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AnHoTanusi. B Hacrosmed cratbe 00CYKHArOTCSA BOIMPOCH! (POPMHUPOBAHUS KOMIIO3HIIMOHHOTO TOKPBITHS Ha
OCHOBe nuOopHuIa THTaHa, cepedpa W HHUKENs, a TAKKe UCCICHOBAHUS CTPYKTYPHI MOKPHITHS Ha MUKPOKPHCTAIIIHU-
YECKOM W HAaHOKPHUCTAJUTUYECKOM YpoBHE. McciaenyeMoe MOKPRITHE MOTyY4eHO Ha METHOM ITOAJIOKKE 33 CYET OJHO-
BPEMEHHOI'0 3JIEKTPUUECKOT0 B3pbIBa CEPEOPSHOM U HUKEIEBOW (OJIBbIH, a TAK)KE PACIOI0KEHHBIM Ha TTIOBEPXHOCTH
¢donbr nmopomkom aubopuaa Tutana. VccnenoBaHus CTPYKTYpPbI PABEIHbI C UCIIOJIb30BAHUEM METO/IOB CKAaHHUPY-
IOIIEeH M MPOCBEUNBAIOIIEH 3JIEKTPOHHOW MHKPOCKOITHH, TakkKe MCCIEeI0BaHA MepexoHast 001acTh MEXy MOKpHI-
THEM W METHOW MOANOXKKOH. IToKkpeITHE MMeeT CpenHIor TOMmuHY 160 MKM M XapaKTepusyeTcsl CTPYKTYpOH C
BKJIFOUCHHUSIMH IMOOpHUIa TUTAHA MUKPOKPUCTAIIIMYECKOTO U HAHOKPUCTAIIMYECKOTO pa3Mepa, PacloIoKeHHBIMU
B MaTpHIie Ha OCHOBe cepeOpa M Hukens. HaHokpucTamaudeckas CTpyKTypa HMOKPBITHS IPEACTaBIsieT co00i TBep-
JIBIe PAcTBOPHI HAa OCHOBE MEJH, HUKEI U cepedpa B KOTOPHIX PacIoNararoTcs HaHOPa3MEePHBIe YaCcTHIIRI AHOOPH A
TuTaHa. JIOKambHO YCTaHOBJICHA HavaJbHAs CTagUs paclaja TBEPIBIX PacTBOPOB IpH 00pa30BaHWM KaKHUX-ITHOO
npyrux ¢da3. B mepexomHoi 00iacTH MEXIy MOKPBITHEM U TOIJIOKKOW HAHOKPHCTAIINYECKAss CTPYKTypa TMOKPBI-
THS TaKKe MPEACTaBIsIeT cOO0M HaHOPa3MEpHBIE YaCTHUIIBI, IPEICTABICHHBIC TBEPIBIMI PACTBOPAMHU Ha OCHOBE Me-
I, cepeOpa U HuKens. Takke TUTaH, KOTOPBIA 00pa3oBajcs MOCie YaCTHYHOTO pacmana ¢a3sl TuOopuaa TUTaHA
NPH 3JIEKTPOB3PHIBHOM HAIBUICHUH, BXOAUT B TBEPJbIH pacTBOp (a3bl Ha ocHOBe HuKels. Pa3a Ha OCHOBe cepedpa
3aIoJIHSET MPOMEXYTKH Mexay (a3oi Ha OCHOBE HHUKENsl M THTaHA. B mepexoiHoW 00JacTH Takke BBISBIICHBI
KPYIHBIE YaCTHUIIbI, NPAKTHYECKHU TTOJHOCTHIO COCTOSIIIME U3 JUOOPUIa TUTAHA.
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Abstract. This article discusses the formation of a composite coating based on titanium diboride, silver and
nickel, as well as studies of the coating structure at the microcrystalline and nanocrystalline levels. The coating un-
der study was obtained on a copper substrate by simultaneous electrical explosion of silver and nickel foil, as well as
titanium diboride powder located on the surface of the foils. The structure was studied using scanning and transmis-
sion electron microscopy, and the transition region between the coating and the copper substrate was also studied.
The coating has an average thickness of 160 um and is characterized by a structure with microcrystalline and nano-
crystalline titanium diboride inclusions located in a silver- and nickel-based matrix. The nanocrystalline structure of
the coating is solid solutions based on copper, nickel and silver in which nanosized particles of titanium diboride are
located. The initial stage of decomposition of solid solutions during the formation of any other phases is locally es-
tablished. In the transition region between the coating and the substrate, the nanocrystalline structure of the coating
also represents nanosized particles represented by solid solutions based on copper, silver and nickel. Also, titanium
which was formed after partial disintegration of the titanium diboride phase during electro-explosive spraying is in-
cluded in the solid solution of the nickel-based phase. The silver-based phase fills the gaps between the nickel-based
and titanium-based phases. Large particles consisting almost entirely of titanium diboride were also detected in the
transition region.

Keywords: composite coating, electro-explosive spraying, microstructure, nanostructure, titanium diboride,
nickel, silver, copper substrate, phase, scanning electron microscopy, transmission electron microscopy.
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Introduction

Electrical contacts are important components
of electric switches in electric circuits that allow
current to pass through a contact between two con-
ductors. Electrical contacts are in charge of con-
necting, conducting and interrupting normal and
fault current. Their quality and lifetime are directly
related to the characteristics of a particular switch-
ing device of a particular electric circuit. Electrical
contacts are mainly used in relays, contactors, air
circuit breakers, current-limiting switches, motor
protection devices, micro switches, protective in-
struments, computer keyboards, portable machines,

home appliances, automotive equipment (window
lifters, rear-view mirrors, light switches, motor
starters and other load interrupter switches), leak-
age protection switches [1], etc. There are many
materials for making electrical contacts, the fol-
lowing being mainly used for arc-resistant electri-
cal contacts: silver, silver-nickel [2], silver-copper
oxide, silver-cadmium oxide, silver-tin oxide, sil-
ver-tin oxide and indium oxide, silver-zinc oxide
[3], red copper, brass, phosphor copper, bronze, tin
copper, beryllium copper [4], copper-nickel alloys,
zinc-nickel copper, stainless steel [5] and so on.
However, modern metal contacts have problems
such as chemical corrosion resistance, poor arc ab-
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lation resistance and high manufacturing costs,
which limits their application [6]. In the atmos-
phere, switching components often generate sparks
or arcs when connecting or breaking a circuit. The
occurrence of an electric arc during switching of
electrical contacts inevitably leads to oxidation and
ablation of the contacts, and can also lead to car-
bonization of organic substances in the air with the
formation of carbon deposits which will gradually
increase the contact resistance of the switch or can
lead to an open circuit. The main contacts of low-
voltage contactors are usually made of a silver-
nickel alloy or an alloy based on silver and tin ox-
ides, with the silver content being more than 90%,
and the rest is nickel or tin oxide [7]. Silver has
good electrical conductivity which ensures low
contact resistance and prevents overheating of the
contacts while nickel or tin oxides have good re-
sistance to arc ablation which increases the lifetime
of the main contacts of the contactor.

The above-described electrical contact materi-
als are obtained by bulk production methods, such
as:

1. Liquid-phase methods for producing metal-
matrix composite materials:

— method of mechanical mixing of reinforcing
particles into the melt [8];

— blotting method [9].

2. Solid-phase methods for producing metal-
matrix composite materials [10]:

— mechanical processing of powders in high-
energy ball mills [11];

— methods for sintering metal-matrix compo-
site materials [12];

— methods of powder metallurgy [13];

Methods for producing composite arc-resistant
coatings on contacts of switches of powerful elec-
trical networks include:

— surfacing methods [14];

— spraying methods (gas flame [15], plasma
[16], detonation [17], high-speed gas flame [18],
cold gas-dynamic [19] and electric explosive [20]).

The above-mentioned literature outlines the
existing scientific problem of increasing the life-
time of electrical contact materials, as well as their
restoration by forming new structures and phase
compositions of bulk electrical contact materials or
by forming arc-resistant coatings on the surface of
electrical contacts.

The purpose of this research paper was to
study the structure of the electrical erosion-
resistant composite coating of the TiB,—Ni—-Ag
system obtained by electro-explosive spraying.

Material and research methods

The coatings were sprayed onto samples of
electrical copper grade MO0 (chemical composi-
tion, mass %: Cu 99.99; Fe 0.001; Ni 0.001; S
0.001; P 0.001; As 0.001; Pb 0.001; Zn 0.001; Ag
0.001; O 0.0005; Sb 0.0005; Bi 0.0005; Sn
0.0005), having the shape of a parallelepiped with
dimensions of 25x25x5 mm. Electro-explosive
spraying was carried out using silver foil (chemical
composition, mass %: Ag 99.9; Pb 0.003; Fe
0.035; Sb 0.002; Bi 0.002; Cu 0.058) weighing 400
mg and nickel foil (chemical composition, mass %:
Ni 99.99; Co 0.004; Al 0.0006; Bi 0.0001; Fe
0.002; Cd 0.0003; Si 0.001; Mg 0.001; Mn 0.001)
weighing 20 mg. Titanium diboride powder TiB2
(particle dispersion 1-5 um) weighing 200 mg was
placed on the surface of the foils. The process was
carried out with a plasma action time on the sam-
ple surface of ~ 100 ps and an absorbed power
density at the jet axis of ~ 5.5 GW/m* Electro-
explosive spraying of coatings was carried out on
an EESM (Electrical explosive spraying machine)
electric blasting unit at Siberian State Industrial Uni-
versity (Novokuznetsk, Russia).

Analysis and determination of the coating mi-
crostructure, distribution of elements were carried
out using a KYKY-EM 6900 scanning electron
microscope (made in China). The microstructure of
the samples was also analyzed using a JEOL JEM-
2100 universal thermal-field transmission electron
microscope (made in Japan) with Oxford Instru-
ments INCA Energy hardware for X-ray microa-
nalysis. To conduct studies using the transmission
electron microscopy method, samples were pre-
pared in the form of thin “cross-section” foils. For
this purpose, workpieces measuring 4x1x1 mm
were cut out from the original samples. The cut
workpieces were mechanically ground to 160 um
and then glued with epoxy resin to the treated sur-
faces. Then the blanks were placed in the lon Slic-
er EM-09100 IS ion thinning system and prepared
at an accelerating voltage of 7 kV until perforation
occurred in the gluing area. Thin areas suitable for
transmission electron microscopy (TEM) studies
were located along the edges of the resulting perfo-
ration.

Results and discussion

The structure of the TiB,-Ni-Ag coatings after
electro-explosive deposition is represented by a
silver matrix with inclusions of the strengthening
phase consisting of TiB, and Ni (Fig. 1).
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The average coating thickness is 160 pm.
Their surface has a developed relief formed as a
result of melt flows and hydrodynamic instabili-
ties. At the boundary between the coating and the
copper substrate there are periodic wave-like struc-
tures with micrometer-sized waves formed as a re-
sult of hydrodynamic instabilities during the coat-
ing application process.

The strengthening phase is represented by two
types of inclusions. Large inclusions have an elon-
gated shape. Their average length is 43 pum. It is
worth noting that the largest elements can reach
100 pum in length. Their structure is represented by
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a nickel matrix with small inclusions of silver into
which TiB, powder particles are fused. Large in-
clusions are located mainly in the upper and mid-
dle parts of the coating. Small inclusions with an
average size of 8 um are shifted closer to the
boundary with the substrate. Elemental analysis
showed that such inclusions consist of TiB, pow-
der particles around which a thin nickel layer is
formed.

In the copper substrate, cracks along the grain
boundaries formed as a result of the impact of the
shock-compressed layer extend from the interface
with the coating.

d)

Puc. 1. COM wu3o6paskeHust CTpyKTypbl TOKpBITHS cucTeMbl TiBy—Ni—Ag, HaHECEHHOTO IIEKTPOB3PHIBHBIM
METOZOM, ¥ MEeTHOH TIOAJIOKKH (), cepedpsHas Marpuiia ¢ BkioueHusMHu TiB,—Ni (0) u kapThl pactpeeneHus
atomoB Ag, Ti, B u Ni, noxy4eHHBIe ¢ HCTIOIB30BaHIEM YHEPTOANCTIEPCHOHHOMN
PEHTI€HOBCKOW CIIEKTPOCKOIHH (B, T)

Fig. 1. SEM images of the structure of the TiB,—Ni—Ag coating system deposited by the electro-explosive method
and the copper substrate (a), the silver matrix with TiB,—Ni inclusions (b) and the distribution maps of Ag, Ti, B and
Ni atoms obtained using energy-dispersive X-ray spectroscopy (c, d)

The microstructure of the silver-nickel matrix
is shown in Fig. 2. It contains many titanium dibo-
ride particles with an average size of 0.36 pum,
formed as a result of nonequilibrium crystallization

conditions. In areas with reduced gas solubility and
cooling rate some particles consolidated into larger
ones with a size of ~2 um.
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b)

Puc. 2. COM u300pakeHHsS MUKPOCTPYKTYPBI MaTPHUIIBI
cucremsl TiB,—Ni—Ag, mony4uenHoro
JIEKTPOB3PBIBHBIM MeTOJI0M. (a) — SE pexnm
ckanupoBanusi; (0) — BSE pexxum ckaHUpOBaHUS

Fig. 2. SEM images of the microstructure of the matrix
of the TiB,—Ni—Ag system obtained by the
electro-explosive method. (a) — SE scanning mode;
(b) — BSE scanning mode

The diffraction pattern (Fig. 3) shows practi-
cally ring-shaped electron diffraction patterns rep-
resented by at least three fcc lattices. These reflec-
tions are probably produced by submicron particles
being solid solutions based on Cu, Ni and Ag
which is confirmed by the elemental analysis data.
The bright-field (BF) and dark-field (DF) images
show particles of various shapes (round, rectangu-
lar, irregular, in the form of shells) (Fig. 4).

When comparing the elemental analysis data
(Fig. 5), the diffraction pattern (Fig. 4, d) and the
TP images in reflections 9 (Fig. 4, b) and 11 (Fig.

4, c), the “gray” phase in the SP image (Fig. 4, a)
including in the form of “shells” on rectangular
particles belongs to the fcc solid solution based on
Ag. While the “white” phase is the fcc solid solu-
tion based on Cu (the phases are indicated by the
same colors as the element maps during mapping).

Puc. 3. YBennueHHOE M300pakeHNE
MUKPOH(PAKINOHHON KapTHHBI, HOTy4YCHHON
¢ y4acTka mokpbITusi cuctembl TiB,—Ni—Ag mocine
3JIEKTPOB3PBIBHOTO HABLICHUS

Fig. 3. Enlarged image of the microdiffraction pattern
obtained from a section of the TiB,—Ni—Ag coating
system after electro-explosive spraying

It should be borne in mind that the fcc solid
solutions also contain Ni and Ti phases. Rounded
nanosized particles are observed inside the rectan-
gular particles, which are probably TiB, borides.
The fact that the spectra from such particles in the
elemental analysis differ slightly from the sur-
rounding volume may be due to the fact that the fi-
nal spectrum is provided by the volume located
under the rounded particle. A detailed analysis of
the diffraction pattern (Fig. 6) also reveals a Ni-
based fcc phase (a Ni-based solid solution). The
zone axis of this phase is close to [110]. In addition
to this fcc phase, the microdiffraction pattern (MD)
also contains reflections from another phase (prob-
ably fcc), which is not in a precise reflecting posi-
tion.

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152
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c) d)

Puc. 4. XapaktepHoe CBETJIONIONEHOE H300pakeHHE (a)
[I3M-ctpykTypbl nokpbiTus cuctembl TiB,—Ni—Ag
MOCIIE DIICKTPOB3PHIBHOTO HAMBUICHHS M TEMHOTIOIBHEIE
n3o0paxkenus B pedaexcax 9 (0) u 11 (B), a Takxke
MUKpoAu(PAKIIHOHHAS KapTHHA (T)

Fig. 4. Typical bright-field image (a) of the TEM
structure of the TiB,—Ni—Ag coating system after
electro-explosive spraying and dark-field images
in reflections 9 (b) and 11 (c), as well as a
microdiffraction pattern (d)

Figure 7 shows rounded nanosized particles
embedded in the “matrix”. Dark-field analysis
(Fig. 7) to the MD of Fig. 6 shows submicron par-
ticles of the “matrix” of the Ni-based fcc phase
with a characteristic contrast within the particles.
The contrast is associated with the initial stage of
solid solution decomposition during the formation
of some other phases. Judging from the results of
elemental analysis (Fig. 8), large rounded particles
are enriched in Ti and N, while other rounded par-
ticles are enriched in Cu. The areas containing the
Ag-based solid solution generally do not coincide
with the areas enriched in Ti, Ni and Cu.

Mikat Cukal

Ag Lat

e)

Puc. 5. DeMeHTHBIN aHaNHU3 yJacTka (a) K puc. 4, T
B XapaKTEepUCTUUECKUX PEHTTCHOBCKHUX N3ITyUCHHAX
tuTaHa (0), HuKes (B), Meau (T) U cepedpa (1)

Fig. 5. Elemental analysis of section (a) in Fig. 4, ¢
in characteristic X-rays of titanium (b), nickel (c),
copper (d) and silver (d)

BPMS. 2025; 22(2): 142-152
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Puc. 6. M300paxxenne MUKpoau(paKImOHHON KapTHHEI,
MIOJTYYEHHON C yJacTKa MOKPBITHS CHCTEMBI
TiB,—Ni—Ag u cxema ee pacumppoBKu

Fig. 6. Image of the microdiffraction pattern
obtained from a section of the TiB,—Ni—Ag system
coating and a diagram of its interpretation

Tikal Mi Kal

b) c)

g TTHXTEY] Pos
150000 0,95 0~ lss.

Cu Kat Ag Lat

d) )

Puc. 8. DneMeHTHBII aHAN3 YBETMYEHHOTO YJacTKa (a)
K pPHC. 7. B XapaKTEPUCTUIECKUX PEHTT€HOBCKUX
U3Iy4YCHUsX TUTaHa (0), HuKens (B), Mmeau (T)

u cepebpa ()

Fig. 8. Elemental analysis of the enlarged section (a)
of Fig. 7. in the characteristic X-ray radiation
of titanium (b), nickel (c), copper (d) and silver (d)

Puc. 7. CetnononbHOe n300pakenue (a),

MHUKpOAM(ppaKLMOHHAs KapThHa (6) ¢ OTMEYEHHBIMU Figure 9 shows a diffraction pattern with an
pediiekcamMy M TEMHOIIOJIBHBIE H300pakeHus (¢ analysis that allows the determination of fcc phases
OobIIMM yBeJTHUeHHEM) B pedurekcax (28 — B) based on Cu, Ag and Ni.

1 (29 — 1), cOOTBETCTBEHHO (pasbl Ha OCHOBE Ni The diffraction pattern was obtained from the

, . L L . transition region (Fig. 10) where the copper sub-
Fig. 7. Bright-field image (a), microdiffraction pattern strate is in the upper part of the frame, and na-

(b) with marked reflections and dark-field images (with nosized particles represented by solid solutions

high magnification) in reflections (28 — c¢) and (29 — d), . . .
respectively, of the Ni-based phase based on Cu, Ag and Ni are in the lower part. Tita-

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152
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nium is included in the solid solution of the nickel-
based phase. The silver-based phase fills the gaps
between the nickel-based and titanium-based phas-
es.

Ni [-110]

Puc. 9. Cxema pacumppoBKr MUKpOJH(PAKIINOHHO
KapTHHBI OT pHC. 8

Fig. 9. Scheme for decoding the microdiffraction
pattern from Fig. 8

In other areas of the foil, a structure is ob-
served that differs in morphology from those pre-
sented above (Fig. 11, Table 1). On the right in this
figure, there are large particles consisting almost
entirely of titanium (boron is not shown due to a
significant error in this element, spectra 4, 5, 8).
The absence of extinction contours in these parti-
cles suggests that these particles are practically not
deformed and are probably titanium-based borides
(TiB,). On the left, a structure similar to a "eutec-
tic" is observed containing “dark" and "light"
phases. The "dark™ phase can be either separate
relatively large particles or relatively thin plates in
the "light" phase (pearlite-like structure). The
"dark™ phase is a solid solution of Ti-Ni-Cu. The
"light" phase apparently has a different content of
the main elements than the "dark" phase. Presuma-
bly, the left part of the image shows the decompo-
sition of the solid solution with the formation of
new phases. In addition, the diffraction patterns
contain many reflections that may belong, among
other things, to an intermetallic compound based
on Ti-Ni-Cu.
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200 nm

Hi ka1l Cu Kal

AglLal

9)

Puc. 10. CeeTionosisHbIe H300paKEeHUS TEPEXOTHON
30HBI y9acTKa MOKpITHs cucteMbl Ti1B,—Ni—Ag mocie
3NIEKTPOB3PHIBHOTO HANBUICHUS (a—B) U 3JI€MEHTHBINA
aHau3 (r—XK)

Fig. 10. Bright-field images of the transition zone of the
TiB,—Ni—Ag coating system after electro-explosive
spraying (a—c) and elemental analysis (d—g)
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Puc. 11. STEM wuzo06pakeHue ¢ OTMCUCHHBIMH
TOYKAMH 3JIEMEHTHOTO aHaJi3a

Fig. 11. STEM image with marked elemental analysis
points

Tadauua 1. DeMeHTHbIN aHaIN3 110 TOYKaM K puc. 11.

Table 1. Elemental analysis by points to Fig. 11.

Spectrum B Ti Ni Cu Ag Total
statistics.

Spectrum 1 Yes 12.67 1880 1725 51.28 100

Spectrum 2 Yes 25.06 8.59 20.75 4560 100

Spectrum 3 Yes 1474 674 2240 56.11 100

89.85 1.23 517 3.75 100
90.30 151 5.09 3.10 100
4294 3502 1576 6.28 100
5151 3095 11.71 584 100
80.39 9.60 6.33  3.68 100

Spectrum 4 Yes
Spectrum 5 Yes
Spectrum 6 Yes
Spectrum 7 Yes
Spectrum 8 Yes

Conclusion

For the first time, a composite coating of the
TiB2-Ni-Ag system was obtained by the electro-
explosive spraying method and its structure was
studied at the micro- and nanolevels. The coating
has an average thickness of 160 um and is charac-
terized by a microstructure representing a silver
matrix with inclusions of strengthening phases
consisting of titanium diboride and nickel. The
nanocrystalline structure of the coating represents
solid solutions based on copper, nickel and silver,
in which nanosized particles of titanium diboride
are located. The initial stage of decomposition of
solid solutions during the formation of any other
phases was locally established. In the transition re-
gion between the coating and the substrate, the
nanocrystalline structure of the coating also repre-
sents nanosized particles represented by solid solu-
tions based on copper, silver and nickel. Also, tita-
nium which was formed after partial decomposi-
tion of the titanium diboride phase during electro-
explosive spraying is included in the solid solution
of the nickel-based phase. The silver-based phase

fills the gaps between the nickel- and titanium-
based phases. Large particles consisting almost en-
tirely of titanium were also detected in the transi-
tion region, and since boron was not determined
due to a significant error in this element during
TEM studies, as well as the absence of extinction
contours in these particles, this proves that these
particles are practically not deformed and are tita-
nium diboride. In general, the formed structure
with microcrystalline and nanocrystalline titanium
diboride inclusions located in a silver- and nickel-
based matrix suggests high mechanical properties
and high electrical erosion resistance of the formed
coatings.

Crnucok JuTepaTypsl

1. Braunovic M., Myshkin N.K., Konchits
V.V. Electrical Contacts: Fundamentals, Applica-
tions and Technology. — Boca Raton: CRC Press,
2007. - 672 p.

2. Material selection in the design of electrical
connectors / M. Buggy, C. Conlon // Journal of
Materials Processing Technology — 2024. — Vol.
153-154. — P. 213-218.

3. A review and perspectives on predicting the
performance and durability of electrical contacts in
automotive applications / K.T. Kloch, P. Kozak, A.
Mlyniec // Engineering Failure Analysis — 2021. —
Vol. 121. — P. 105143.

4. Wear debris and electrical resistance in tex-
tured Sn-coated Cu contacts subjected to fretting /
K.E. Trinh, A. Tsipenyuk, M. Varenberg, A.
Rosenkranz, N. Souza, F. Miicklich / Wear —
2015. — Vol. 344-345. — P. 86-98.

5. Copper-Nickel/SiC composites for applica-
tions on contact electrodes / I. Cruz-Cruz, R. Her-
nandez-Maya, J.E. Reséndiz-Hernandez, D.
Olvera-Trejo, O. Martinez-Romero, N.A. Ulloa
Castillo, A. Elias-Zuiiiga // Heliyon — 2024. — Vol.
10. — P. 39965.

6. Fretting corrosion behavior of electrical
contacts with tin coating in atmosphere and vacu-
um /J. Song, H. Yuan, V. Schinow // Wear — 2019.
—Vol. 426-427. — P. 1439-1445,

7. Electrical and mechanical studies on pure-
silver coated aluminium based electrical contact
materials / S.P/ Kumar, R. Parameshwaran, S.A.
Kumar, S. Nathiya, K. Heenalisha // Materials To-
day: Proceedings — 2020. — Vol. 33. — P. 3621-
3625.

8. Mechanical alloying: a critical review / C.
Suryanarayana // Materials Research Letters —
2022. —Vol. 10. — P. 619-647.

9. A review on the production of metal matrix
composites through stir casting—Furnace design,
properties, challenges, and research oppor-tunities
/ A. Ramanathan, P. K. Krishnan, R. Muraliraja //

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152



Cmpykmypa s1eKkmpo3po3UOHHOCMOUK020 KOMRO3UYUOHH020 nokpbimust cucmemut TiB—Ni—Ag,
NOTYYEHHO20 MEeMOOOM DJIeKMPOB3PbIBHO20 HANBLIEHUS

Journal of Manufactur-ing processes — 2019. —
Vol. 42. — P. 213-245.

10. Mechanical alloying and milling / C. Sur-
yanarayana // Progress in materials science — 2001.
—Vol. 46. - P. 1-184.

11. Mechanical alloying: a critical review / C.
Suryanarayana // Materials Research Letters —
2022. -Vol. 10. — P. 619-647.

12. Consolidation—microstructure—property re-
lationships in bulk nanoceramics and ceramic
nanocomposites: a review / A. Mukhopadhyay, B.
Basu // International Materials Reviews — 2007. —
Vol. 52. — P. 257-288.

13. Powder metallurgy as a perfect technique
for preparation of Cu-TiO, composite by identify-
ing their microstructure and optical properties /
A.K. Eessaa, O.A. Elkady, A. M. EI-Shamy // Sci-
entific reports — 2023. — Vol. 13. — P. 7034.

14. Recent research and development status of
laser cladding: A review / L. Zhu, P. Xue, Q. Lan,
G. Meng, Y.Ren, Z. Yang, P. Xu, Z. Liu // Optics
& Laser Technology. — 2021. — Vol. 138. — P.
106915.

15. Davis, J. R. Handbook of Thermal Spray
Technology. — Ohio: ASM International, 2004. —
344 p.

16. Thermal spray coating processes / P.
Vuoristo // Comprehensive materials processing,
1st edition Volume 4: Coatings and films. — Else-
vier, 2014. — P. 229-276.

17. Uncovering the influence of mechanical
properties on wave formation during high-velocity
impact welding by numerical simulation / |.A. Ba-
taev, P.A. Riabinkina, K.I. Emurlaev, E.D. Golov-
in, D.V. Lazurenko, P. Chen, Z.B. Bataeva, T.S.
Ogneva, L.E. Nasennik, A.A. Bataev // Journal of
Materials Processing Technology — 2024. — Vol.
332. - P. 18532.

18. Detonation spraying of Ti-Cu mixtures in
different atmospheres: Carbon, nitrogen and oxy-
gen uptake by the powders / A.A. Shtertser, I.S.
Batraev, V.Yu. Ulianitsky, 1.D. Kuchumova, N.V.
Bulina, A.V. Ukhina, B.B. Bokhonov, D.V.
Dudina, P.V. Trinh, D.D. Phuong // Surfaces and
Interfaces — 2020. — Vol. 21. — P. 100676.

19. Cold gas dynamic spray technology: A
comprehensive review of processing conditions for
various technological developments till to date /
R.N. Raoelison, Y. Xie, T. Sapanathan, M.P.
Planche, R. Kromer, S. Costil, C. Langlade // Ad-
ditive Manufacturing — 2018. — Vol. 19. — P. 134-
159.

20. Influence of Electron Beam Treatment on
Structure and Phase Composition of TiB,-Ag
Coating Deposited by Electrical Explosion Spray-
ing / A.D. Filyakov, V.V. Pochetukha, D.A. Ro-
manov, E.S. Vashchuk // Coatings — 2023. — Vol.
13 (11). — P. 1867.

151

Hngpopmauus 06 asmopax

B.B. Ilouemyxa — xanouoam mexXHUYeCKux
HAyK, Cmapuiuil Hay4Hvlili COMpPYOHUK YRPAGIEHUs

HAay4HbIX uccnedosanull Cubupckozo
20Cy0apcmeeHH020 UHOYCIMPUATIBHOZO
yHugepcumema.

I A. Pomanos — 00Kmop mexHuueckux Hayk,
Joyenm, 3a8edyrowull HayuyHou Jnabopamopuetl
9NEKMPOB3PLIBHO2O HANBLICHUS GbICOKOHAOEHCHBIX
noxKpuImuil Cubupckozco 20Cy0apcmeeHHo20
UHOYCMPUATLHO2O YHUBEPCUMemd.

E. C. Bawyx — kanouoaHm mexHu4ecKux Hayx,
cmapwiutl  HayyHullli  COMPYOHUK — YNPAGIeHUs.
HAY4HbIX uccnedo8anuti Cubupckoeo
20CY0apCmeeHH020 UHOYCMPUATIBHO2O
YHUusepcumema, ooyenm Kageopwvl
ecmecmeenHOHAYYHbIX u 9KOHOMUYECKUX
OUCYUNTIUH Quauan Kyzbacckozo
eocyoapcmeennoeo  ynugepcumema  um. 1.D.
Topbauesa (2. Ilpoxonvesck).

EA. Mapmembsnosa - KaHouoam
Qunonoeuueckux  Hayx,  ooyewm  Kageopwvl
Gunonoeuu  Cubupckozo  20Cy0apcmeeHHO20
UHOYCMPUATILHO20 YHUBEPCUMEM.

B.E.  Ipomos —  Ooxmop  ¢husuxo-
MamemMamuieckux Hayx, npogeccop, 3a8edyiouuil
Kageopoll ecmecmeeHHOHAYUHbIX OUCYUNIUH UME-
Hu npogheccopa B.M.Qunxenss Cubupcroeo zocy-
0apcmeenHo2o UHOYCMpUAIbHO20 YHUBEpCUumema.

References

1. Braunovic M., Myshkin N.K., Konchits
V.V. Electrical Contacts: Fundamentals, Applica-
tions and Technology. — Boca Raton: CRC Press,
2007. - 672 p.

2. Material selection in the design of electrical
connectors / M. Buggy, C. Conlon // Journal of
Materials Processing Technology — 2024. — Vol.
153-154. — P. 213-218.

3. A review and perspectives on predicting the
performance and durability of electrical contacts in
automotive applications / K.T. Kloch, P. Kozak, A.
Mlyniec // Engineering Failure Analysis — 2021. —
Vol. 121. - P. 105143.

4. Wear debris and electrical resistance in tex-
tured Sn-coated Cu contacts subjected to fretting /
K.E. Trinh, A. Tsipenyuk, M. Varenberg, A.
Rosenkranz, N. Souza, F. Miicklich // Wear —
2015. — Vol. 344-345. — P. 86-98.

5. Copper-Nickel/SiC composites for applica-
tions on contact electrodes / I. Cruz-Cruz, R. Her-
nandez-Maya, J.E. Reséndiz-Hernandez, D.
Olvera-Trejo, O. Martinez-Romero, N.A. Ulloa
Castillo, A. Elias-Zuniga // Heliyon — 2024. — Vol.
10. — P. 39965.

6. Fretting corrosion behavior of electrical
contacts with tin coating in atmosphere and vacu-

BPMS. 2025; 22(2): 142-152



152

IHouemyxa B.B., Pomanos J].A., Bawyx E.C., Mapmemvanosa E.A., I pomoe B.E.

um/J. Song, H. Yuan, V. Schinow // Wear — 20109.
—Vol. 426-427. — P. 1439-1445.

7. Electrical and mechanical studies on pure-
silver coated aluminium based electrical contact
materials / S.P/ Kumar, R. Parameshwaran, S.A.
Kumar, S. Nathiya, K. Heenalisha // Materials To-
day: Proceedings — 2020. — Vol. 33. — P. 3621-
3625.

8. Mechanical alloying: a critical review / C.
Suryanarayana // Materials Research Letters —
2022.—Vol. 10. — P. 619-647.

9. A review on the production of metal matrix
composites through stir casting—Furnace design,
properties, challenges, and research oppor-tunities
/ A. Ramanathan, P. K. Krishnan, R. Muraliraja //
Journal of Manufactur-ing processes — 2019. —
Vol. 42. — P. 213-245.

10. Mechanical alloying and milling / C. Sur-
yanarayana // Progress in materials science — 2001.
—Vol. 46. - P. 1-184.

11. Mechanical alloying: a critical review / C.
Suryanarayana // Materials Research Letters —
2022. —Vol. 10. — P. 619-647.

12. Consolidation—microstructure—property re-
lationships in bulk nanoceramics and ceramic
nanocomposites: a review / A. Mukhopadhyay, B.
Basu // International Materials Reviews — 2007. —
Vol. 52. — P. 257-288.

13. Powder metallurgy as a perfect technique
for preparation of Cu-TiO, composite by identify-
ing their microstructure and optical properties /
A.K. Eessaa, O.A. Elkady, A. M. EI-Shamy // Sci-
entific reports — 2023. — Vol. 13. — P. 7034.

14. Recent research and development status of
laser cladding: A review / L. Zhu, P. Xue, Q. Lan,
G. Meng, Y.Ren, Z. Yang, P. Xu, Z. Liu // Optics
& Laser Technology. — 2021. — Vol. 138. — P.
106915.

15. Davis, J. R. Handbook of Thermal Spray
Technology. — Ohio: ASM International, 2004. —
344 p.

16. Thermal spray coating processes / P.
Vuoristo // Comprehensive materials processing,
1st edition Volume 4: Coatings and films. — Else-
vier, 2014. — P. 229-276.

17. Uncovering the influence of mechanical
properties on wave formation during high-velocity
impact welding by numerical simulation / I.A. Ba-
taev, P.A. Riabinkina, K.I. Emurlaev, E.D. Golov-
in, D.V. Lazurenko, P. Chen, Z.B. Bataeva, T.S.
Ogneva, L.E. Nasennik, A.A. Bataev // Journal of

ABTOpBHI 3asBIISIOT 00 OTCYTCTBHU KOH(INKTa HHTEPECOB.

The authors declare that there is no conflict of interest.

Materials Processing Technology — 2024. — Vol.
332. - P. 18532.

18. Detonation spraying of Ti-Cu mixtures in
different atmospheres: Carbon, nitrogen and oxy-
gen uptake by the powders / A.A. Shtertser, I.S.
Batraev, V.Yu. Ulianitsky, 1.D. Kuchumova, N.V.
Bulina, A.V. Ukhina, B.B. Bokhonov, D.V.
Dudina, P.V. Trinh, D.D. Phuong // Surfaces and
Interfaces — 2020. — Vol. 21. — P. 100676.

19. Cold gas dynamic spray technology: A
comprehensive review of processing conditions for
various technological developments till to date /
R.N. Raoelison, Y. Xie, T. Sapanathan, M.P.
Planche, R. Kromer, S. Costil, C. Langlade // Ad-
ditive Manufacturing — 2018. — Vol. 19. — P. 134-
159.

20. Influence of Electron Beam Treatment on
Structure and Phase Composition of TiB,-Ag
Coating Deposited by Electrical Explosion Spray-
ing / A.D. Filyakov, V.V. Pochetukha, D.A. Ro-
manov, E.S. Vashchuk // Coatings — 2023. — Vol.
13 (11). — P. 1867.

Information about the authors

V.V. Pochetukha — Candidate of Technical
Sciences, Senior Researcher of the Scientific Re-
search Department of the Siberian State Industrial
University, +7 (983) 216-86-88.

D.A. Romanov — Doctor of Technical Scienc-
es, Associate Professor, Head of the Scientific La-
boratory of Electro-explosive Spraying of Highly
Reliable Coatings of the Siberian State Industrial
University, +7 (952) 171-59-99.

E.S. Vashchuk — Candidate of Technical Sci-
ences, Senior Researcher of the Scientific Research
Department of the Siberian State Industrial Uni-
versity, Associate Professor of the Department of
Natural Sciences and Economics of the Branch of
the Kuzbass State University named after T.F.
Gorbachev (Prokopyevsk, Russia), +7 (904) 378-
01-14.

E.A. Martemyanova — Candidate of Philologi-
cal Sciences, Associate Professor of the Depart-
ment of Philology at the Siberian State Industrial
University, +7 (951) 587-86-25.

V.E. Gromov — Doctor of Physical and Math-
ematical Sciences, Professor, Head of the Depart-
ment of Natural Sciences named after Professor
V.M. Finkel of the Siberian State Industrial Uni-
versity, , +7 (923) 636-19-82.

Crarest moctynuina B pepakuuio 17.01.2025; omobpena mnocne perensupoBanus 22.04.2025; npuHsaTa K MyOauKaivn

05.05.2025.

The article was received by the editorial board on 17 Jan. 2025; approved after reviewing 22 Apr. 2025; accepted for publi-

cation 05 May. 2025.

Oyna. npobi. coBp. Marepuanosen. 2025. T. 22. Ne 2. C. 142-152



