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The work is concerned with the study of the process of joint formation during
pressure welding by pulse current through a layer of hydrocarbon substance.
During the development of this welding method, there was no necessary
amount of scientific knowledge about concomitant physicochemical process-
es. Interdisciplinary experimental studies performed by different authors
have allowed establishing scientific facts necessary for the formation of a
hypothesis about the mechanism of formation of a welded joint. Carbon
nanoformations are found and their properties are studied. The phenomena
accompanying the passage of pulse electric current through them are stud-
ied. The phenomena of anomalous mass transfer under the action of shock
loading during diffusion welding of dissimilar materials are studied. It is
experimentally proved that electroexplosive and electromagnetic phenomena
as well as shock waves activate diffusion processes, when applied to the sur-
face layers of metal. The hypothesis assumes that, when a pulsed electric cur-
rent of constant polarity is passed, an electrical explosion of contacting me-
tallic microblasts occurs. The formation and subsequent microexplosions of
conductive carbon particles occur. Microexplosions and shock waves activate
diffusion processes on the surfaces to be joined. The process is completed af-
ter the ‘Coulomb explosion’ and the release of pyrolysis products from the
central part of the joint of the welded surfaces. It is experimentally proved
that the formation of the joint occurs at temperatures below the melting
point of the materials to be welded. The time of joint formation at the same
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temperature is much shorter than during diffusion welding in vacuum. The
structure of the welded joint is similar to the structure obtained by diffusion
welding in vacuum. The methodology is developed, and experimental studies
are carried out. The obtained results confirm the put forward hypothesis and
correspond to the previously performed interdisciplinary studies of special-
ists.

Key words: pressure welding, hydrocarbon substances, electric explosion,
electric current, nanotubes, diffusion.

PobGora cTocyerhea mociimkeHHs mporiecy GopMyBaHHS 3’€THAHHS I yac
3BapIOBAHHA THCKOM iMIIyJIbCHVM CTPYMOM uepe3 IIap BYIJIEBOZHEBOI pedo-
BuHU. Ha MOMEHT po3po0KY IILOTO CIIocO0y 3BapIOBaHHS He 0yJI0 HeoOXimHoro
00cATYy HAYKOBUX 3HAHBb Hpo (idsuKo-xeMiuHi mporecu, 1110 mepediraioTb BOI-
Houac. MixaucnuiuriHapHi eKCIIepUMeHTANbHI JOCHiPKeHHA PiSHUX aBTOPiIB
JlaJii 3MOT'y BCTAHOBUTY HayKOBi harkTy, HeoOXigHI ia hopMyBaHHS rinoTesn
IPO MeXaHi3M yTBOPEHHS 3BAPHOTO 3’€qHAHHA. BUABIEHO BYTJIeIeBi HAHOYT-
BOPEHHSA Ta BUBYEHO iXHi BIacTuBOCTi. BuBueHo sBUIIA, 1110 CYIIPOBOIKYIOTH
IIPOXO/’KEHHS Yepe3 HUX iMIIyJIbCHOTO €JEKTPUUYHOro cTpymy. IHociimxeHOo
ABUINA AaHOMAJbHOT'O MACOIIEPEHOCY i/ Tieto yIapHOTro HaBaHTAKEHHS ITiT yac
nu@dysitHoro 3BapOBaHHA Pi3HOPiZHUX MaTepisaniB. ExcnepumeHTaNBLHO IO-
BeJIeHO, IO eJeKTPOBMOYXOBi ¥ eJleKTPpOMAarHeTHi SBUINA, a TaKOMK yaapHi
XBWJIi aKkTUBi3YIOTH Audy3iiiHi mpomecu mix yac il Ha TOBepXHEBi Mmapu MeTa-
ay. 'imoresa mpumyckae, 1o mif 4yac IPOXOAKEHHA iMITyJICHOTO eJIeKTPUY-
HOTO CTPYMY HOCTifHOI MOJAPHOCTH BiIOYBaETHCA EJIEKTPUUYHUN BUOYX KOH-
TaKTyBaJIbHUX MeTaJeBUX MiKpoBuOyxiB. BigOyBaeTbca yTBOpeHHs Ta moja-
JBIN MiKPOBHMOYXM CTPYMOIPOBIZHMX YAaCTHMHOK Byryerno. MixkpoBubyxu i
ymapHi XBwi AaKTHUBYIOTH JuUysifiHIi Ipomecu Ha TOBEPXHAX, IO
3’emuyioThedA. Ilportec 3aBepinyeTbea micas «KymomoBoro BuOyxy» Ta BUIi-
JIEHHA IPONYKTiB IipoJisy 3 IieHTPaabHOI YaCTUHY CTUKY 3BaPIOBAHUX IIOBEP-
X0Hb. EKCIIEpUMEHTAIBHO TOBEJIEHO, 110 (hOpMyBaHHA 3’€THAHHSA Big0yBa€Th-
cd 3a TeMIepaTyp HUKUe TeMIIepaTypPH! TOIJIEHHS MaTepidiiB, 1110 3BapIOIOTh-
ca. Hac dopmyBaHHA 3’€JTHAHHA 3a Tiel X TeMIlepaTypu 3HAYHO KOPOTIIIMIL,
aHixk 3a mudysiiiHOr0 3BapioBaHHA y BaKyyMi. CTpyKTypa 3BApHOro 3’ € THAHHA
momibHa IO CTPYKTYPH, Ofep:KaHoi 3a Au@y3iAHOTO 3BapiOBAHHA y BaKyyMi.
PospobiieHo MeTOAUKY Ta IMPOBEIEeHO eKCIIepUMeHTaNbHI gocaimxenuda. Ome-
p’KaHi pe3ysbTaTU MiATBEPIKYIOTH BUCYHYTY TimoTe3y Ta BigmoBizmaroTs pa-
Hillle BUKOHAHUM MiKINCIIUILIiHADHUM AOCTIiyKeHHAM (QaxiBIIiB.

Karouogi ciioBa: 3BaproBaHHA TUCKOM, BYIJIEBOLHEBi PEUOBUHY, €JIEKTPUYHUH
BUOYX, JIEKTPUUYHUH CTPYM, HAHOTPYOKY, Zudy3id.
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1. INTRODUCTION

Pressure welding is widely used in industry. One of the types of pres-
sure welding is vacuum diffusion welding. In vacuum diffusion weld-
ing, the joint is formed because of deformation effect on the surfaces
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of the materials being welded to be joined. Joint formation occurs with
the formation of a transition zone and joint grains at the contact
points. There is a model for the formation of a diffusion compound [1].
It involves three stages. First, physical contact is formed based on in-
teratomic interaction. Further, the contact surfaces are activated with
the formation of active centres on the surface of the harder of the met-
als to be joined. After that, volumetric interaction takes place on the
active centres. This is accompanied by stress relaxation. The formation
of a joint with minimal deformation in the welding zone with high
productivity is an urgent task and is solved in different technological
processes in different ways. One of the methods for intensifying the
diffusion welding process is the use of intermediate layers. Known
technologies [2-5], which use various kinds of tapes and foils, powder
layers. The processes occurring during the formation of ‘materi-
al-layer-material’ contacts are determined by the properties of all
substances in the contact zone. The use of intermediate layers [4, 6—8]
of submicron and nanosize powders makes it possible to exclude
macroplastic deformations in the zone of the welded joint. The use of
an activating Ni sublayer and a powder layer of submicron Ni powder
made it possible [6] to obtain a high-quality diffusion joint of steel
samples at temperatures of 0.5-0.6 of the melting temperature of the
material being welded. Researchers have carried out work to study the
factors that accelerate diffusion processes in the zone of formation of a
welded joint. The phenomenon of anomalous mass transfer under
shock loading of dissimilar materials during welding has been experi-
mentally proved [9]. The method of radioactive isotopes on commer-
cially pure metals (Fe, Ni, Cu) and steels (steel3, 12Kh18N10T) was
used to study diffusion processes during high-speed plastic defor-
mation of metals [10-16].

The occurrence of an electric current pulse during high-speed plastic
deformation of metals has been established. There is a dependence of
the current strength on the nature of the material and the rate of de-
formation of the metal. Electric potential and anomalous mass transfer
are observed only because of pulsed plastic deformation. The phenom-
ena are interconnected and occur simultaneously. Experimental stud-
ies were carried out [17] to study the simultaneous effects of double
and triple effects. Three processing schemes were investigated. Ac-
cording to the first scheme, alternating deformations with an ultra-
sonic frequency were used at elevated temperatures. The second
scheme involved the use of ultrasonic shock treatment together with
pulsed plastic deformation. According to the third scheme, ultrasonic
vibrations, a constant magnetic field and quasi-static deformation
were simultaneously applied without heating. The results of experi-
mental studies [17] indicate that the use of double and triple effects is
promising for obtaining diffusion layers on metals and alloys. Experi-
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mental studies [18] on welding metals in the solid phase using high-
density current pulses have shown the possibility of high-quality weld-
ing with various pulse shapes. The authors of [19] presented an analy-
sis of the mechanism of interaction of two dissimilar materials under
the influence of plastic deformation and high-density pulsed current
for assessing the strength and quality of metal joining. An assessment
of the energy interaction of two metals under the influence of a pulsed
current and plastic deformation is carried out. The studies carried out
confirm the effect of pulsed current on diffusion processes. The pre-
sented works confirm the possibility of stimulating diffuse processes
by pulsed electric current, pulsed plastic deformation and combined
action. There are data on the study of the influence of elastic waves on
the rate of chemical transformations in a solid. The work [20] describes
low-temperature solid-phase detonation. The author has proposed a
probable mechanism for this phenomenon. The initiator and driving
force of ultrafast low-temperature chemical transformations in solids
is an elastic wave. The authors of Ref. [20] argue that from a combina-
tion of compressive, tensile, and shear deformations, shear defor-
mations are more effective. They are primarily responsible for super-
fast conversions in the system.

The authors of works [21, 22] proposed to introduce hydrocarbon
substances into the space between the surfaces to be welded, and to car-
ry out heating by passing a pulsed electric current. The introduction of
a hydrocarbon substance into the space between the surfaces to be
welded when heated by a pulsed electric current makes it possible to
accelerate the formation of a joint. The literary sources do not describe
the processes occurring during the formation of welded joint using in-
terlayers of hydrocarbon substances. The task is urgent and of great
practical importance. The previously described studies by various au-
thors suggest a special role for a number of factors affecting the accel-
eration of diffusion processes. These factors include the dispersion of
substances in microvolumes between the contacting surfaces [4, 6-8],
the electromagnetic effect of a pulsed electric current [17-19], a
pulsed force[9-16, 20] on the surfaces of materials to be welded.

When a pulsed electric current of constant polarity is flowing, local
overheating occurs at the contact points of the metal surfaces in con-
tact with each other and electrical explosions occur. In the space be-
tween the surfaces to be welded, pyrolysis of hydrocarbon substance
occurs with the formation of nanosize carbon formations. The result-
ing conductive carbon particles explode to form a multitude of micro-
pinches. Shock waves activate diffusion processes on the surfaces to be
joined. The proposed hypothesis is based on a large number of interdis-
ciplinary experimental studies. In the literature, there is no model of
joint formation in pressure welding through a hydrocarbon layer.

The aim of this paper is experimental verification of the provisions
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of the proposed hypothesis.

The objectives of this work are to develop an experimental technique
to prove the formation of carbon structures in the microvolumes be-
tween the surfaces to be welded, to show experimentally the presence
of electric charge of carbon structures, to show experimentally their
movement to the centre of the cross-section of the welded surfaces un-
der the action of the magnetic field of the pulse electric current of con-
stant polarity. An accumulation of charged carbon structures is
formed there. When a critical mass of charged particles accumulates, a
‘Coulomb explosion’ occurs.

2. METHODS, EXPERIMENTAL RESULTS AND DISCUSSION

To accomplish the set task, an experimental setup was developed and
used, consisting of a power supply with a pulsed electric current of
constant polarity, devices for fastening samples and longitudinal com-
pression. Experiments were carried out to isolate the substance formed
during the pyrolysis of the hydrocarbon substance. Cylindrical speci-
mens with an axial circular cylindrical hole were used. The surfaces
were coated with a hydrocarbon material (uncured epoxy) prior to
welding. Welding temperature was of 1180-1200°C. The heating rate
of the welded joint did not exceed 120-200°C/sec. The duration of the
welding process did not exceed 10-12 seconds. The nature of the de-
struction of the samples was studied during mechanical tests of the
welded joint. The structure of the welded joint was investigated by
metallography methods. The nature of the release of the substance
from the welded joint was studied visually.

In pressure welding with the use of hydrocarbon interlayers of ho-
mogeneous and dissimilar steels, the process always ended with the re-
lease of a substance from the joint zone with a specific sound and flash.
This allowed us to assume the nature of the movement of the substance
at the junction between the surfaces to be joined.

First, the pyrolysis products moved to the central part of the joint.
Then, because of the ‘Coulomb explosion’, the substance was ejected.
Figure 1, a show a diagram of the movement of products during heat-
ing of the welded surfaces and pyrolysis of hydrocarbon layers. Fig-
ure 1, b shows a diagram of the movement of products during an explo-
sion of a substance.

Such motion of substance in the joint is possible at formation of
charged particles because of explosion of metal in the contact points
and microexplosions in products of pyrolysis of hydrocarbon material.
This does not contradict the known data [23]. Pressure welding using
hydrocarbon interlayers is characterized by the movement of pyrolysis
products into the central part of the joint. This assumption was con-
firmed by physical experiment. A special sample design was used to
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Fig. 1. Diagram of the movement of products at the joint during welding.

isolate the formed substances. Cylindrical samples with an axial round
cylindrical hole were prepared. The ends of the samples were coated
with the hydrocarbon substance under study. They were placed in a
fixation device, subjected to compression and passed a pulsed current
of constant polarity. The scheme of the experiment is shown in Fig. 2.
The experiment was conducted according to two schemes. According
to the first scheme, the surfaces of the samples to be joined were coated
with a hydrocarbon substance. The samples were placed in a fixing de-
vice, subjected to longitudinal compression. The joint was heated to
the welding temperature and was welded. Then, the specimens were
opened by milling parallel to the specimen axis. The nature of the re-
lease of the substance from the welded joint was studied visually.
There were studied the structure of the substance inside the sample
chamber. The substance inside the sample is shown in Fig. 3.
According to the second scheme, the samples were placed in a fixing
device. The surfaces to be joined were coated with a hydrocarbon mate-

1

Y

\2

Fig. 2. Scheme of the experiment: steel cylinders with holes (1), hydrocarbon
substance (2).
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Fig. 3. Carbon layers inside the sample chamber.

rial. By passing a current, they were heated to the welding tempera-
ture. The samples were not subjected to longitudinal compression. Af-
ter heating to the welding temperature, the samples were opened per-
pendicular to the axis at the place of heating. The placement of the
products of pyrolysis of the hydrocarbon substance inside the sample
chamber was studied. The effectiveness of the effect of pyrolysis prod-
ucts of the investigated hydrocarbon substance during welding was
checked. The results of displacement of carbon structures are shown in
Fig. 4. This figure shows the uneven distribution of carbon particles.
The matter inside the chamber is represented by carbon structures.
Both parts of the chamber have different amounts of carbon on the
walls. Part of sample 1 has a thin layer on the surface. Part of the layer
is missing. Part of sample 2 contains dense deposits of carbon parti-
cles. The presented experimental results confirm the presence of
charged particles in the space between the surfaces to be joined.
Charged carbon particles under the pinch effect move deep into the
sample. There they settle on the sample walls. The distribution of the
particles is not uniform. The particles settle on the surface with oppo-
site electrode charge. This confirms the presence of electric charge on

Fig. 4. Uneven distribution of carbon formations in different parts of the sample.
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the carbon particles. Cylindrical steel specimens without cavities were
welded. When opening the solid cylindrical welded specimens without
internal cavities, capsules were found, in which carbon particles accu-
mulated during welding according to the scheme in Fig. 1, a. As a re-
sult of a ‘Coulomb explosion’, these carbon particles are ejected from
the weld and are visually observed as a flash in Fig. 1, b. Figure5
shows a fragment of a capsule with a product exit channel.

Obtained experimental results are in agreement with the available
experimental data [24] on the synthesis of carbon nanotubes at high
pressures and temperatures. The experimental results also confirm the
presence of high pressure and temperatures in the space between the
surfaces to be welded. The creation of high pressure occurs due to mul-
tiple micro explosions. The source of this kind of explosion is the con-
tact points of the surfaces to be welded. During passing an electric cur-
rent through the surfaces to be welded, its value in the initial period of
the process is 103-10* times higher than the nominal value due to the
fact that the contact area is from 0.01% to 0.1% of its nominal value
[25]. The explosion time is about 120-300 ns [26]. The pinch effectis a
factor contributing to multiple manifestations of the ‘Coulomb explo-
sion’ in the environment of carbon nanoformations between the sur-
faces to be welded. The existence of both the ‘Coulomb explosion’ and
the charge of carbon nanoparticles coincide with the conclusions in
[27, 28]. Shock waves increase diffusion activity on the surfaces to be
welded. Due to the electromagnetic effect and the action of shock
waves, diffusion processes are accelerated. The increase in the diame-
ter of the cylindrical specimens at the point of formation of the joint
after welding did not exceed 0.5%.

Mechanical tensile and toughness tests of homogeneous steels
showed characteristics that did not differ from those of the base metal.

Fig. 5. Fragment of the image of the capsule with the product outlet channel
(increase of 5000).



INFLUENCE OF PYROLYSIS PRODUCTS ON THE FORMATION OF A JOINT 475

Fig. 6. The nature of the fracture of the sample during tensile tests (a) and the
impact toughness of the KCU joint (b) according to GOST 6996-80 of R6M5
steel with steel 45 of the welded joint obtained by pressure welding through
hydrocarbon interlayers.

In tensile tests of a welded joint of dissimilar metals, fracture occurred
on a less strong material. Specimens for impact toughness fractured in
brittle material. The nature of the destruction is shown in Fig. 6.

The microstructure of the welded joint of steel R6M5K5 with steel
45 isshown in Fig. 7.

The structure of the welded joint obtained by the investigated meth-
od is similar to the structure of the joint by diffusion welding in vacu-
um. The duration of the process of formation of a joint in vacuum
without the use of intermediate layers and during welding by the in-
vestigated method was compared. According to Ref. [29], diffusion
welding in vacuum under various conditions can be from 20 to
60 minutes. During welding with pressure through a layer of hydro-

M
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Fig.7. Microstructure of welded joint of steel REM5K5 with steel 45 (increase
of 200).
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carbon substance for welding samples with a diameter of 16 mm, it
takes 10-12 sec.

3. CONCLUSION

Based on the results of a large number of interdisciplinary experi-
mental studies, the hypothesis [1] about the influence of hydrocarbon
interlayers on the formation of a welded joint was first put forward
and experimentally confirmed. When passing a pulsed electric current
of constant polarity, an electric explosion occurs at the contact points
of the welded metal surfaces. In the space between the welded surfaces,
pyrolysis of hydrocarbon substance occurs. This is accompanied by
multifactor pulse force and electromagnetic impact. These impacts
contribute to the activation of diffusion processes.

The methodology of experimental studies has been developed and
realized. The experiment confirmed the formation of carbon struc-
tures in the microvolumes between the surfaces to be welded. The for-
mation of charged particles from hydrocarbon pyrolysis products has
been proved. It is proved that, under the action of magnetic field, the
charged particles move to the central part and a critical mass of
charged particles is formed there. This leads to a powerful ‘Coulomb
explosion’ with the release of pyrolysis products into the surrounding
space. The mechanical properties and structure of the welded joint of
steel billets have been investigated. The structure of the welded joint is
similar to the structure of the joint obtained by diffusion welding in
vacuum.

REFERENCES

1. 0. V. Jartovsky and O. V. Larichkin, Prog. Phys. Met., 22, No. 3: 440 (2021) (in
Ukrainian).

2. N. F. Kazakov, Diffuzionnaya Svarka Materialov [Diffusion Welding of Mate-
rial] (Moskva: Mashinostroenie: 1976) (in Russian).

3. E. S. Karakozov, Svarka Metallov Davleniem [Metal Pressure Welding] (Mos-
kva: Mashinostroenie: 1986) (in Russian).

4. A. V. Lyushinskiy, Diffuzionnaya Svarka Raznorodnykh Materialov [Diffusion
Welding of Dissimilar Materials] (Moscow: Izdat. Tsentr Akademiya: 2006) (in
Russian).

5. A. K. Bulkov, V. V. Peshkov, V. R. Petrenko, D. N. Balbekov, and A. I. Strygin,
Svarochnoye Proizvodstvo, 3 :15(2013) (in Russian).

6. G. M. Zeer, E. G. Zelenkova, O. V. Belousov, Yu. P. Koroleva, E. N. Fedorova,
and A. A. Mikheev, Zhurnal Tekhnicheskoy Fiziki, 85, No. 4:46 (2015) (in Rus-
sian).

7. V. V. Peshkov, V. R. Petrenko, A. B. Bulkov, and D. N. Balbekov, Vestnik Vo-
ronezhskogo Gosudarstvennogo Tekhnicheskogo Universiteta, 7, No. 10: 13
(2011) (in Russian).


https://doi.org/10.15407/ufm.22.03.440

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.
25.
26.
27.
28.

29.

INFLUENCE OF PYROLYSIS PRODUCTS ON THE FORMATION OF A JOINT 477

E. V. Valitova, A. Kh. Akhunova, V. A. Valitov, R. Ya. Lutfullin,

S. V. Dmitriev, and M. Kh. Mukhametrakhimov, Pis’ma o Materialakh, 4,

No. 3:19 (2014) (in Russian).

L. N. Larikov, V. F. Mazanko, and V. V. Nemoshkalenko, Fizika i Khimiya
Obrabotki Materialov, 4: 20 (1981) (in Russian).

V.P.Bevz, V. F. Mazanko, A. V. Filatov, and S. P. Vorona, Metallofiz. Noveish-
ie Tekhnol., 28, Special Issue: 271 (2006) (in Russian).

V.F. Mazanko, V. S. Mikhalenkov, E. A. Tsapko, E. I. Bogdanov, V. P. Bevz,
and S. P. Vorona, Doklady NAN Ukrainy, 29, No. 4: 471 (2007) (in Ukrainian).
V. F. Mazanko, D. V. Mironov, D. Gertsriken, A. A. Mironova, and V. P. Bevz,
Metallofiz. Noveishie Tekhnol., 29, No. 2: 173 (2007) (in Russian).

V. S. Mikhalenkov, A. V. Obil’nyy, E. A. Tsapko, V. P. Bevz, E. 1. Bogdanov,
and A. N. Yaremenko, Metallofiz. Noveishie Tekhnol., 29, No. 4: 471 (2007) (in
Russian).

V. F. Mazanko, D. V. Mironov, D. S. Gertsriken, and V. P. Bevz, Metallofiz.
Noveishie Tekhnol., 29, No. 4: 483 (2007) (in Russian).

V.F. Mazanko, V. P. Bevz, S. P. Vorona, K. Kharchenko, T. R. Ganeev, and
Yu. V. Fal’chenko, Vestnik Chernigovskogo Gosudarstvennogo Tekhnicheskogo
Universiteta, 34: 125 (2008) (in Russian).

V. Bevz, D. Gercryken, N. Zajceva, and V. Mazanko, Visnyk L’viv. Un-tu, 41:
216 (2008) (in Ukrainian).

D. V. Mironov, V. F. Mazanko, G. I. Prokopenko, B. N. Mordyuk,

D. S. Gertsriken, S. E. Bogdanov, E. N. Khranovskaya, and T. V. Mironova,
ITzvestiya Samarskogo Nauchnogo Tsentra Rossiyskoy Akademii Nauk, 14,

No. 4: 74 (2012) (in Russian).

V.D. Polovinko and E. S. Yurchenko, Ehlektronnaya Obrabotka Materialov: 93
(2008) (in Russian).

S. P. Moskvitin and S. N. Barshutin, Vestnik TGTU, 22, No. 4: 694 (2016) (in
Russian).

A. A. Mkhitaryan, Khimicheskiy Zhurnal Armenii, 1: 42 (2006) (in Russian).
M. L. Finkel’shtein, Diffuzionnaya Svarka v Zhidkikh Sredakh [Diffusion
Welding in Liquids] (Moskva: Metallurgiya: 1978) (in Russian).

S. P. Kocharmin, A. P. Semenov, and N. V. Guzev, Sposob Svarki Davleniem i
Mashina dlya Ego Osushchestvleniya [Pressure Welding Method and Machine
for Its Implementation], Avtorskoe Svidetel’stvo SSSR 4975280, kl. V23K
11/02 (1979) (in Russian).

V. V. Vladimirov, Usp. Fiz. Nauk, 117, No. 1: 79 (1975) (in Russian).

Yu. S. Buranova, Trudy MFTI, 3, No. 3: 30 (2011) (in Russian).

N. B. Demkin, Kontaktirovanie Sherokhovatykh Poverkhnostey [Contacting
Rough Surfaces] (Moskva: Nauka: 1970) (in Russian).

A. E. Borisevich and S. L. Cherkas, Zhurnal Tekhnicheskoy Fiziki, 82, No. 10:
58 (2012) (in Russian).

A.N. Dolgov, N. A. Klyachin, and D. E. Prokhorovich, Prikl. Fiz., 3: 10 (2019)
(in Russian).

V.V.Komarov, A. M. Popova, I. O. Stureyko, L. Shmidt, and Kh. Yungklas,
VMU. Seriya 3. Fizika. Astronomiya, 13: 2 (2013) (in Russian).

V. V. Peshkov, A. B. Bulkov, A. A. Batishchev, A. V. Bashkatov, and

V.R. Petrenko, Svarochnoye Proizvodstvo, 9: 18 (2004) (in Russian).


https://doi.org/10.22226/2410-3535-2014-4-291-294
https://doi.org/10.22226/2410-3535-2014-4-291-294
https://doi.org/10.17277/vestnik.2016.04
https://doi.org/10.3367/UFNr.0117.197509c.0079

