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Formation of wear-resistant coatings
during electric arc surfacing with ultrasonic vibrations
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28 Lenin Prosp., Volgograd 400005, Russia
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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 Mo,C, (Ti,Nb,Mo)ny, and Me C, carbides. It is shown that under the influence of high-frequency acoustic vibrations,
large primary Meny carbides disappear from the alloy structure, the volume fraction of austenite increases by 25 %, and the propor-
tion of Meny-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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PopMupoBaHue N3HOCOCTOUKUX NOKPbITUN
B Npouecce aNIeKTpoAyroBou HannaBKu
C YNIbTPa3BYyKOBbIMU KoNlebaHNAMMU

. B. IIpuarkun ®, A. A. Aprembes, B. I. JIsicak

Boarorpaackuii rocyiapcTBeHHbIH TEXHHYECKUH YHUBEPCHTET
Poccus, 400005, r. Bonrorpan, mp. um. B.U. Jlenuna, 28

B3 priyatkin.dv@mail.ru

AHHOTauMﬂ. I/ICCJ'[CJIOBaHl/Ie MOCBAILICHO U3YUYCHUIO BIIUAHUSA YIBTPA3BYKOBBIX KOHeGaHMﬁ, BBOIWMBIX B KpHCTaHHMSymmHﬁCﬂ METaJI

CBapOYHON BaHHBI Uepe3 MPHUCATOUHYIO IPOBOJIOKY B IPOLIECCE aBTOMATUYECKOH 3JIEKTPOLyTroBO HaljIaBKU OPOLIKOBOM MPOBO-
JIOKO#, Ha 0COOCHHOCTH (DOPMHUPOBAHHS HM3HOCOCTOMKOTO MOKphITHS U3 cruiaBa 280X 14I'6HO6M3T2B2. BeissBieHO BiHsHHE
YABTPa3BYKOBBIX KoJeOaHUI HA CTPYKTYypHO-(a30BbIil COCTAB M TBEPIOCTh HAIUIABICHHOTO MOKPBITHSI, @ TAKXKE €r0 M3HOCOCTOI-
KOCTb HPH HOpPMaJIbHOM U moBbIimeHHOH 10 600 °C TemnepaTypax B YCIOBHSX BO3ISHCTBHs ra30a0pa3MBHOIO MOTOKA. M3yueH
XapakTep pa3pyLICHUs] TOHKUX TOBEPXHOCTHBIX CJI0EB M3HOIIEHHBIX MOKPBITUH. YCTAHOBIEHO, YTO MUKPOCTPYKTYpa MOKPBITHS
COCTOUT U3 KapOWHOH YBTEKTUKH HAa OCHOBE ayCTEHHTA, 00JNaAaIOIIero MOBBIIIEHHON MIACTHYHOCTBIO U JOCTATOYHO BBICOKOM
IPOYHOCTBIO 32 CYET JIETHPOBAHMS XPOMOM M MOJHMOJEHOM, 4TO CIIOCOOCTBYET HA/ICKHOMY 3aKPEIJICHUIO B HEM YIPOYHSIOLINX
(a3, npesncrasnenHbx kapouaamu Mo,C, (Ti,Nb,Mo)XCy u Meny. [Toxa3zaHo, yTo oA AeiicTBHEM BBICOKOUACTOTHBIX aKyCTHYE-
CKHUX KoJIeOaHMii B CTPYKType CIIJIaBa MCUYE3al0T KPYITHbIE MEPBUYHBIC KapOuIbl MeXCy, Ha 25 % yBennuuBaeTcs 0ObeMHast 1071
ayCTEHUTA MPU CHUWKEHUH J0nu kapOuos tuna Me C , a Takxe HaONIONAETCs NepepacnpeieieHue JETUPYIONIUX JIEMEHTOB
MEX/ly ayCTEHHTOM U KapOuIHO# (a3zoi. YcTaHOBIIEHO, YTO ()OPMHUPOBAHHE TOHKOIUIACTHHYATON 3BTEKTHKU OOYCIIOBIMBAET
M3MEHEeHMsI B MEXaHH3Me M3HAIIMBAHUS CIUIAaBa: MPOCIOHKH TBEPIOrO pacTBOpa IeMN(UPYIOT CABHUIOBbIE Ae()OpMAaIMK MPH
yaapax aOpa3MBHBIX YaCTHIl, a IUIACTHYECKOE TEUeHHE ayCTEHHTHON MaTpuIibl (OPMHUPYET BOKPYT 0Opa3yromuxcs oOJIOMKOB
KapOMI0B METaNIMYSCKYIO CBSI3KY, CHH)Kasi BEPOSTHOCTh UX BBIKPAIIMBAHUs. JTO CHOCOOCTBYET MOBbIIIeHUIO HA 18 % cToii-
KOCTH CIlIaBa K BBICOKOTEMIIEpaTypHOMY ra30a0pa3vBHOMY H3HAIIMBAHUIO, KOTOPAas MPEBOCXOAUT IOKa3aTelb 3apyOe:KHOro

IPOMBILNIJIECHHOT'O aHajora.

KnroueBble csioBa: U3HOCOCTONKHE TIOKPBITHS, Kap6I/IZ[I)I, AYCTCHUT, JJICKTPOAYTOBAsA HAIIaBKa, YJIBTPa3BYKOBLIC KOJ'IeGaHI/IH, Trpucagod-
Hasl IPOBOJIOKA, BBICOKOTEMIIEPATYPHOE Fa3036pa3I/IBH()e HU3HANIWMBaHUEC

BnarogapHocTyu: ViccienoBaHue BBIIIONHEHO 3a cdeT rpanta Poccuiickoro naygnoro ¢onma Ne 23-13-00354, https://rscf.ru/

project/23-13-00354.

Ana yntuposanns: Mpustkun [1.B., AprembeB A.A., JIsicax B.J1. ®opmupoBaHre N3HOCOCTOWKUX MOKPBITHH B MPOLECCEe MEKTPO-
JIyTOBOH HaIlIaBKH C YJIBTPa3BYKOBBIMU KoJeOaHUAMHU. M36ecmus 6y306. [lopowikosas Memaniypaus u YyHKYuoHanbHble NOKPbIMUL.
2024;18(5):44-54. https://doi.org/10.17073/1997-308X-2024-5-44-54

Introduction

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 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. %):
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C........... 2.7-2.9 Mo.......... 3.0-3.14
Cr.......... 13.5-150 Nb.......... 2.0-2.1
Ni.......... 5.7-6.0 Ti.o.......... 2.0-2.15
Mn......... 6.0-6.2 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 0-6 goniometer.
The samples were scanned using copper anode radia-
tion (L= 1.54060 A) under the following conditions:
X-ray tube voltage — 40 kV; filament current — 25 mA;
exposure time — 1s; 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 40x16x3.5 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 um. 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 (&, g/kg), calculated using the formula

&= Am/Am_,

where Am is the mass loss of the tested sample, g;
m, 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
surfaced 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
0f20.6 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 (A, ),
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;
Ayen — 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;
o — inclination angle of the waveguide wire; L — length of the weld pool; ¥, — surfacing speed

Puc. 1. IlpuHimnmansHas cxeMa (OpMHPOBAaHHS HAILIABIEHHOTO MOKPHITHS ¢ Bo3aelcTBHeM Y3K

1 — BreKTpoHas IPOBOJIOKA; 2 — CBAPOUHBIM HCTOUHHK TOKa; 3 — HAIUIaBjseMasi IUIacTHHA; 4 — CBapOYHAs BaHHA;
5 — HanaBIeHHOE MOKPBITHE; 6 — BOTHOBOAHAS IIPOBOJIOKA; 7 — POJIMKH ITOAAIONIETO MEXaHU3Ma;
8 — yneTpa3ByKoBOH Mpeobpa3oBarelb; 9 — y3en nepeaadn KoiebaHuil BOTHOBOJHOM POBOIOKe; 10 — ynbTpa3ByKOBOil reHepaTop;
11, 12 — pacripezienieHie aMILTUTY/IbI H3TMOHBIX U MTPOJOJIBHBIX KOJIEOaHUH COOTBETCTBEHHO;
Xbe“ — JUTMHA U3TUOHO# BOJIHBI; B — pacCTOSIHUE MEX/Ty BOJIHOBOIHOM U JIEKTPOIHO MPOBOJIOKAMU; ¢ — BBIJIET BOTHOBOIHOM POBOJIOKH;
b — paccrostHue 0T MecTa noaBoAa ¥Y3K 10 poauKkoB MOAIONMIEro MEXaHH3Ma; 0L — yToJl HAKJIOHA BOITHOBOAHOM IIPOBOIOKH;
L — pyvHa CBapOYHOI BaHHbL; V/, — CKOPOCTH HAIUIABKH
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Surfacing process parameters
TexHoIOrHYeCKHEe MapaMeTPbl Pe:KHMA HANIABKH
Welding Arc Surfacing Distance Feed rate Angle (.)f USvV Usv Shielding
between of the wave- | wave-guide .

current voltage speed wires TS S -, frequency | amplitude gas flow

I,,A U,V V., m/h 72, s V. .mh &, 4k /. kHz ¢, um (Ar), /min
290-330 25-26 14-15 17 28-29 30 20,6 11 14-16
The power source for the ultrasonic transducer was  280Cr14Mn6Ni6Mo3Ti2Nb2 alloy coating leads

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
200x150%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 2829 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 discussion

It was experimentally established that
the influence of USV during the surfacing of the
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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 y-Fe, and the majority of the strengthening
phase is represented by Me,C, and Me,C, 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)ny and monocar-
bides Mo,C with an average particle size of 3.5 pm
and 1.6 um, 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 Me C  car-
bide crystals in the coating structure and some disper-
sion of the austenite-carbide eutectic (Fig. 2, ¢, 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) C
and Mo, C 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 Me C carbides crystallize from the weld pool,
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Fig. 2. Microstructure of the coating surfaced without USV (a, b) and with USV (c, d):

a, ¢ — optical image; b, d — electron image; e — “rosette” of Meny carbide

Puc. 2. MukpocTpyKTypa HOKpbITHs, HariaBieHHoro 6e3 Y3K (a, b) u ¢ Bo3neiictuem Y3K (c, d)

a, ¢ — oNTHYEeCKOE U300paxkeHue; b, d — 3eKTPOHHOE N300paKEHHE; € — «PO3EeTKa» KapOuIa MeXCy

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

A@

» —Cr,C,
v - TiC
- Tio %Moo.azco 6

m — (Nb,Ti)C,
@ —y-Fe

A —Mo,C
<—(CrFe),C,

with USV

> e

Intensity

without USV

30 40 50 60 70 80 90 100

20, deg

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

Puc. 3. Pe3ynbrarhl peHTreHO()a30BOT0 aHaM3a TIOKPBITHH,
HaIUTaBJICHHBIX ¢ Bo3aeiicTBueM Y3K u 0e3 Hux

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 Me C carbides decreases propor-
tionally, and the content of fine carbides (Ti,Nb,Mo)ny
and Mo,C 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 Me C| 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) C, car-
bides decreases almost fivefold, while the Ti/Nb ratio
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Fig. 4. Volume fraction of structural components R
in the surfaced alloy with and without USV °\
A — austenite, B — Me C , carbides, B.
C—(Ti,Nb,Mo) C , (Ti, Mo)ny, MOZC, and TiC carbides g
' <=
Puc. 4. KonmnuectBeHHOe pacrpezeneHue da3s A
B CTPYKTYpPE MOKPBITHSI, HAIJIABIIEHHOTO
c Bo3aeiicteueM Y3K u 6e3 Hero
A — aycrenur, B — kapOusl THIIA MeC,,
C — xap6unel Tumna (Ti,Nb,Mo) C , (Ti, Mo)ny, Mo,C u TiC
(in at. %) increases from 1.05 to 1.2, which, accord- S
ing to [29], may improve the microhardness of these 5
carbides. é 20
. w2 M
It has been established that the structural changes 10 L :
in the surfaced coating caused by USV do not affect its Mo
hardness, but they result in an average 18 % increase 0 —— S
in its resistance to high-temperature gas-abrasive without USV with USV
wear (Fig. 6). The wear resistance of the experimental Surfaced alloy

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 Meny
carbides and ultra-hard fine carbides (Ti,Nb,Mo)ny
and Mo, C.

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
Me C  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)ny 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 Me C,
carbide fragments followed by the shearing of micro-
volumes of austenite.

50

€, g/kg

Fig. 5. Chemical composition of austenite (a),
Me C, carbides (b), and (Ti,Nb,Mo)XCy (¢) in the coating
' surfaced with and without USV

Puc. 5. Xumunueckuii cocraB ayctenura (a),
kapbuznos Me,C, (b) u (Ti,Nb,Mo)ny (€) B IOKPBITHH,
HarutaBieHHoM ¢ Y3K u 0e3 Hux
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Fig. 6. Hardness (HRC) and specific wear (&)
of the experimental and industrial alloys
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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 um. Under the impact
of abrasive particles, thin Me C 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.

TR e
. (TiNb,NM6).C,.

& (Ti,Nb,Mo)C

e

S

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, €) and chromium (c, f) distribution maps across the cross-sections

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

Puc. 7. CeyeHus MOBEPXHOCTHOTO CJIOS IOKPBITHH, HaruiaBleHHbIX 0e3 Bo3neiictust Y3K (a) u ¢ Y3K (d),
MOCJIe UCTIBITAHUI Ha ra30a0pa3uBHOE U3HAIIMBaHKE ipu Temieparype 600 °C;
KapThl pacnpeneneHus yriepona (b, e) u xpoma (c, f) o Ce4eHHIO TOKPBITHI

1 — cnoit IITaTUHBI; 2- HampaBJICHUEC I‘a30a6pa3I/IBHOI‘O TIOTOKa
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Conclusions

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 Me C = car-
bides, increasing the volume of the austenitic matrix
by 25 %, and leading to the appearance of (Ti,Mo)ny
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 Me C,
carbides. Meanwhile, the concentrations of molybde-
num and manganese in austenite decrease, while they
increase in Meny carbides. Additionally, the titanium
content increases in (Ti,Nb,Mo)ny 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)ny
carbides, which limits the intense plastic deforma-
tion of the alloy during wear, confining it to a depth
of 10 pm. The negative effect of Me C 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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