structural-
phase composition, increasing wear resistance, reduc-
ing the likelihood of internal defects, and more [16–18]. 
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These changes are caused by the formation of standing 
waves in the melt, characterized by alternating regions 
of compression and rarefaction. The generation of high 
energy densities in these regions manifests in secondary 
effects (cavitation, acoustic flows, radiation pressure, 
viscous friction forces), creating specific conditions for 
the crystallization of the metallic melt [19; 20]. These 
effects contribute to the intensification of physical and 
chemical processes: degassing, diffusion, metal struc-
ture dispersion, phase coagulation, and others [21; 22].

Among all known methods of transmitting ultra-
sonic vibrations (USV) to the crystallizing melt in 
the weld pool, using filler (waveguide) wire for this 
purpose is of the greatest practical interest [23]. 
In this case, it becomes possible to affect the melt 
near the crystallization front, where the acoustic treat-
ment has the most noticeable effect. Using flux-cored 
wire as a waveguide allows for alloying, reinforc-
ing, and modifying the surfaced metal with refrac-
tory particles, while the USV can contribute to their 
more uniform distribution within the melt [24; 25]. At 
the same time, it is necessary to note that the relation-
ships between the influence of USV on the structure 
and properties of the surfaced wear-resistant alloys 
have not been fully explored in scientific and techni-
cal publications.

The objective of this study is to investigate the influ-
ence of USV on the structural-phase composition and 
resistance to gas-abrasive wear at temperatures up 
to 600 °C of a coating made from the experimental alloy 
280Cr14Mn6Ni6Mo3Ti2Nb2, surfaced by the electric 
arc method.

Materials and methodsMaterials and methods
During the formation of the wear-resistant coat-

ing by electric arc surfacing in a protective gas, an 
experimental flux-cored wire (FCW) with a diameter 
of 2.8 mm was used as the electrode. A strip of 08kp 
steel (low-carbon killed steel, ~0.08 % C) with a thick-
ness of 0.25 mm was used as the sheath for the FCW, 
and the filler material of the wire consisted of metallic 
powders of chromium, nickel, molybdenum, niobium, 
titanium, iron, as well as graphite powder. The compo-
sition of the filler was calculated to achieve a eutectic 
structure in the surfaced alloy, featuring a tough and 
ductile austenitic matrix stabilized by carbon, nickel, 
and manganese, capable of securely retaining hard 
phases in the form of chromium, titanium, niobium, 
and molybdenum carbides [26]. 

A wear-resistant coating was formed in a single 
layer of 6–7 mm thickness on the surface of plates 
made of St3sp steel, with the following chemical com-
position (wt. %):

C . . . . . . . . . . . 2.7–2.9
Cr . . . . . . . . . . 13.5–15.0
Ni . . . . . . . . . . 5.7–6.0
Mn . . . . . . . . .  6.0–6.2

Mo . . . . . . . . . .  3.0–3.14
Nb . . . . . . . . . .   2.0–2.1
Ti . . . . . . . . . . .  2.0–2.15
Fe . . . . . . . . . . . balance

To protect the molten metal from atmospheric 
exposure, gaseous argon was used. For compari-
son of the wear resistance of the experimental coa-
ting with industrial counterparts, samples from 
the 600Cr23B7Mo7Si2W2F alloy were produced 
by electric arc surfacing using covered Weartrode 65T 
electrodes (ESAB).

As the filler (waveguide) wire, a flux-cored wire 
with a diameter of 2 mm was used, made with a steel 
strip sheath 0.5 mm thick and filled with iron powder. 

The chemical composition of the surfaced coat-
ing was determined using an optical emission spec-
trometer Oxford Instruments PMI-MASTER PRO. 
Metallographic studies were carried out using optical 
(Carl Zeiss Axiovert 40 MAT microscope) and elec-
tron microscopy (FEI Versa 3D scanning electron-ion 
microscope). Metallographic sections were prepared 
using a grinding machine MP-1B Time Group Inc. 

X-ray microanalysis of the structural components 
of the coating and elemental mapping of the alloying 
elements on the surface of microsections was car-
ried out using an energy-dispersive X-ray detector 
(Apollo X-SDD) mounted on a Versa 3D microscope. 
The volumetric fractions of the structural components 
in the coating were determined by analyzing the ele-
mental distribution maps on the microsection surface 
using the Image J software, by calculating the area 
occupied by each component.

X-ray phase analysis of the surfaced coatings 
was performed using a “Bruker D8 Advance Eco” 
X-ray diffractometer with a vertical θ-θ goniometer. 
The samples were scanned using copper anode radia-
tion (λ = 1.54060 Å) under the following conditions: 
X-ray tube voltage – 40 kV; filament current – 25 mA; 
exposure time – 1 s; scanning step – 0.02°. Phase 
identification in the coatings was carried out using 
Diffrac.EVA software equipped with the licensed 
“Powder Diffraction File-2” database (The International 
Center for Diffraction Data).

Hardness testing of the surfaced coating was 
conducted by the Rockwell method (scale C) using 
a “TN-500 Time Group Inc.” hardness tester.

The resistance of the surfaced coating to gas-
abrasive wear at normal and elevated temperatures 
up to 600 °C was evaluated using an express testing 
method described in [27]. The coating sample, a plate 
measuring 40×16×3.5 mm, was heated by passing 
an electric current through it and subjected to a stream 
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of heated compressed air mixed with abrasive particles 
of quartz sand with an average size of 260 µm. Stability 
of the testing temperature was ensured by controlling 
the sample temperature with a WR5/20 thermocouple, 
connected to an LA-20 USB analog-to-digital con-
verter, which displayed the readings on a computer 
screen using “PowerGraph” software. The test para-
meters were as follows: test duration – 120 s, air pres-
sure in the system – 3 atm, attack angle of the gas-
abrasive stream on the sample surface – 30°. 

The wear resistance criterion was the specific wear 
rate (ξ, g/kg), calculated using the formula

ξ = ∆m/∆ma ,

where Δm is the mass loss of the tested sample, g; 
mа is the mass of abrasive used during the test, kg. 
The mass loss of the samples was measured with 
an accuracy of 0.0001 g using “Shinko Denshi VIBRA 
HT-124RCE” analytical scales. 

The plastic deformation characteristics of the thin 
surface layers of worn coatings were studied using an 
electron-ion microscope, by preparing microsections 
of the surface through ion etching, with a platinum 
layer applied beforehand. 

Technique for forming  Technique for forming  
surfaced coatingssurfaced coatings

Electric arc surfacing of the coating (Fig. 1) using 
the experimental flux-cored wire (FCW) was per-
formed with the “A2 Mini Master” (ESAB) welding 
machine, equipped with a device for introducing ultra-
sonic vibrations (USV) into the weld pool via a wave-
guide wire. 

In the electro-neutral waveguide wire, which is 
constantly immersed in the weld pool and fed into it 
at a constant speed, bending vibrations with a frequency 
of 20.6 kHz are generated by an ultrasonic piezoelectric 
transducer performing longitudinal vibrations. The wire 
melts due to the heat generated in the welding reaction 
zone and also from the heat generated within the wire 
itself as it transmits the USV [28]. To achieve the maxi-
mum vibration amplitude at the end of the waveguide 
wire in the weld pool, its extension (a) must be a multi-
ple of half the wavelength of the bending waves (λben ), 
and the rollers of the feeding mechanism must con-
tact the wire at a vibration node at a distance (b) from 
the end of the transducer (Fig. 1). This helps reduce 
energy losses during the surfacing process, as the sys-
tem becomes acoustically closed.

Fig. 1. Schematic diagram of the formation of the surfaced coating with the influence of USV
1 – electrode wire; 2 – welding power source; 3 – plate to be surfaced; 4 – weld pool; 5 – surfaced coating;  

6 – waveguide wire; 7 – rollers of the feeding mechanism; 8 – ultrasonic transducer; 9 – vibration transmission node to the waveguide wire;  
10 – ultrasonic generator; 11, 12 – distribution of the amplitude of bending and longitudinal vibrations, respectively;  

λben – bending wavelength; B – distance between the waveguide and electrode wires;  
a – extension of the waveguide wire; b – distance from the point of USV input to the feeding mechanism rollers;  

α – inclination angle of the waveguide wire; L – length of the weld pool; Vs – surfacing speed 

Рис. 1. Принципиальная схема формирования наплавленного покрытия с воздействием УЗК
1 – электродная проволока; 2 – сварочный источник тока; 3 – наплавляемая пластина; 4 – сварочная ванна;  

5 – наплавленное покрытие; 6 – волноводная проволока; 7 – ролики подающего механизма;  
8 – ультразвуковой преобразователь; 9 – узел передачи колебаний волноводной проволоке; 10 – ультразвуковой генератор;  

11, 12 – распределение амплитуды изгибных и продольных колебаний соответственно;  
λben – длина изгибной волны; В – расстояние между волноводной и электродной проволоками; а – вылет волноводной проволоки;  

b – расстояние от места подвода УЗК до роликов подающего механизма; α – угол наклона волноводной проволоки;  
L – длина сварочной ванны; Vs – скорость наплавки
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The power source for the ultrasonic transducer was 
the ultrasonic generator UZG 4-2, manufactured by 
Ultra-resonance (Ekaterinburg). The electrical power 
consumed by the transducer during surfacing was 
200 W. Amplitude and frequency of acoustic vibrations 
were monitored using non-contact laser vibrometry 
with the “Polytec VibroFlex Neo” vibrometer. 

Surfacing was performed on steel plates measuring 
200×150×12 mm with an overlap of weld beads equal 
to 30 % of their width. To prevent cracks in the sur-
faced coating, the plates were preheated to a tempera-
ture of 300 ± 20 °C and allowed to cool slowly after 
surfacing. The pre-surfacing temperature was moni-
tored using a TEKHNOAS S-20.4 infrared pyrometer.

The welding current source (direct current, electrode 
positive) was the thyristor rectifier ESAB LAF 1001. 
The technological and acoustic parameters of the sur-
facing process (see Table) were selected experimentally 
to ensure the formation of a well-shaped, defect-free 
surfaced coating with minimal penetration into the base 
metal. The main parameters of the surfacing process 
with and without ultrasonic vibrations did not differ.

The distance (B) between the electrode wire and 
the filler wire, which depends on the length of the weld 
pool (L), is one of the most important technologi-
cal parameters of this process. It affects the quality 
of the surfaced coating formation, the uniform melting 
of the filler wire, and the stability of the ultrasonic treat-
ment of the weld pool. When using waveguide FCW 
with a diameter of 2 mm and a feed rate of 28–29 m/h 
into the weld pool, the distance B should be within 
0.37–0.57 of the pool length L [28]. Introducing 
the wire into the pool beyond the upper limit of this 
range results in defects in the surfaced coating, while 
introducing it too close to the electric arc makes ultra-
sonic treatment impossible, as the waveguide wire 
melts above the weld pool.

Introducing the wire into the weld pool at a 30° 
angle to the surfaced surface ensures complete melting 
of the wire over a wide range of feed speeds.

Results and discussionResults and discussion
It was experimentally established that 

the influence of USV during the surfacing of the 

280Cr14Mn6Ni6Mo3Ti2Nb2 alloy coating leads 
to significant structural changes (Fig. 2). The micro-
structure of the coating formed without acoustic treat-
ment of the crystallizing alloy is hypereutectic, with 
large primary carbides of needle-like and plate-like 
shapes (Fig. 2, a, b). Combined X-ray microanaly-
sis and X-ray phase analysis of the coatings showed 
that the solid solution of the carbide eutectic consists 
of alloyed γ-Fe, and the majority of the strengthening 
phase is represented by Me7C3 and Me3C2 carbides, 
where Me is chromium, iron, manganese, and molyb-
denum (Fig. 3). The structure also contains relatively 
uniformly distributed fine solid phases, represented 
by complex carbides (Ti,Nb,Mo)xCy and monocar-
bides Мо2С with an average particle size of 3.5 µm 
and 1.6 µm, respectively. No defects such as cracks, 
delamination from the base metal, pores, etc., were 
detected in the surfaced coating. 

The influence of high-frequency acoustic vibrations 
leads to the disappearance of large primary MexCy car-
bide crystals in the coating structure and some disper-
sion of the austenite-carbide eutectic (Fig. 2, c, d). This 
is accompanied by the appearance of characteristic 
“rosettes” consisting of plate-like carbides separated by 
layers of solid solution. In addition to the (Ti,Nb,Mo)xCy 
and Мо2С carbides, a small amount of (Ti,Mo)xCy and 
TiC carbides also appears in the alloy. 

It has been established that high-frequency vibra-
tions of the filler wire lead to its additional heating. 
This helps to reduce the “chilling” effect of the weld 
pool, which manifests in classical surfacing processes 
with “cold” filler by reducing its length. In the studied 
process, with a wire feed rate of 28–29 m/h, the pool 
length decreases by no more than 4 %. At the same 
time, the proportion of filler metal in the surfaced 
coating is very small, amounting to 1.0–1.2 wt. %. 
Thus, the changes in the structure of the studied alloy 
are related specifically to the influence of acoustic 
vibrations on the crystallization process, rather than 
to supercooling of the weld pool or changes in its 
chemical composition.

The mechanism of microstructure transformation 
in the surfaced coating under the influence of USV is 
as follows. In the absence of acoustic vibrations, large 
primary MexCy carbides crystallize from the weld pool, 

Surfacing process parameters 
Технологические параметры режима наплавки

Welding 
current  
Iwl , A

Arc 
voltage
Ua , V

Surfacing 
speed

Vs , m/h

Distance 
between 

wires  
B, mm

Feed rate 
of the wave-
guide wire 
Vfcw , m/h

Angle of 
wave-guide 
wire input 

α, deg

USV 
frequency 

f, kHz

USV 
amplitude  

ζ, µm

Shielding 
gas flow 

(Ar), l/min

290–330 25–26 14–15 17 28–29 30 20,6 11 14–16
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with an austenite-carbide eutectic forming between 
them. When high-frequency acoustic vibrations are 
induced in the melt, the crystallization process occurs 
under the mechanical action of shock waves generated 

by cavitation in the melt, which destroy the growing 
carbide crystals. The resulting carbide fragments are 
carried by acoustic flows along the crystallization front 
and act as additional nucleation centers for further 
crystallization. The formation of strengthening phases 
on these fragments in the melt may be facilitated 
by reduced surface tension at the interphase boundaries 
under the influence of USV.

The change in the crystallization kinetics of the sur-
faced alloy due to acoustic treatment leads to a 25 % 
increase in the volume fraction of austenite (Fig. 4), 
while the content of MexCy carbides decreases propor-
tionally, and the content of fine carbides (Ti,Nb,Mo)xСy 
and Mo2C changes insignificantly. 

The change in the volume fraction of structural com-
ponents in the surfaced alloy is accompanied by a redis-
tribution of alloying elements between them (Fig. 5), 
which affects their mechanical properties. It was found 
that the molybdenum content in austenite decreases by 
a factor of two, while the chromium content increases 
by 20 %, which may improve the heat resistance 
of the alloy matrix. This is accompanied by a propor-
tional decrease in the chromium content in MexCy car-
bides and an increase in the content of iron, manganese, 
and molybdenum, which may reduce their microhard-
ness. The molybdenum content in (Ti,Nb,Mo)xСy car-
bides decreases almost fivefold, while the Ti/Nb ratio 

Fig. 2. Microstructure of the coating surfaced without USV (а, b) and with USV (c, d):
а, c – optical image; b, d – electron image; e – “rosette” of MexCy carbide 

Рис. 2. Микроструктура покрытия, наплавленного без УЗК (а, b) и с воздействием УЗК (c, d)
а, c – оптическое изображение; b, d – электронное изображение; e – «розетка» карбида MexCy

Fig. 3. Results of X-ray phase analysis of coatings surfaced  
with and without USV 

Рис. 3. Результаты рентгенофазового анализа покрытий, 
наплавленных с воздействием УЗК и без них
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(in at. %) increases from 1.05 to 1.2, which, accord-
ing to [29], may improve the microhardness of these 
carbides. 

It has been established that the structural changes 
in the surfaced coating caused by USV do not affect its 
hardness, but they result in an average 18 % increase 
in its resistance to high-temperature gas-abrasive 
wear (Fig. 6). The wear resistance of the experimental 
alloy 280Cr14Mn6Ni6Mo3Ti2Nb2, modified by USV, 
exceeds that of the more heavily alloyed industrial 
counterpart 600Cr23B7Mo7Si2W2F (ESAB) by 26 %. 
The high wear resistance of the developed coating is 
due to the formation of a composite structure, combin-
ing a strong and ductile nickel-manganese austenitic 
matrix, alloyed with chromium and molybdenum, and 
a strengthening phase in the form of plate-like MexCy 
carbides and ultra-hard fine carbides (Ti,Nb,Mo)xCy 
and Мо2С. 

It was revealed (Fig. 7) that, as a result of the high-
temperature gas-abrasive flow, a deformed layer 
forms on the surface of the coatings, which can 
be identified in cross-sections of worn samples 
obtained by ion etching. Under the impact of abra-
sive particles, partial destruction of large plate-like 
MexCy carbides occurs, accompanied by the forma-
tion of cracks that open in the direction of the gas-
abrasive flow (Fig. 7, a–c). Smaller and more durable 
(Ti,Nb,Mo)xCy carbides, with their compact shape, 
shift together with the matrix material without frac-
turing, limiting its plastic deformation and reducing 
the coating’s wear rate. The primary wear mechanism 
appears to be the chipping of relatively large MexCy 
carbide fragments followed by the shearing of micro-
volumes of austenite. 

Fig. 4. Volume fraction of structural components  
in the surfaced alloy with and without USV

А – austenite, B – MexCy , carbides,  
C – (Ti,Nb,Mo)xCу , (Ti, Mo)xCy , Mo2C, and TiC carbides 

Рис. 4. Количественное распределение фаз  
в структуре покрытия, наплавленного  

с воздействием УЗК и без него
А – аустенит, B – карбиды типа MexCy ,  

C – карбиды типа (Ti,Nb,Mo)xСy , (Ti, Mo)xCy , Mo2C и TiC

Fig. 5. Chemical composition of austenite (a),  
MexCy carbides (b), and (Ti,Nb,Mo)хСу (c) in the coating  

surfaced with and without USV 

Рис. 5. Химический состав аустенита (а),  
карбидов MexCy (b) и (Ti,Nb,Mo)xСy (c) в покрытии,  

наплавленном с УЗК и без них

Fig. 6. Hardness (HRC) and specific wear (ξ)  
of the experimental and industrial alloys

 – HRC hardness;  – ξ at 20 °С;  – ξ at 600 °С 

Рис. 6. Твердость (HRC) и удельный износ (ξ)  
экспериментального и промышленного сплавов

 – твердость HRC;  – ξ при 20 °С;  – ξ при 600 °С
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The study of the cross-section of the worn coating 
surfaced with USV showed (Fig. 7, d) that the pro-
cesses of intense plastic deformation in the alloy 
extend to a depth of about 10 µm. Under the impact 
of abrasive particles, thin MexCy carbide plates crack, 
and the fragments shift in the direction of impact. 
At the same time, the solid solution layers dampen 

shear deformations, and the plastic flow of the austen-
itic matrix forms a metallic binder around the result-
ing carbide fragments, reducing the likelihood of their 
chipping. This is likely also facilitated by the increase 
in the austenite volume in the structure of the modified 
coating, as well as the enhancement of its heat resis-
tance due to the increased chromium content.

Fig. 7. Cross sections of the surface layer of coatings surfaced without USV (a) and with USV (d),  
after gas-abrasive wear testing at 600 °C; carbon (b, e) and chromium (c, f) distribution maps across the cross-sections

1 – platinum layer; 2 – direction of the gas-abrasive flow 

Рис. 7. Сечения поверхностного слоя покрытий, наплавленных без воздействия УЗК (a) и с УЗК (d),  
после испытаний на газоабразивное изнашивание при температуре 600 °С;  

карты распределения углерода (b, e) и хрома (c, f) по сечению покрытий
1 – слой платины; 2 – направление газоабразивного потока 
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ConclusionsConclusions
1. It has been established that ultrasonic treatment 

of the weld pool during electric arc surfacing affects 
the crystallization processes of the wear-resistant coat-
ing, contributing to the reduction in volume fraction 
and refinement of primary and eutectic MexCy car-
bides, increasing the volume of the austenitic matrix 
by 25 %, and leading to the appearance of (Ti,Mo)xCy 
and TiC carbides in the structure. This is accompanied 
by the redistribution of alloying elements between 
the strengthening phases and the austenite, which affects 
their mechanical properties. The chromium content in 
austenite increases by 20 %, while it decreases in MexCy 
carbides. Meanwhile, the concentrations of molybde-
num and manganese in austenite decrease, while they 
increase in MexCy carbides. Additionally, the titanium 
content increases in (Ti,Nb,Mo)xCy carbides, and 
the molybdenum content decreases significantly.

2. The structural changes in the coating caused 
by USV lead to an 18 % increase in its resistance 
to gas-abrasive wear at 600 °C, exceeding the perfor-
mance of international industrial counterparts. This 
is explained by the formation of a fine lamellar car-
bide eutectic reinforced with ultra-hard (Ti,Nb,Mo)xCy 
carbides, which limits the intense plastic deforma-
tion of the alloy during wear, confining it to a depth 
of 10 µm. The negative effect of MexCy carbide crack-
ing under the impact of abrasive particles is mitigated 
by the increased volume and heat resistance of the aus-
tenite, whose plastic flow forms a metallic binder 
around the carbide fragments, reducing the likelihood 
of their chipping.
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