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FUNDAMENTAL RESEARCH ON THE STRUCTURE
AND PROPERTIES OF ELECTROEROSION-
RESISTANT COATINGS ON COPPER

The electroerosion-resistant coatings of CuO—Ag and ZnO—-Ag systems were obtained
on the Cu surface. Formation of coating was caused by the processing of copper sur-
face with plasma formed in electrical explosion of silver foil with weighed sample
of copper oxide or zinc oxide. After electroexplosion spraying, the electron-beam
treatment of coatings was performed. The nanohardness, Young modulus, wear
resistance, friction coefficient, and electrical erosion resistance of the formed coat-
ings were studied. All studied properties exceed those of copper. Electrical erosion
coatings were studied by the methods of scanning electron microscopy, transmission
electron microscopy, and atomic force microscopy. It became possible to achieve
the high level of operational properties of electrical erosion coatings due to their
nanostructurization. Structure of coating is formed by cells of high-speed crystal-
lization. The size of cells varies within the range from 150 nm to 400 nm. The
cells are separated by interlayers of the second phase whose thickness varies as 15—
50 nm. By method of atomic force microscopy, the separate particles of ZnO or CuO
of different shapes and 10—15 nm in size chaotically located in silver matrix were
revealed as well as spherical particles of ZnO or CuO in size of 2—5 nm. The total
thickness of coatings is 60 um. The complex of studies we have carried out permits
to recommend the integrated processing for strengthening the switch copper con-
tacts of powerful electrical networks.
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1. Introduction

The touch of the electrical contacts takes place along not the entire sur-
face but only in separate points due to the roughness on the surface of
the contact [1-3]. In practice, the touch of their contact surfaces always
occurs along small areas [4—6] independent of the electrical contact
type. This is because the surface of the contact elements cannot be ide-
ally even [4]. Therefore, practically, on the approaching of the contact
surfaces, at first, some projecting peaks (points) come into contact and
then, as the pressure increases, the deformation of the contact materials
takes place, and these points transform into small areas [7—9]. The lines
of the electric current, when passing from one contact to another, gath-
er to these points of the touch [10, 11]. Therefore, the contact intro-
duces some additional contact resistance into the circuit commutated by
it. The transient resistance [12, 13] is one of the main parameters of the
electrical contacts’ quality because it characterizes the quantity of en-
ergy being absorbed in the contact connection, which transforms into
heat and heats up the contact.

MAX phases with formula M, ,;AX, (where M is a transition metal,
A is element of group III or IV, X is C and/or N, n = 1-3) are a group
of layered ternary compounds possessing high elastic modulus as well as
a good thermal and electrical conductivity combining the properties of
both metals and ceramics [14]. As typical MAX phases, Ti,AlC, [15] and
Ti,SiC, [16] strengthen well the electrical contact materials based on
copper. Prof. M. Liu and co-authors [17] fabricated Ag/Ti,AlC, compos-
ites by hot pressing and found that they were potentially suitable for
materials of sliding electrical contacts and might be used with high ef-
ficiency because they showed good mechanical and electrical properties.
In the work [18], the authors prepared Ag/10 mas.% Ti,AlC, electrical
contact material by the method of powder metallurgy and studied its arc
erosion resistance that appeared to be comparable with commercial con-
tacts Ag/CdO being used in contactors. As a rule, a grain size of matrix
phase and filler size are of considerable importance for mechanical and
electrical properties of the composite.

For example, Prof. H. Li et al. [19] reported that finer reinforcing
particles of TiB, and SnO, are more advantageous for smaller loss of
mass and relative mass transfer of silver substrate of electrical contact
material during tests for arc electrical erosion. However, Prof. N. Ray
et al. [20, 21] informed that electrical contact resistance and electrical
erosion resistance of Ag/WC electrical contact material decreased with
the increase in WC particle size. In addition, graphite structural anisot-
ropy is reported to affect the electrical conductivity and arc erosion
resistance of silver-graphite electrical contact materials [22, 23]. Ac-
cording to the authors’ information, the effect of silver grain size, par-
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ticle size, and equalizing MAX phases in Ag/MAX properties in electri-
cal contact material were not reported. The methods of power metal-
lurgy followed by extrusion, drawing and rolling were used for
manufacturing Ag/C [24], Ag/SnO, [25], Ag/CdO [26], Ag/ZnO [26]
electrical contact materials. However, the processes change in sample
size and/or the requirements concerning high temperature deformation
and pressure.

Equal channel angular pressing (ECAP) was used in Refs. [27-29]
for preparation of Ag/Ti,AlC, electrical contact materials. The compos-
ite Ag/10 mass.% TiAlC, with 99.8% relative density and homogeneous
microstructure was manufactured by the ECAP method at a relatively
low temperature of 200 °C and pressure of 37 MPa. The Ti,AlC, parti-
cles separated into layers and equalized mainly in Ag matrix after ECAP.
Advantageous equalizing of Ti;AlC, resulted in anisotropy of electrical
and compressing properties and arc erosion resistance of the composite.
The properties of sintered compacted and ECAP sample were investi-
gated. The Vickers hardness of ECAP sample was ~ 1.5 times higher
than that in sintered pressed material. The ECAP sample has the least
specific resistance of 59.3:10° Ohm'm. The maximum compression
strength and deformation amounted to 805 + 18.6 MPa and 43.8 + 2.2%
in ECAP sample loaded perpendicular to Ti,AlC, equalization. The ECAP
sample with surface parallel to Ti,AlC, centring showed a better stabil-
ity to arc erosion. Mechanism being responsible for anisotropic micro-
structure and properties were proposed and discussed.

Fine-grained Cu (70-90% )—W composites were successfully manu-
factured [30—32] using Cu/W nanosize powders in conditions of vacu-
um. Sintering process of Cu/W composites is explained by interactions
as a result of sintering that occur both inside the powders and between
powders. Microstructural analysis of Cu/W powders showed that coarse
spherical and nanosize particles of tungsten were evenly introduced into
copper matrix. The Cu/W interface has semi-coherent bond and shows a
good contact. The relative density, hardness, electrical conductivity and
crystal dimension of tungsten in Cu/W composites increased when sin-
tering temperature increased from 1000 to 1090 °C. It was detected
that, with the increase in copper content, the hardness and tungsten
grain size of Cu/W composites decrease but relative density and electri-
cal conductivity improve. The tungsten relation of electrical conductiv-
ity, sintering temperature and crystal size of Cu/W composites was
described by means of regressive formula.

For Cu—Ag film contact [33—35], the good boundary properties of
the layer allow the sliding with a low friction coefficient, polished worn-
out surface and high bearing capacity. In conditions of current load, the
mechanical breaking and repeated touching of contact surface result in
electric arc formation, and damage of Ag film induced by electric arc
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depends on polarity of pin and disc. For positive Cu pin on disc with Ag
negative film, the rainbow film and transparent LP108 on Ag film are
observed. While for negative Cu pin on disc of Ag positive film, the
removal of Ag film is observed, and it results in obtaining the suspen-
sion of Ag dark ionic liquid. In both cases, LP108 is not worsened by
electric arc. The damage induced by electric arc on Ag film may be re-
moved by providing accurate correspondence of contact surface.

The three-dimensional continuous composite materials based on Ag-
matrix, reinforced by Ni-network, were manufactured by hot pressing
of Ag—Ni composite powders with Ni-powders applied on surface of Ag
grains [36—38]. Formation of 3D continuous Ni network increases in
load transmitted from Ag matrix to second phase Ni causing Ag and Ni
deformation during deformation stretching. Combined deformation be-
gins as rotation of orientation, e.g., Ag matrix displaces to {111}(110)>
twins to {111}{112) and (100) that results to texture formation during
Ni second phase along definite direction. Finally, continuous three-di-
mensional nickel networks were broken and stretched into belts being
parallel to axial direction of composite wire. The increase in real defor-
mation may increase in Ni electric networks’ length in axial direction,
thus, increasing hardness and electroconductivity of Ag—Ni materials for
electrical contacts. Furthermore, two-dimensional characteristics of electric
networks with high profile of resistance increase in hydraulic resistance
of melted Ag. Therefore, the Ag—Ni belt-reinforced materials for elec-
trical contacts demonstrate low loss of mass after 100000 on/off cycles
(1.8 mg, total 22.8% of sample mass reinforced with spheroidal fibres).

The Al,0,—Cu/25W Cr and Al,0,-Cu/35W ,Cr composites were man-
ufactured by the methods of vacuum hot pressing and internal oxida-
tion [39—41]. The electrical conductivity, relative density and Brinell
hardness were measured. The effect of nano-Al,0,—Cu/(W, Cr) compos-
ites was studied by means of tests for isothermal compression using
thermomechanical imitator Gleeble-1500D in temperature range from
650 to 950 °C and deformation rate of 0.0017'° s!. The deformed micro-
structure was characterized and analysed with optical and transmission
electron microscopy. The interaction of quenching process, dynamic re-
covery and dynamic recrystallization was illustrated. As shown, the Cr
particles were extruded into tapes, and W particles underwent small
deformation during hot compression. Besides, the composite with high-
er tungsten content had a higher flow stress. Particles of nano-Al,0O,
pinned dislocations and inhibited dynamic recovery and dynamic recrys-
tallization. In addition, material is still at the stage of subcrystals’
formation at 850 °C, 0.01 s™'. Consequently, the Al,0,—Cu/35W,Cr com-
posite has typical characteristics of dynamic recovery. Therefore, the
Al,0,-Cu/(W, Cr) composites demonstrate good characteristics at high
temperatures.
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The tungsten—copper (W—Cu) contact materials are the main com-
ponents of high-voltage electrical switchers. However, a considerable
effect of arc ablation at high voltage and high current often result in
breaking the connection and mechanical losses that affect seriously a
safe operation of apparatuses. In the studies [42—44], the failure mech-
anism of tungsten and copper contact materials caused by considerable
arc ablation in atmosphere of sulphur hexafluoride (SF,;) were investi-
gated. The results showed that arc ablation of contact material was
mainly caused by vaporization and splashing a copper component having
a low melting temperature, followed by ablation and splitting off the
tungsten (W) skeleton structure. Taken together, it increased in sur-
face roughness of contact material and then accelerated still grater the
volatilization of copper component and reaction between material com-
ponents and arc-quenching medium SF,. Finally, contact materials lost
their functions of arc-quenching and current switching. Modelling
experimental work was carried out, and it confirmed the failure
mechanisms of contact materials de-scribed above. Due to instanta-
neous high temperature and high voltage arising during arc, the Cu
and W phases in W—Cu alloy underwent considerable vaporization and
mass loss.

In articles [45—47], the main attention is paid to wear, friction and
electrical characteristics of recently developed design of disc contact for
sliding electrical contacts. Different types of graphite and copper as
material combinations, various working parameters of contact and, in
particular, different directions of electric current that is disc polarity
were studied in real condition of contact on special tribological test ma-
chine. Electrographite and polymer-bonded graphite worked in pair con-
tact compared to copper and with each other. Pair of polymer-bonded
graphite/polymer-bonded graphite showed better results almost for all
parameters tested while mixed heterogeneous combination of polymer-
boded graphite/electrographite had the worse characteristics. In addi-
tion, all pairs containing electrographite material demonstrated unsta-
ble contact behaviour and as a whole, gave worse common characteris-
tics. Wear of matched pairs of graphite was less than that of graphite/
copper pairs. Effect of polarity on graphite/graphite material combina-
tion was negligible while in graphite/copper combination it was found
that electric current direction had a considerable effect on discs wear.
Wear of positive graphite disc was 30% lower than in negative graphite
disc while wear of positive copper disc was 8 times greater than that in
negative copper disc. Differences in boundary contact film were ob-
served in graphite/copper contacts depending on surface polarity that
means that sliding contacts with electric current, flowing from graphite
disc to copper one, demonstrated less wear than contacts wherein cur-
rent flows from copper to graphite disc.
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The copper-base materials are widely used industrial products em-
ployed extensively in the fields of power metallurgy, electrical contacts,
heat exchangers, etc. However, ease in surface oxidation limits a dura-
bility and effectiveness of components based on copper. The authors
[48—-50] developed the process of powder metallurgy for manufacturing
graphene/copper composites using copper powders that first were ap-
plied on graphene layers by thermal chemical vapour deposition (CVD).
The graphene/copper composites enclosed in graphene-bonded network
then could be manufactured by vacuum hot pressing. After thermal
oxidation (to 220 °C) in wet air for several hours, the authors discov-
ered that surface oxidation degree of samples was far less than in their
pure analogue Cu, and samples [48-50] showed less increase in contact
resistance of interface when in use as electrical contact materials. As a
result, graphene/copper composites demonstrated a considerable im-
provement in capability to oxidation resistance (by = 5.6 times) com-
pared to their analogue of pure copper, thus suggesting a potential ap-
plication as new materials for electrical contacts.

The Cu/Ni—P/Au multilayer systems [51—-53] are used as electrical
contacts. The Au upper layer is thin and porous. The pores deliver cor-
rosion medium to lower layer that induces corrosion by means of gal-
vanic connecting mechanism. Therefore, filling the pores is necessary to
increase in the service life of electronic devices. The pores may be her-
metically sealed by electrodeposition of polymethyl methacrylate that
decreases in porosity index (*97% ) and increases in corrosion resistance
(by ~10 times) of electrical contacts after 10 cycles of electropolymeriza-
tion. However, nonuniform polymer film was formed at a larger number
of polymerization cycles (>50) that decreased in corrosion resistance.

The method of processing (treatment) of the contact surfaces and
their state [54, 55] may strongly affect the transient resistance. Nowa-
days, it is proved by the scientists of different countries that the ap-
plication of electron beam processing (EBP) enables to obtain a mirror-
smooth surface of the materials [56], nanostructurize [57] and homogenize
the material [58]. The application of electron-beam treatment (EBT)
permits the increase in different service properties of the materials [59].
Knowing this information about EBT it seems to be effective to use the tech-
nology for the processing of the surface of electrical contacts [60]. In par-
ticular, it will make possible to minimize the transient resistance of the
electrical contacts and to increase in the service life of their operation.

In this work, we review, study and analyse the EBP effect on the
structure and morphology of the phases of the electroexplosion coating
of CuO—Ag and ZnO—Ag systems via the scanning electron microscopy,
transmission electron microscopy, and x-ray phase analysis. In addition,
we carry out the tests for electroerosion resistance, wear resistance,
nanohardness, and Young modulus.
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2. Material and Methods of Investigation

The samples that were sprayed were copper plates with sizes of 20x 20 x
x3 mm. For the electroexplosive spraying (EES), the main processing
parameters are the pulse time t and the absorbed power density q =
=5.5 GW/m? under thermal exposure of the irradiated surface, as well
as the pressure p = 12.5 MPa of the plasma in the shock-compressed layer,
which is formed near the surface. The necessary conditions for the im-
plementation of the EES were set by the magnitude of the charging
voltage of the energy accelerator storage device, the diameter of the
nozzle channel and the distance from its cut to the sample, which were
1.8 kV, 20 and 20 mm, respectively. To justify the choice of ¢ values
used in the processing, the temperature of the irradiated surface was
calculated using the model of heating with a flat heat source [61].

In the work, composite coatings with a filled structure were formed.
The composite filled structure is formed by a metal matrix, which is
hardened by its high-strength fine dispersed refractory particles insolu-
ble in it.

Coatings were formed at the absorbed power density value, which
ensured the premelting state of the treatment surface (Table 1). The
EBT of electroerosion-resistant coatings of all systems was performed in
the modes with the number of pulses 10, pulse time 100 ps, with a
variable surface energy density of 45, 50, 55, and 60 J/cm? and with
the number of pulses 20, pulse time 200 us, and surface energy density
60 J/cm? (Table 1).

Sections for metallographic studies were prepared as follows: samp-
les were cut out on an automatic cutting machine with a diamond wheel,

Table 1. Parameters for coating formations

Electroexplosive spraying parameters Electron beam treatment parameters
Coating

q, GW/m? m, mg E,, J/cm? t, us N, pulses

CuO-Ag 5.5 50x 250 45 100 10

50 100 10

55 100 10

60 100 10

60 200 20

ZnO-Ag 80x250 45 100 10

50 100 10

55 100 10

60 100 10

60 200 20

Note: ¢ — absorbed power density; m — sample mass; E, — surface energy density;
t — pulse duration; N — number of pulses; pulse repetition frequency is 0.3 Hz)

210 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 2



Structure and Properties of Electroerosion-Resistant Coatings on Copper

and then, they were ground, polished and chemically etched. The prepa-
ration of thin sections for metallographic investigations in the general
case included cutting samples on a cutting machine with a diamond
wheel, grinding, polishing, and chemical etching. Before grinding, the
samples were fixed in a mandrel and filled with epoxy resin. Grinding
was carried out with emery papers with decreasing dispersion of abra-
sive particles. The quality of grinding was controlled under a micro-
scope at a magnification of 50—-100 times. After grinding on the papers,
polishing was carried out with chromium oxide powder on the cloth.
Before microscopic inspection, with an increase of 200—400 times, the
sections were thoroughly washed. Polishing was completed when visible
traces of machining were eliminated, and additional processing did not
increase the quantity and clarity of the details of the structure observed
on the thin section.

Chemical etching of the sections was carried out with a solution of the
following composition: HCl — 2.5 ml, FeCl, — 3 g, CCH,OH — 100 ml.
The etching time ranged from 3 to 5 s. After etching, the samples were
thoroughly washed in running water and ethanol, and then dried. The
mass of the components was monitored using a Shimadzu AUX 120 ana-
lytical balance. To measure the thickness of the coatings, the sizes of
the structural components, to study the phase distribution in depth, and
photograph the sections, we used the Carl Zeiss Axio Observer Alm
metallographic microscope. This device allows one to get an image of
small objects and their details at various magnifications up to 2000 ti-
mes. The surface structure of the samples and thin sections was studied
by scanning electron microscopy using Carl Zeiss EVO50 and Phillips
SEM 515 devices with EDS X-Act and EDAX energy dispersive x-ray
spectral analysis attachments according to the methods described in
Refs. [62, 63]. The analysis of the defective substructure and phase
composition of the surface layer of the coating melting upon EBT was
carried out by transmission electron diffraction microscopy (EM-125 de-
vice). Foils were made of plates located at a distance of 25—-30 pm from
the irradiation surface and cut parallel to the surface of the coating.
X-ray diffraction analysis was performed on the ARLX’TRA diffrac-
tometer in copper radiation with a wavelength of A, = 0.15406 nm. In
addition, coatings were investigated by atomic force microscopy (Solver
NEXT device).

The tribological properties (friction coefficient and wear resistance)
of the coatings were studied in the geometry of a disk pin using a TNT-
S-AX0000 tribometer (CSEM, Switzerland) at a temperature of 25 °C. A
VK-8 hard alloy ball with a diameter of 3 mm was used as a counter-
body, the track diameter was 6 mm, the rotation speed was 2.5 cm/s,
the load was 3 N, the distance to stop was 38.6 m, and the number of
revolutions was 3000. The wear criterion was the specific volume of the
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material wear track, which was determined using a MicroMeasure 3D
Station laser optical profilometer and calculated by the formula:

v — 2nRA
FL

where R is the radius of the track, A is the cross-sectional area of the
wear groove, F is the magnitude of the applied load, L is the distance
travelled by the ball.

Tests for the electrical discharge resistance of coatings under condi-
tions of arc erosion were carried out on the contacts of electromagnetic
starters of the CJ20 grade. In accordance with the requirements of the
AC-3 test mode for switching wear resistance, alternating current and
inductive load were used when working in a three-phase circuit. The low
voltage values were 400/230 V, the frequency was 50 Hz for currents
up to 320 A and cos¢ = 0.35 and the number of switching cycles was
6000 according to the. The number of on-off cycles to complete destruc-
tion was ~8000.

’

3. Results and Discussion
3.1. Structure of Electroerosion-Resistant Coatings of CuO-Ag

Using scanning electron microscopy, the structure and elemental com-
position of the transverse section of the coating/substrate system formed
by the electric explosion method were studied. A typical image of the
cross-sectional structure of the coating of the composition of CuO—-Ag is
shown in Fig. 1. An analysis of the results shows that the formed coat-
ing is a composite material that is uniform in structure (Fig. 1, a, b).
According to the morphology of the structure and the etching contrast,
the formed coating consists of a light silver matrix and dark CuO inclu-
sions with sizes varying from 0.3 to 0.5 um (Fig. 1, b). The elemental
composition of the coating was analysed by x-ray spectral analysis. The
research results are presented in Fig. 1, c—d. Analysing the results pre-
sented in Fig. 1, ¢—d, it can be noted that the concentrations of copper
(Fig. 1, ¢), oxygen (Fig. 1, d) and silver (Fig. 1, e) in the coating vary
slightly in thickness. This fact also indicates the structural homogene-
ity of the resulting coating.

Atomic force microscopy was carried out in a coating layer located
at a distance of 10 um (Fig. 2) from the coating surface as well as at the
interface between the coating and the copper substrate (Fig. 3). Since
the electroexplosive coating (EEC) is formed by a silver matrix, and
particles of CuO powder located in it, small particles of CuO powder can
be crumbled from the matrix at the preparation of a thin section.

In this case, pores are formed at the place of the precipitated parti-
cles (dark areas in Fig. 2 a, b) with a depth of 30 to 100 nm and a width
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' 0
50 100 150 50 100 pm

Fig. 1. Structure of the electric explo-
sion coating of CuO-Ag [60]. Atomic
content of elements are determined
along the line indicated on a. Here, a —
general view of the coating; b — com-
posite filled structure; ¢ and d — con-
centration profiles of Cu, O, and Ag
50 100 150 atoms, respectively. Cu concentration

e determined by characteristic x-ray ra-

diation K_;; O concentration — according to L. See also Fig. 4 in [D. Romanov et
al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)]; https://doi.org/10.1016/j.
jmrt.2019.09.019

of 2 to 5 nm (Fig. 2, ¢). Particles of CuO are dispersed up to 2—5 nm
during an electric explosion in the course of the formation of a pulsed
plasma jet of products of an electric explosion of conductors.

Separate large particles of various shapes with sizes from 10 to 15 nm
are also detected. These CuO particles do not crumble from the silver
matrix when preparing the thin section, they are sharply highlighted in
colour (they are lighter in comparison with the matrix). They are ran-
domly arranged in a silver matrix. As can be seen from Fig. 2, a, b,
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Z, pm
550
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450 Fig. 2. Atomic force micro-
400 F scopy identified coating
350 | structure of CuO—-Ag sys-
tem (see also Fig. 2 in Ref.
300 | [60]). Here, a — distribu-
250 tion of the relief uneven-
200 ness (perspective view); b —
150 | position of the secant (top
) ) ) ) ) view); ¢ — distribution of
0 10 20 30 40 50 X,pum the roughness along the
¢ base length

large particles have a complex structure the characteristic structural
units of which they are composed are spheres (globules) with a diameter
of 2 to 5 nm (these are small spherical particles described above). The
ratio of the silver matrix, large and small particles of CuO powder is
0.6-0.15-0.25. If we take into account that large particles of CuO con-
sist of smaller globular particles of CuO, then, the ratio of silver matrix
and inclusions of CuO powder is 0.6—0.4. This ratio is proportional to
the content of CuO powder and silver foil used for electric explosion
spraying. The average surface roughness of the coating surface of the
CuO-Ag system is 100 nm. Thus, it was possible to identify an impor-
tant structural element — the CuO globule, a spherical particle with a
diameter of 2 to 5 nm. There is a multilevel hierarchical structure of the
coating of the CuO—Ag system based on the same type of spherical CuO
particles with a diameter of 2 to 5 nm. The single structural unit of
which the CuO inclusions located in the silver matrix consist of is a very
important argument in favour of the fractal mechanism for the forma-
tion of an electric explosive coating. Such particles constitute the first
hierarchical level of the structure of the electroexplosive coating of the
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Z, um
300

200

100
0
-100

-200
80 X, um

300 Fig. 3. The structure at
the boundary of CuO-Ag
250 coating with the Cu sub-
200 strate, revealed by atomic
force microscopy (see Fig.
150 3 in Ref. [60]). Here, a —
the surface relief distri-

100 . . .
bution (perspective view);
50 b — position of the secant
line (top view); ¢ — dis-

O Il Il Il Il Il Il Il Il Il Il | .
2 4 6 8 10 12 14 16 18X, um tribution of the roughness
c along the basic line

CuO—Ag system. The second hierarchical level consists of large particles
of various shapes globules with sizes from 10 to 15 nm, which, in turn,
form sediment of irregularly shaped micron particles, detected by scan-
ning electron microscopy.

At the interface between the coating and the copper substrate (Fig. 3,
a, b), dark depressions from 10 to 15 nm in size are distinguishable. The
large CuO particles, which were discussed above, crumbled out of them.
In addition, the surface periodic structures (SPS) appear in the silver
matrix at the coating/substrate interface. The secant, perpendicular to
these structural formations (Fig. 3, b, ¢), suggests that the wavelength
in them is on the average 3 nm. The structures are the residual nanore-
lief of the surface.

After the end of the impact of a pulsed plasma jet of electrical ex-
plosion products of conductors on the substrate and cooling of the sur-
face, the induced relief is fixed in the form of SPS (surface periodic
structures). The specific processes of their formation can be evapora-
tion, surface melting and displacement of the melt by excessive vapour
pressure, thermocapillary phenomena and thermochemical reactions,
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thermal deformations, the appearance and development of various in-
stabilities, such as Rayleigh—Taylor, Kelvin—Helmholtz, Marangoni [64]
and others. Overall, the phenomenon is universal in nature and repre-
sents an example of self-organization in a system where initially there
are no distinguished directions and structures [65]. The energy regimes
for the production of SPS correspond to the heating of the material to
a temperature approximately equal to the melting temperature (lower
limit), but not higher than the developed evaporation temperature [65].
This mode was used for electroexplosive spraying in the present work.
Surface profilometry (Fig. 3, a) showed that the roughness parameter of
the electroexplosive coating of the CuO—-Ag system is 73 nm. The maxi-
mum protrusion of the profile in this case reaches 536.85 nm, and the
depression 497.5 nm. If we compare the roughness parameters at the inter-
face between the electrical explosive coating and the substrate (Fig. 3)
with the roughness parameter in the coating layer located at a distance
of 10 um (Fig. 2), we can note that they differ by 28%. In Figure 3,
35% of the photograph is taken by the substrate and 65% by the coat-
ing. This makes it possible to conclude that the roughness of the sub-
strate is lower than the roughness of the coating. This is logical, since
due to the inclusions of CuO deposited from the silver matrix, the pa-
rameter of coating roughness increases.

The assembly mechanism of such a complex multilevel CdO in a sil-
ver matrix can be represented as follows. The single size r, of spherical
CdO particles of the first hierarchy level can be explained in terms of
the model of diffusion-limited aggregation by the mechanism of diffu-
sion-limited aggregation ‘particle—cluster’ [66]. The plasma components
of a multiphase jet of products of electric explosion of conductors dis-
tributed in a certain effective volume over some effective space of a
substrate interface of the same size are assembled into a cluster, which
then turns into a sphere with a diameter of 2 to 5 nm [66]. It should be
noted that the size of the effective volume in which the formation of
blanks of spherical particles of the first level of the hierarchy would
depend on the composition of the exploding conductors and tempera-
ture. The formation of CdO clusters occurs only at the initial stage of
the action of a pulsed plasma jet on the substrate. At the next stage of
growth, the particle—cluster aggregation mechanism ceases to act, but
the cluster sizes increase. Growth begins at the same time and ends syn-
chronously after the exhaustion of the presence of CdO in the plasma
state, the clusters turn into particles of almost the same size (under the
discussed conditions, these are spheres with a diameter of 2 to 5 nm).
Particle sizes are not large enough for gravitational forces to dominate.
In other words, there is a metastable state in which spheres with diam-
eters from 2 to 5 nm are maintained in suspension mainly due to Brown-
ian motion and forces of intermolecular interaction with other compo-
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Fig. 4. Scanning electron microscopy (SEM) images for characteristic surface of the
electroexplosive coating of CuO—Ag after electron beam treatment, where a — gen-
eral view, and b — structural components. See also Fig. 1 in [D.A. Romanov et al.,
Mater. Res. Express, 6: 085077 (2019)]; https://doi.org/10.1088/2053-1591/ab220a

Coating (Cu.Ag) Ny

u Substrate (Cu)‘_ A

Fig. 5. SEM images for the structure of the electroexplosion coating of the CuO-Ag
after electron beam processing, where a — general view, b — structural compo-
nents. See also Fig. 2 in [D.A. Romanov et al., Mater. Res. Express, 6: 085077
(2019)]; https://doi.org/10.1088,/2053-1591/ab220a

nents of the molten metal. Under the influence of Brownian forces, the
spheres continue a chaotic movement, which stimulates their agglom-
eration. Self-assembly of particles of the first hierarchical level leads to
the formation of a second hierarchical level of globules of size r, from
10 to 15 nm. The formation of this hierarchical level occurs mainly by
the cluster—cluster mechanism. Further, such globular particles can be
enlarged by sticking to particles in the micrometre range.

An electron beam falling on the treated surface of the electric ex-
plosive coating of the CuO—Ag system produces ultrafast heating (during
the pulse) to the melting temperature of the substrate material. Rapid
cooling then occurs due to the removal of heat into the deeper cold layers
of the substrate.

The composite electroexplosive coating of the CuO—Ag system after
treatment with an electron beam consists of components that are a het-
erogeneous structure consisting of a mixture of more than two phases
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Fig. 6. Dependence of the volume fraction of phases (V) of electro-
explosive coatings of CuO—Ag on the electron beam power density
(W)). See also Fig. 3 in [D.A. Romanov et al., Mater. Res. Express,
6: 085077 (2019)]; https://doi.org/10.1088/2053-1591 /ab220a

(Figs. 4, 5), and one phase (copper oxides) has a significantly higher refrac-
toriness than silver [67]. When one of the phases goes into a liquid state
in such a heterogeneous structure, this phase is retained in the pores of
the refractory phase by surface tension forces. According to the morpho-
logy of the structure and the etching contrast, the formed coating con-
sists of a light silver matrix and dark inclusions of copper oxides with sizes
varying from 0.1 to 0.2 um (Fig. 5, b). In contrast to [68], it was found
that the electron beam treatment leads to a decrease in the size of copper
oxides to values from 1.5 to 5.0 times smaller than those without EBT.

Using the methods of x-ray phase analysis (Fig. 6), we established
that the phase composition of the coating of the CuO—-Ag system after
EBT represents the following phases: Ag, Cu,0, Cu,,0O and Cu. The low-
er copper suboxide Cu,,0 is formed even at room temperature and forms
the thinnest film on the surface of an electroexplosive coating. Howev-
er, with an oxide film thickness >40 nm, diffusion of oxygen to the
copper surface is hindered, and oxidation of the oxide to CuO occurs.
This reaction proceeds quickly at temperatures T' > 300 °C. On the other
hand, EBT provides the melting of the surface layer of the electroexplo-
sive coating of Ag—CuO to the entire coating thickness of 40 um, heat-
ing it to >1000 °C. Partial oxidation of the surface layer of the metal
also occurs when it melts in air, and the Cu,0O oxide formed in this proc-
ess dissolves in the melt. When an electron beam acts on an electric
explosion coating of the CuO—Ag system, the following chemical reac-
tions proceed in parallel:

4Cu + O, — 2Cu,0; 2Cu,0 + 0, — 4Cu0;
4Cu0 — 2Cu,0 + 0,; Cu + CuO — Cu,0.
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Fig. 7. Structure of copper modified by the electric
explosion method and electron-beam processing: a —
surface layer; b, ¢, d — layers located at the distances
of 10 (b), 20 (¢), 35 (d) pm from the modified surface.
See also Fig. 10 in [D.A. Romanov et al., Mater. Res.
Express, 6: 085077 (2019)]; https://doi.org/10.1088/
2053-1591/ab220a

Let us analyse the dependence of the volume fraction of the pha-
ses of the electroexplosive coating of the CuO—Ag system on the power
density of the electron beam (Fig. 6). The initial content of the volume
fraction of the Ag phase at W_= 0.3 MW /cm is 59.75% and is maxi-
mum for this phase (W, is an electron-beam power density). With an
increase in power density to 0.5 MW/cm?2, the volume fraction of
Ag monotonically decreases to its minimum value of 49.99%. Then,
there is an increase in the volume fraction of Ag. The volume frac-
tion of Ag increases to 55% at an electron-beam power density of
0.6 MW /cm?2.

The phase and elemental composition, the state of the defective sub-
structure of the copper sample modified by the electroexplosive method,
were analysed by the transmission electron diffraction microscopy of
thin foils. The performed studies show that in the surface layer with a
thickness of 30 um, a high-speed cellular crystallization structure is
formed, regardless of the distance to the irradiation surface, the char-
acteristic electron-microscopic images of which are shown in Fig. 7,
a—c. The cell size varies from 150 nm to 300 nm. Interlayers, the thick-
ness of which varies as 10—70 nm, separate the cells. A dislocation sub-
structure is revealed in the volume of cells in the form of randomly dist-
ributed dislocations (Fig. 8, a). Scalar dislocation density ~1-10'° cm™2.
In the transition layer, the structure of dendritic crystallization is
revealed.
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Fig. 8. Structure of copper modified by the electric explosion method and electron-
beam processing: a — surface layer; b, ¢, d — layers located at the distances of 10
(b), 20 (¢), 35 (d) um from the modified surface. See also Fig. 11 in [D.A. Romanov
et al., Mater. Res. Express, 6: 085077 (2019)]; https://doi.org/10.1088/2053-1591/
ab220a

Fig. 9. Electron microscopic images of the structure of the surface layer of copper
subjected to EES and EBT: a — STEM-image; b — image of the structure obtained
in the characteristic x-ray emission of Ag atoms. See also Fig. 12 in [D.A. Romanov
et al., Mater. Res. Express, 6: 085077 (2019)]; https://doi.org/10.1088/2053-1591/
ab220a

At a distance of more than 40 pm from the surface of the modifica-
tion, a thermal influence layer is revealed that has a polycrystalline
structure and is a solid solution based on copper.

In the volume of copper grains, a cellular-net dislocation substruc-
ture is observed, a characteristic image of which is shown in Fig. 8, b.
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Fig. 10. Electron microscopic images of the surface layer structure of copper sub-
jected to EES and EBT. The analysed layer is located at a depth of 30 um. Here, a —
conventional transmission electron microscopy (CTEM) image; b — image of the
structure (a), obtained in the characteristic x-ray emission of Ag atoms. See also
Fig. 13 in [D.A. Romanov et al., Mater. Res. Express, 6: 085077 (2019)]; https://
doi.org/10.1088/2053-1591/ab220a

The cell size varies in the range 350-700 nm. The scalar dislocation
density is 0.9 -10'° cm™.

The distribution of silver atoms in the modified copper layer was
studied by x-ray microanalysis of thin foils. The research results are
shown in Figs. 9 and 10. Analysing the results presented in Fig. 6, it
can be concluded that in the structure of high-speed cellular crystalliza-
tion formed in the surface layer, Cu atoms form the cell volume, while
Ag atoms are located mainly along the cell boundaries, forming extend-
ed interlayers (Fig. 9, b).

In the structure of dendroid crystallization, Ag atoms are located
mainly along the borders of dendrites, forming discontinuous lines of
separately located particles (Fig. 10, b). Particle sizes vary from 20 nm
to 30 nm. In the volume of copper grains forming the heat-affected
zone, Ag atoms were not detected by x-ray spectral analysis.

Studies of electroexplosive coatings of the CuO—Ag system after
EBT are confirmed by the results of x-ray diffraction analysis (Fig. 11).

Obtained results suggest that the formation of a multielement mul-
tiphase submicron—nanoscale state in the surface layer will lead to an
increase in the strength (nanoscale hardness) and tribological (wear re-
sistance) properties of copper subjected to EES.
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Fig. 11. Areas of radiographs of copper without coating (a) and after electrical
explosion spraying of coating system CuO—Ag and electron beam processing in diffe-
rent (I-5) modes. The symbols indicate the phases Cu (¢4), Ag (m), Cuy,O (A), and
Cu,0 ()

3.2. Structure of Electroerosion-Resistant
Coatings of ZnO-Ag

The defective substructure of the electroexplosive coating of the ZnO—
Ag system was studied by analysing transverse etched sections (Fig. 12).
It is established that the EES of copper is accompanied by the formation
of a multilayer structure. The thickness of the surface layer (Fig. 12,
a, layer 1) having a submicrocrystalline (150-230 nm) structure
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Fig. 12. The structure of the transverse section of Cu sample subjected to EES: a —
general view of the coating; b — structure formed at the boundary of the coating
with a substrate; ¢ — electron microscopic image of the surface layer structure;
1 — surface layer; 2 — transition layer; 3 — thermal influence layer. See Fig. 3 in
[D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)]; https://doi.
org/10.1016/j.jmrt.2019.09.019

Substrate (Cu)

a b

Fig. 13. The Ag and Cu distribution in the copper electrical contact subjected to the
EES coating of ZnO—Ag: a — general view of the coating with the imposition of
profiles; b — concentration profiles of Ag (curve 1) and Cu (curve 2) atoms. See also
Fig. 4 in [D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)]; https://
doi.org/10.1016/j.jmrt.2019.09.019

(Fig. 12, c¢) varies over a wide range and varies as 30—60 pm. The sur-
face layer is separated from the thermal influence layer by a transition
layer with a thickness of (1.0-1.3) um (Fig. 12, b, layer 2). It should be
noted that the transition layer contains a large number of micropores
(Fig. 12, a, b).

X-ray spectral analysis methods have been used to study the elemen-
tal composition of the modified layer of copper electrical contact. The
research results presented in Fig. 13 indicate that silver is the main
element of the surface layer. In the transition layer, the concentration
of silver atoms decreases rapidly and in the main volume of the copper
electrical contact, silver atoms are detected in a minimal amount.

ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 2 223



D.A. Romanov, V.V. Pochetukha, V.E. Gromov, and K.V. Sosnin

Fig. 14. TEM structure of the EEC of the ZnO-Ag
system: a, b — surface layer, ¢ — transition layer, d —
thermal influence layer. See also Fig. 5 in [D. Ro-
manov et al., J. Mater. Res. Technol., 8, No. 6: 5515
(2019)]; https://doi.org/10.1016/j.jmrt.2019.09.019

Fig. 15. Scanning transmission electron microscopy
(STEM) image of the structure of the EEC of ZnO-Ag
system: a — the analysed area; b—d — images of the
analysed region obtained in the characteristic x-ray
emissions of silver, zinc, and oxygen atoms, respec-
tively. See also Fig. 6 in [D. Romanov et al., J. Mater.
Res. Technol., 8, No. 6: 5515 (2019)]; https://doi.
org/10.1016/j.jmrt.2019.09.019

The phase and elemental composition, the state of the defective sub-
structure of the copper electrical contact subjected of the coating of the
Zn0O-Ag system subjected to EES, were analysed by transmission elec-
tron diffraction microscopy of thin foils. The performed studies show
that in the surface layer with a thickness of up to 60 um, a structure of
high-speed cellular crystallization is formed, regardless of the distance
to the irradiation surface and its characteristic electron microscopic im-
ages are shown in Fig. 14, a, b. The cells have a rounded shape (Fig. 14,
a). The cell size ranges from 150 nm to 400 nm. The cells are separated
by interlayers (Fig. 14, b), the thickness of which varies from 15 nm to
50 nm. A dislocation substructure in the form of randomly distributed
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Fig. 16. STEM image of the structure of the electric
explosion coating of the ZnO—Ag: a — the analysed
area; b—d — images of the analysed region obtained
in the characteristic x-ray emissions of Cu, Ag, and
Zn atoms, respectively. See also Fig. 7 in [D. Romanov
et al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)];
https://doi.org/10.1016/j.jmrt.2019.09.019
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Fig. 17. The coafting struc-
ture of the ZnO—-Ag identi-
fied by atomic force micros-
copy: a — distribution of
the relief unevenness (per-
spective view); b — the po-
sition of the secant (top
view); ¢ — distribution of
roughness along the base
length. See also Fig. 8 in
[D. Romanov et al., J. Ma-
ter. Res. Technol., 8, No. 6:
5515 (2019)]; https://doi.
org/10.1016/j.jmrt.2019.
09.019
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dislocations is revealed in the volume of the cells (Fig. 14, b). Scalar
dislocation density ~2.1 -10'° cm=. The transition layer has a dendritic
crystallization structure from the side of the electroexplosive deposition
layer (Fig. 14, ¢, layer 1) and a plate type structure from the side of the
thermal influence layer (Fig. 14, c, layer 2). The layer of thermal influ-
ence of the copper electrical contact has a grain—subgrain structure
(Fig. 14, d). A dislocation substructure in the form of randomly distrib-
uted dislocations is observed in the volume of copper grains (Fig. 14 d).
The scalar dislocation density is ~1.3 -10!° em2. It should be noted that
the electron microscopic image of the structure of the thermal influ-
ence layer contains a large number of bending extinction contours [69]
(Fig. 14, d), which indicates a high level of torsion curvature of the
material due to internal stress fields [70].

The distribution of silver, zinc, and oxygen atoms in an electric
explosion coating was studied by x-ray microanalysis of thin foils. The
research results are shown in Figs. 15 and 16. Analysing the results
presented in Fig. 15, we can conclude that in the structure of high-
speed cellular crystallization formed in the surface layer, the cell vol-
ume is formed mainly by Ag atoms (Fig. 15, b), Zn atoms (Fig. 15, c)
and oxygen atoms (Fig. 15, d) which are located mainly along the bound-
aries of the cells, forming extended interlayers.

Table 2. Relative content of chemical elements in surface layer
of electroexplosive coating (EEC) of ZnO—Ag (fit factor is 0.1921)*

Element E, keV mass. % Amount Error, % at.%
Ag (L) 2.984 51.83 101179.97 0.01 63.89
Zn (K) 8.630 31.43 33371.70 0.01 22.82
0 (K) 0.525 16.74 18340.04 0.26 13.29
Total — 100.00 — — 100.00

* See also Table 1 in [D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515

(2019)]; https://doi.org/10.1016/j.jmrt.2019.09.019

Table 3. Relative content of chemical elements in transition layer
of Cu modified via electrical explosion method*

Element E, keV Mass. % Amount Error, % At.%
Cu (K) 8.040 86.84 179363 0.00 91.4
Ag (L) 2.984 8.6 9663.6 0.01 5.33
Zn (K) 3.443 4.28 4812.1 0.01 2.41
0 (K) 0.525 0.28 595 0.61 0.86
Total — 100 — — 100

* See also Table 2 in [D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515

(2019)]; https://doi.org/10.1016/j.jmrt.2019.09.019
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Fig. 18. Structure at the
boundary of the ZnO-Ag
coating with a Cu sub-
strate identified by atomic
force microscopy: a — dis-
tribution of the relief un-
evenness (perspective view);
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The relative content of atoms forming the surface layer of the
sprayed electroexplosive coating is given in Table 2. Analysing the re-
sults in Table 2, one can note that the main elements of the surface
layer are silver, zinc, and oxygen, which is to be expected.

In the structure of the transition layer (layer with dendroid crystal-
lization), silver and zinc atoms are located mainly along the boundaries
of dendrites (Fig. 16, c, d). In the volume of copper grains that form the
heat-affected zone, silver and zinc atoms are detected in small quanti-
ties by x-ray spectral analysis methods.

The relative content of atoms forming the transition layer of the
electroexplosive coating of the ZnO—-Ag system is shown in Table 3. It
can be noted that the concentration of silver and zinc atoms in the tran-
sition layer is significantly lower than in the surface layer, which is in
a good agreement with the results of x-ray spectral analysis obtained by
scanning electron microscopy (Fig. 13).
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Fig. 19. SEM image of the structure of the EEC of the ZnO-Ag after the EBT:
1 — surface layer obtained by two-stage processing of EES + EBT; 2 — layer of
EEC unaffected by EBT; dashed line — boundary between layers 1, 2; arrow —
boundary of the electroexplosive coating with Cu substrate. See also Fig. 1 in
[D.A. Romanov et al., AIP Conf. Proc., 2167, No. 1: 020295]; https://doi.org/
10.1063/1.5132162

Fig. 20. Electron microscopic image of the structure
of the EEC of ZnO—-Ag: a, b — bright-field images; c,
d — images obtained in characteristic x-ray radiation
of Ag, Zn atoms, respectively. See Fig. 2 in [D.A.
Romanov et al., AIP Conf. Proc., 2167, No. 1: 020295];
https://doi.org/10.1063/1.5132162

By atomic force microscopy, individual ZnO particles of various
shapes with a size of 10—15 nm were randomly located in a silver matrix
(Fig. 17, a). Spherical Zn particles 2—5 nm in size were also found. The
fractions of the silver matrix, large and small particles of ZnO in the
coating are estimated at 60, 15, and 25% . The unevenness of the coat-
ing profile was 550.6 nm, and the cavities were 300.5 nm deep. At the
coating/substrate interface on the coating side, there are surface peri-
odic structures with an average period of 3 nm (Fig. 18).

As a result of the combined treatment, including the EES of the
ZnO—Ag system coating and its subsequent EBT, a coating is formed in
which four layers are distinguished, which differ in the state of the
structure. These are the following layers: the surface layer obtained by
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Fig. 21. Electron microscopic image of the structure of the cellular crystallization
of the EEC of ZnO—-Ag: a, b — bright-field images; ¢ — microelectron diffraction
pattern; d-f — dark-field images obtained in the reflections of [111] Ag (d),
[110] ZnO (e), [0 16 2] Ag,Zn, (f); arrows (c) indicate reflexes in which dark-field
images I (d), 2 (e), 3 (f) were obtained. See Fig. 3 in [D.A. Romanov et al., AIP Conf.
Proc., 2167, No. 1: 020295]; https://doi.org/10.1063/1.5132162

two-stage processing of EES + EBT (layer 1 in Fig. 19); the boundary
between the surface layer of EES + EBT and the layer of EES not af-
fected by EBT (indicated by a dashed line in Fig. 19); a layer of electro-
explosive coating not affected by EBT (layer 2 in Fig. 19) and the bound-
ary of the electroexplosive coating with a copper substrate (indicated by
the arrow in Fig. 19).

Let us consider the structure of each of the layers of the electroex-
plosive coating of the ZnO—Ag system after EBT.

The surface layer obtained by two-stage processing of EES + EBT
(layer I in Fig. 19). Studies performed by transmission electron diffrac-
tion microscopy of thin foils showed that the surface layer obtained by
two-stage processing of the EES + EBT of the ZnO—Ag system at a dis-
tance of 15 um from the surface has the structure of high-speed cel-
lular crystallization (Fig. 20 a). The cells have a rounded shape. The cell
size varies from 170 nm to 300 nm. The cells are separated by inter-
layers of the second phase (Fig. 20, b). The transverse dimensions of
the interlayers vary from 35 nm to 73 nm. Using x-ray microspectral
analysis, it was found that the volume of the cells is enriched with
silver atoms (Fig. 20, c¢); the layers are enriched with zinc atoms
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Fig. 23. Electron microscopic image of the structure at the inter-
face between the surface layer of EES + EBT and the layer of EES
not affected by EBT: a — bright field image; b — image obtained
in the characteristic x-ray radiation of Ag atoms

(Fig. 20, d). The relative silver (zinc) atom content of the foil portion is
55.1 (30.6) at.%.

Figure 21 shows the results of a phase analysis of the structure of
cellular crystallization of an electroexplosive coating. Analysis of the
microelectron diffraction pattern (Fig. 21, c) obtained from the foil plot,
the image of which is shown in (Fig. 25, a), allowed to reveal reflections
of silver, zinc, zinc compounds with oxygen. Reflexes of the detected
phases are located on the microelectron diffraction pattern (Fig. 21, ¢)
close to each other, which does not allow us to identify confidently the
phase arrangement in dark-field images. It can only be noted, based on
the results of x-ray microspectral analysis (Fig. 20), that the crystalli-
zation cells formed by the silver-based solid solution contain nanosize
(=20 nm) particles of the second phases. The cells are separated by ex-
tended interlayers, which also have a nanostructured structure and are
formed by phases based on zinc and oxygen (Fig. 20, b).
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Fig. 24. Electron-microscopic image of the structure
at the interface between the surface layer of EES +
+ EBT and the layer of EES not affected by EBT.
Here, a — bright field image; b, ¢ — dark-field im-
ages obtained in reflexes of [022] Ag (reflex 1 on the
microelectron diffraction pattern) and [220] ZnO (re-
flex 2 on the microelectron diffraction pattern); d —
microelectron diffraction pattern for a

The method of x-ray diffraction analysis was used to study the crystal
lattice parameters and the values of coherent scattering (CSR) regions
of phases formed in the surface layer obtained by two-stage processing
EES + EBT (layer 1 in Fig. 19). Let us analyse the dependence of the
volume fraction of the phases of the electric explosive coating of the
ZnO—Ag system on the power density of the electron beam (Fig. 22). The
phase composition of this layer consists of the following phases: Ag,
ZnO, Cu, CuZn, Ag,Zn,, Cu,0, Ag,0, Cu,4,2Zn, ., and AgZn.

The initial value of the volume fraction of Ag (Fig. 22, m is the blue
marker) is 19.16% and is the smallest at 0.3 MW /cm?2. With an increase
in power density, the volume fraction increases to a maximum value of
85.97% at 0.45 MW /cm?. After, the volume fraction of Ag decreases to
a final value of 21.98% at 0.6 MW /cm?.

The boundary between the surface layer of EES + EBT and the layer
of EES not affected by EBT (indicated by a dashed line in Fig. 19). The
region of the material located at the interface between the surface layer
of EES + EBT and the EES layer not affected by EBT has a lamellar
structure formed by silver plates separated by zinc interlayers. This is
evidenced by the results of x-ray microspectral analysis, presented in
Fig. 23. The silver concentration of this portion of the foil is 90.5 wt.%
(92.9 at.%); zinc — 5.4 wt.% (3.3 at.%).

The results obtained by x-ray spectral analysis were confirmed by
microdiffraction electron microscopic examination of the structure of
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Fig. 25. CTEM images for the structure of the electroexplosive coating of the ZnO—-Ag
system: a — crystallization cells; b — the transition region from the layer of electro-
explosive coating, not affected by EBT in the volume of the copper electrical contact

Element E, keV Mass, % Counts Error, % Atom, %
Ag (L) 2.984 41.33 110668.01 0.01 55.14
Zn (K) 8.63 38.97 56755.73 0.01 30.63
0O (K) 0.525 1.41 8254.66 0.03 13.86
Cu (K) 8.04 0.29 713.41 0.34 0.37
Total 100 100

Fig. 26. Images of the structure of the electric explosion coating of the ZnO-Ag
system. The table shows the elemental composition in the sample. Here, a—¢ — images
obtained in the characteristic x-ray emissions of Ag, Zn, and O atoms, respectively

the foils. The results presented in Fig. 24 show that ZnO particles are
located both at the interfaces of silver plates and in the volume of silver
plates. In the first case, the particles have sizes of 60—80 nm, and in the
second, of 10—20 nm.
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Fig. 27. Electron microscopic image of the structure
of ZnO—Ag electroexplosive coating layer not affected
by EBT. Here, a — bright field image; b — microelec-
tron diffraction pattern; ¢, d — dark-field images
obtained in reflexes of [022] Ag (reflex I on the mi-
croelectron diffraction pattern) and [111]ZnO (reflex
2 on the microelectron diffraction pattern)

The layer of electroexplosive coating not affected by EBT (layer 2 in
Fig. 19). By means of transmission electron microscopy, it was found
that the ZnO—-Ag electroexplosive coating not affected by EBT obtained
at the copper electrical contact has the structure of high-speed cellular
crystallization (Fig. 25, a). The cells have a rounded shape. The cell
sizes vary from 250 nm to 380 nm.

Using x-ray microanalysis of thin foils, the relative content of zinc
atoms in the volume of a layer with a cellular substructure is 22.8 at.%;
oxygen atoms 10.2 at.% . The cell volume is enriched with silver atoms,
zinc atoms are arranged in the form of interlayers separating crystalli-
zation cells, oxygen atoms are distributed almost uniformly in the vol-
ume of the studied layer (Fig. 26).

A characteristic image of the structure of cellular crystallization of
an electric blasting layer not affected by EBT, revealed by bright-field
and dark-field methods, is shown in Fig. 27.

The analysis of the microelectron diffraction pattern (Fig. 27, a)
obtained from the foil plot shown in Fig. 27, a, allows us to conclude
that the cells are formed by a silver-based solid solution (Fig. 27, c);
interlayers of the second phase separating silver cells are formed by the
ZnO phase. The dark-field images shown in Fig. 27, ¢, d indicate that
ZnO phase particles are present in the cell volume. Particles have a
rounded shape, particle sizes vary from 5 nm to 10 nm.

The boundary of the electroexplosive coating with a copper sub-
strate (indicated by the arrow in Fig. 19). In the zone of contact of the
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Fig. 28. Electron-microscopic image of the structure
of the material located on the border of the electroex-
plosive coating with a copper substrate. Here, a —
bright field image; b — microelectron diffraction pat-
tern; ¢ and d — dark-field images obtained in the re-
flections of [111]Cu (¢) and [111] Ag (d); the arrows
(c¢) indicate reflexes in which dark-field images 1 (c)
and 2 (d) were obtained

electroexplosive coating with the volume of the copper electrical con-
tact, the structure of cellular crystallization transforms into a dendrit-
ic structure (Fig. 27, b). The relative content of zinc (oxygen) atoms
averages 5.3 at.% (2.9 at.%).

An electron microscopic image of the structure of the material lo-
cated on the boundary of the electric explosion coating with the copper
substrate is shown in Fig. 28.

Analysing the results presented in Fig. 28, a, it can be noted that
two morphologically distinguishable types of particles of the second
phase are present in the grains of a solid solution based on copper.
Firstly, lamellar (globular) particles that form lines. The sizes of such
particles are 80 x 100 nm. Secondly, round-shaped particles located ran-
domly in the volume of copper grain (Fig. 28, d). Particle sizes vary
within the range of 5—10 nm. It can be assumed that lamellar (globular)
particles are Ag.Zng, and round particles are silver.

3.3. Properties of Electroerosion-Resistant
Coatings of CuO-Ag and ZnO-Ag

Investigations of electroexplosive coatings of the ZnO—Ag system after
EBT are confirmed by the results of x-ray diffraction analysis (Fig. 29).

Tests for wear resistance showed that the EES of the copper coating
of the CuO—Ag system is accompanied by an increase in the wear resist-
ance of the modified layer by ~3.3 times; the friction coefficient en-
hances by ~1.4 times. The mechanical properties of the modified copper
layer were characterized by nanohardness and Young’s modulus. They
were determined on transverse sections, indenting along a straight line
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parallel to the surface of the modification at a distance of 15 um from
the surface of the treatment. The test results presented in Fig. 30
show that the nanohardness of the coating layer varies from 280 MPa to
2290 MPa with an average hardness of 866.5 MPa (curve I in Fig. 30),
which is more than 2 times the microhardness of annealed copper [71].
Young’s modulus varies from 24.3 GPa to 71.7 GPa with an average
modulus of 49.6 GPa (curve 2 in Fig. 30). Note that the Young’s modu-
lus of annealed copper varies in the range (110-130) GPa [71].

Let us analyse the dependence of the contact resistance (R) on the
number of on/off cycles (N) when testing the coatings of the CuO-Ag
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Fig. 30. Dependence of nanohardness (curve 1) and Young’s modulus (curve 2) of the
electric explosive coating of CuO—Ag system on the indenter position on a line located
at a depth of =15 um from the surface. See also Fig. 9 in [D.A. Romanov et al.,
Mater. Res. Express, 6: 085077 (2019)]; https://doi.org/10.1088,/2053-1591/ab220a

system for electrical erosion resistance under conditions of arc erosion
(Fig. 31). At the beginning of the experiment, the value of R contacts is
11, 7.5, and 9.5 nOhm for phases L,, L,, and L,, respectively. After the
first on/off cycles are completed, the R begins to decrease from the ini-
tial linearly dependent values to new ones. They are as follow: for phase
L,, the value of R is 6.3 pOhm at N = 3059; for phase L,, the value of R
is 7 uOhm at N = 2956 and is the smallest among all phases; for phase
L,, the value of Ris 5.4 pOhm at N = 3211. A gradual decrease in R with
a change in N from 0 to 3211 indicates that the contacts are gradually
burned in at this test site, as a result of which a stable surface rough-
ness is created. In the next section of the curve, with an increase in N,
R increases to the maximum values: for phase L,, the value of R =
=15.6 pOhm at N = 5015; for phase L,, the value of R = 13.3 nOhm at
N = 5123 and is the smallest; for phase L,, the value R = 14.3 pnOhm at
N = 4967. This indicates that at the present stage of the experiment,
intense evaporation of the low-melting silver matrix begins under the
influence of an electric arc. The contact surface is enriched with parti-
cles of CuO powder, which has a lower electrical conductivity (1078 S/m)
compared to silver (62.5 MS/m) [67]. For this reason, the contact resist-
ance in this section of the graph increases. When the maximum values
of R are reached in all three phases with a further increase in N, the
electrical resistance decreases again. This is because at N ~ 5000, due to
the evaporation of silver, the contact surface is enriched to the maxi-
mum with refractory CuO particles with low electrical conductivity.
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Fig. 31. The characteristic dependence of contact resistance (R) on the number of
on/off cycles (N) when testing electric explosive coatings of the CuO—Ag system for
electrical discharge resistance under conditions of arc erosion. See also Fig. 4 in
Ref. [60]

Upon reaching N ~ 5000, the mechanical accumulation of CuO particles
on the contact surface occurs. As a result of this, the electrical resist-
ance decreases again, namely, for phases L, and L,, the values of R are
of 6.2 pOhm at N = 6023 and of 4 uOhm at N = 5983, respectively. For
L,, the value of R=5.7 uOhm at N = 6122. The tests performed showed
that the formed coatings of the CuO—Ag system satisfy the starter test-
ing for switching wear resistance [72].

Thus, the increase in electrical resistance during tests of the elec-
tric blasting coatings of the CuO—Ag system for switching wear resist-
ance is caused by the evaporation of the low-melting silver matrix under
the influence of an electric arc and the enrichment of the coating sur-
face with CuO particles. The electrical contacts hardened by electric
blasting coatings of the CuO—Ag system are capable of mechanically
cleaning the surface of CuO particles. The formed coatings of the CuO—
Ag system satisfy the starter testing for switching wear resistance.
Tests for electrical discharge resistance (Fig. 32) of coatings of the
CuO-Ag system after EBT showed that the destruction of the coating
occurs after 3000 cycles of on/off. This is 2 times less in comparison
with the electric explosive coatings of the CuO—-Ag system obtained in
[68]. However, for low-current electrical contacts, these values are ac-
ceptable [72]. Electrical resistance (Fig. 32, a) during accelerated tests
for electrical discharge resistance is in the range from 5.8 to 18 pOhm,
which is also acceptable for low-current electrical contacts.

In the process of testing the coatings, the influence of high tem-
peratures leads to the melting of their surface and the formation of a
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Fig. 32. The characteristic dependence of contact resistance (R) on the number of
on/off cycles (V) when testing electric explosive coatings of the CuO—Ag system for
electrical discharge resistance under conditions of arc erosion. See also Fig. 4 in
Ref. [60]

relief on it with a rough morphology (Fig. 32, b—d). With increasing N,
the number and size of craters resulting from the action of an electric
arc on the coating surface increases. Moreover, silver, having a lower
melting point, evaporates and copper oxides with a high melting point
remain the main ones in the coating. The refractory component (copper
oxides) forms a continuous matrix with silver particles measuring about
a few micrometers. In local areas, degradation of the coating is observed
up to the material of the copper substrate (Fig. 32, e). Probably, the
refractory component plays the role of reducing the evaporation of low-
melting silver during the test process.

The results of the tests showed that the hardness of the electroexplo-
sive coating of the ZnO—-Ag system varies from 750 MPa to 2250 MPa

238 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 2



Structure and Properties of Electroerosion-Resistant Coatings on Copper

0
1
b
0.1 1 1 Il L
a
1
. /jw
0 400 800 1200 1600 2000
b

Fig. 33. Friction coefficient of the electroexplosive coating of the ZnO—Ag system
vs. the time of tribological tests: a — sample without coating; b — coated sample.
See also Fig. 1 in [D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)];
https://doi.org/10.1016/j.jmrt.2019.09.019
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Fig. 34. The characteristic dependence of contact resistance (R) on the number of
on/off cycles (N) when testing electric explosive coatings of the ZnO—Ag system for
electrical discharge resistance under conditions of arc erosion. See also Fig. 2 in
[D. Romanov et al., J. Mater. Res. Technol., 8, No. 6: 5515 (2019)]; https://doi.org/
10.1016/j.jmrt.2019.09.019

with an average hardness of 1600 MPa, which is 3.8 times higher than
the microhardness of annealed copper [71].

The Young’s modulus of electroexplosive coating varies from 56.1 GPa
to 89.0 GPa with an average modulus of 75.1 GPa. Note that the Young’s
modulus of annealed copper varies in the range of (110-130) GPa; the
Young’s modulus of silver is of 80 GPa [71].

The EES of the copper coating of the ZnO—-Ag system is accompa-
nied by a slight (1.1 times) increase in the wear resistance of the modi-
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fied layer; the friction coefficient increases by ~1.3 times. Noteworthy
is the change in the friction coefficient in the process of tribological
testing (Fig. 33). Namely, at the initial stage of testing, the friction
coefficient of the modified surface (Fig. 33, b) is significantly lower
than the friction coefficient of the initial copper (Fig. 33, a). The latter
may indicate that the hardened layer is thin and quickly loses its wear-
resistant properties.

Now, let us analyse the dependence of contact resistance (R) on the
number of on/off cycles (V) when testing the coatings of the ZnO— Ag
system for electrical discharge resistance under conditions of arc ero-
sion (Fig. 34). The initial resistance values for phases L,, L,, L, are of
5.6, 3.2, 5 yOhm with the number of on/off cycles of 134, 152, 213,
respectively. Subsequently, the resistance function increases. For phase
L,, the resistance increases from 5.6 pyOhm to 9.2 pQ with the number
of on/off cycles from 134 to 2178. For phase L,, the resistance increas-
es from 3.2 ptOhm to 6 pOhm with the number of on/off cycles from 152
to 2134. For phase L,, the resistance increases from 5 to 8.2 nOhm with
the number of on/off cycles from 213 to 1883. After that, the resistance
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decreases. For phase L,, the resistance decreases to 6.3 pOhm with the
number of cycles 3002 times. For phase L,, the resistance decreases to
5.4 pOhm with the number of cycles 3145 times. For phase L,, the re-
sistance decreases to 7 uQ with the number of cycles 3211 times. Then
the resistance index rises again and reaches its maximum value. For
phase L,, the resistance increases to 14.1 pOhm with the number of cy-
cles 3990 times. For phase L,, the resistance increases to 12 uQ with the
number of cycles 4123 times. For phase L,, the resistance increases to
13 pQu with the number of cycles 4207 times. This indicates that at the
present stage of the experiment, intensive evaporation of the fusible
silver matrix begins under the influence of an electric arc. The contact
surface is enriched with particles of ZnO powder, which has a lower
electrical conductivity (10® S/m) compared to silver (62.5 MS/m) [67].
For this reason, the contact resistance in this section of the graph in-
creases. At the end of the test, the resistance decreases again. For phase
L,, the resistance decreases to 6.3 pOhm with the number of cycles 5997
times. For phase L,, the resistance decreases to 4 fOhm with the number
of cycles 5983 times. For phase L,, the resistance decreases to 5.7 nOhm
with the number of cycles 6123 times. At the end of the test, the resist-
ance values for phases L,, L,, L, are 6.3, 4, 5.7 with the number of on/
off cycles 5997, 5983, 6123, respectively. The tests showed that the
formed coatings of the ZnO—Ag system satisfy the testing of starters
for switching wear resistance [72].

The increase in electrical resistance during testing of ZnO—Ag sys-
tem electroexplosive coatings for switching wear resistance is caused by
evaporation of a low-melting silver matrix under the influence of an
electric arc and enrichment of the coating surface with ZnO particles.
Electrical contacts hardened by ZnO—Ag electroexplosive coatings are
capable of mechanically cleaning the surface of ZnO particles. The
formed coatings of the ZnO—Ag system satisfy the starter testing for
switching wear resistance.

Tests for electroerosive resistance (Fig. 35) of ZnO—Ag system coat-
ings after EBT showed that the destruction of the EBT coating layer
occurs after 3000 on/off cycles. This is 2 times less in comparison with
the electric explosive coatings of the CuO—-Ag system obtained in Ref.
[68]. However, for low-current electrical contacts, these values are ac-
ceptable [72]. Electrical resistance (Fig. 35) during accelerated electro-
erosion tests is in the range from 6.2 to 17 pOhm, which is also accep-
table for low-current electrical contacts.

Contacts of any type (grade) should ensure not only long-term op-
eration without unacceptable overheating under normal conditions, but
also the required thermal and electrodynamic resistance in the short
circuit mode. Movable breakable contacts should also not be destroyed
by the high temperature of the electric arc, which is formed when they
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open, and reliably close without welding and fusion when turned on for
a short circuit. The operation of these electrical contacts consists of 4 sta-
ges: open state, short circuit, closed state and open, each of which affects
the reliability of contacting. In the open state, the external medium acts
on the electrical contact and, as a result, films form on their surface. In
the closed state, when the contacts are pressed against each other and
current flows through them, they heat up and deform; under some con-
ditions, if the contacts overheat, welding may occur. When the contacts
are closed and opened, then, bridging or discharge phenomena occur,
accompanied by evaporation and transfer of the contact metal, which
changes its surface. In addition, mechanical wear of the contacts as a
result of impacts and sliding against each other is possible. All of the
above requirements are met when testing the obtained coatings of the
Zn0O—-Ag system (Fig. 35).

The test results presented in Fig. 36 (curve 1) show that the nano-
hardness of the coating layer varies from 750 to 2250 MPa with an av-
erage hardness of 1600 MPa, which is more than 3.8 times the micro-
hardness of annealed copper [72]. Young’s modulus varies from 56.1 to
89.0 GPa with an average modulus of 75.1 GPa (Fig. 36, curve 2). Note
that the Young’s modulus of annealed copper varies in the range of
(110-130) GPa, while the silver Young’s modulus is 80 GPa [72].

4. Conclusions

The EES of the surface of a copper sample coated with a CuO—-Ag system
and subsequent EBT lead to an increase in the wear resistance of the
modified layer by ~3.3 times; the friction coefficient increases by ~1.4
times. It was found that the microhardness of the formed coating is
more than 2 times greater than the microhardness of annealed copper.

Combined processing is accompanied by the formation of a multi-
layer structure up to 40 microns thick. It was found that in the surface
layer with a thickness of 30 um, a high-speed cellular crystallization
structure is formed, regardless of the distance to the surface of the
modification. The cell size varies from 150 nm to 300 nm. The cells are
separated by interlayers of the second phase, the thickness of which var-
ies from 10 nm to 70 nm. Using x-ray microspectral analysis, it was
found that the bulk of cells is formed by copper atoms; silver atoms are
located mainly in the interlayers along the cell boundaries.

The impact of the electron beam leads to the decomposition of cop-
per monoxide CuO, which leads to the formation of oxides Cu,O, Cu,,O.
Copper oxides with sizes from 0.1 to 0.2 microns are located in the sil-
ver matrix of the electroexplosive coating. Changes in the parameters of
the crystal lattice and coherent scattering regions of the phases formed
in the coating depend on changes in the physicochemical parameters of
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the crystalline substance and the specific energy of its crystal lattice
caused by the action of an electron beam.

The EES of the surface of a copper sample coated with a ZnO-Ag
system and subsequent EBT lead to an increase in the wear resistance of
the modified layer by ~1.1 times; the friction coefficient increases by
~1.3 times. It was established that the nanosolid hardness of the sprayed
coating is 3.8 times greater than the hardness of annealed copper. The
Young’s modulus of the coating is 75.1 MPa, and the nanohardness is
1600 MPa.

It was revealed that the EES of a copper sample is accompanied by
the formation of a multilayer structure up to 60 um thick. In the sur-
face layer, a structure of high-speed cellular crystallization is formed,
regardless of the distance to the surface of the modification. Cell size
ranges from 150 nm to 400 nm. The cells are separated by interlayers
of the second phase, the thickness of which varies from 15 nm to 50 nm.
It is shown that the transition layer has a dendritic crystallization struc-
ture on the surface layer side and a plate type structure on the side of
the thermal influence layer. Using x-ray microspectral analysis, it was
found that the volume of the cells of the surface layer structure is en-
riched with silver atoms, zinc and oxygen atoms are located mainly in
the interlayers along the cell boundaries.

The combined treatment, including electroexplosive deposition of
the coating of the ZnO—-Ag system and its subsequent electron- beam
treatment, leads to the formation of a multilayer coating consisting of
four layers. These are the following layers: (1) a surface layer obtained
by two-stage processing of EES + EBT; (2) the boundary between the
surface layer of EES + EBT and the layer of EES not affected by EBT;
(3) a layer of electroexplosive coating not affected by EBT; (4) the
boundary of the electroexplosive coating with a copper substrate.

High-speed crystallization of the surface layer obtained by two- stage
processing of EES + EBT is accompanied by the formation of a submi-
cron net structure. The cell volume is formed by a silver-based solid
solution. The ZnO phase is detected in the form of thin (35-73 nm) lay-
ers separating silver cells, as well as in the form of nanoscale (5—10 nm)
particles located in the volume of silver cells. This layer has a high-
speed cellular crystallization structure with a net size of (250—380) nm.
The cell volume is enriched with silver atoms, zinc atoms are located
mainly in the interlayers separating crystallization cells, oxygen atoms
are distributed almost uniformly in the volume of the studied layer.
Reflections of silver and ZnO and Ag.Zn, compounds were revealed. It
was established that crystallization cells formed by a silver-based solid
solution contain nanosize (20 nm) particles of the second phases. The
cells are separated by extended interlayers, which also have a nanos-
tructured structure and are formed by phases based on silver and zinc.
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By the method of x-ray diffraction analysis, it was revealed that the
phase composition of this layer is formed by the phases Ag, ZnO, Cu,
CuZn, Ag.Zn,, Cu,0, Ag,0, Cu,4,Zn,,,, and AgZn. The percentage of
phases varies depending on the processing regime of the electron beam.

In the region of the interface between the surface layer of EES +
+ EBT and the EES layer not affected by EBT, a plate-like structure is
formed, particles of zinc monoxide in which are located mainly along
the boundaries of silver plates.

The layer of electroexplosive coating, not affected by EBT, is formed
by layers of zinc monoxide separating silver cells, which were formed as
a result of high-speed crystallization of the melt by eutectic reaction;
zinc monoxide particles located in the volume of silver cells formed as a
result of decomposition of a solid solution of zinc monoxide in silver
upon cooling of the material from the eutectic transformation tempera-
ture to room temperature.

The boundary of the electroexplosive coating with a copper sub-
strate is formed by grains of a solid solution based on copper. Silver
particles and Ag.Zn, compounds were detected in the volume of grains.

Typical sizes of the first and second hierarchical levels of the struc-
ture were established, which under the used spraying conditions ranged
from 2 to 5 nm and from 10 to 15 nm, respectively. A mechanism is
proposed for the formation of hierarchical levels of the structure of
electric explosive coatings of the CuO—Ag and ZnO—-Ag systems. At the
coating/substrate interface, surface periodic structures with a wave-
length of 3 nm on average were detected. They represent the residual
surface nanorelief that arose after the end of the action of a pulsed
plasma jet of electrical explosion products of conductors on the sub-
strate and cooling of the surface.

Formed electroexplosive coatings of the CuO-Ag and ZnO—-Ag sys-
tems after EBT satisfy the requirements for testing starters for switching
wear resistance of high-current and low-current electrical contacts. The
uses of such coatings can double the life of copper electrical contacts.
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H.A. Pomanos, B.B. IIovemyxa, B.€. I'pomos, K.B. Cocrin
CubipcbKuil mepsKaBHUIN iHAyCTpiaJdbHUN yHiBEpCHUTET,
ByJs. Kiposa, 42, 654007 HoBokysHenbk, Pociticbka Penepariia

OYHIAMEHTAJIBHI TOCJHIIMKEHHS CTPYKTYPU
TA BJIACTUBOCTEN EJIEKTPOEPOS3IMHOCTIMKUX ITOKPUTTIB HA MIII

Ha mosepxui mini omep:kamo ejeKTpoeposifiHoctiiiki moxputta cucrtem CuO-Ag i
ZnO—Ag. ®opmyBaHHS MOKPUTTIB OyJIO CIPUYMHEHO OOPOOGJIEHHAM IOBEpXHi Mimi
IJIa3MOI0, YTBOPEHOIO NIPU eJeKTPUUYHOMY BUOYXy @oJrii cpibia 3 cycmeHZOBaHUM
3pa3KoOM OKcuAy Mifi abo oxcuay muHKY. Ilicasa eleKTpOmifpMBHOTO HAIIOPOIIEHHS
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0yJI0 BUKOHAHO €JIEKTPOHHO-IIYYKOBe 00pO0IeHHA MOKPUTTiB. [locaia:xeHo HAHOTBED-
micts, momyab IOHTa, 3HOCOCTIHiKicTh, KoedilieHT TepTa i1 eJeKTpPoeposiiiHy cTiii-
KicTh yTBOpeHUX HMOKPUTTIB. Bei mocaimskeHi BIacTUBOCTI MEePEBUIYIOTH BJIACTUBOCTL
Migi. BuKoHaHO HOCHiIKEeHHA eJIeKTPONiIAPUBHUX MMOKPUTTIB METOLaMU CKaHYBaJIbHOL
eJIEKTPOHHOI MiKPOCKOIIii, IIPOCBITIIOBAJIbHOI €JIeKTPOHHOI MiKPOCKOIIii I aTOMHO-
cuaoBoi Mikpockomii. JlocArHEHHA BUCOKOTO PiBHA €KCILIyaTalliiHUX BJIACTHUBOCTEH
€JEeKTPOIMiAPUBHUX TTOKPUTTIB YMOKJINBUIOCA 3aBAAKU IXHBOMY HAHOCTPYKTYDPYBaH-
HI0. CTPYKTYypy HOKPUTTA YTBOPEHO KOMipKaMm! BHCOKOIIBHIKiCHOI Kpucrasisarii.
Poswmip kKomipok sminioerbcsa y mesxkax Bim 150 am mo 400 mm. Komipxu posmine-
HO TpolIapKaMu Apyroi ¢asw, TOBIIMHA KOTPUX BMiHIOETBCA y Mexkax 15—50 HM.
MeTomoM aTOMHO-CHJIOBOI MiKpocKomii BusaBieHO okpemi uactumakum ZnO at6o CuO
pisHoi dopmu posmipom y 10—-15 HM, XaOTHUHO pPO3TAIllOBaHi y cpibHiii MaTpwuii, a
TakoX chepruni yactuHKu ZnO ab6o CuO posmipom y 2-5 HM. 3arajbHa TOBIIVHA
moKpuTTiB cKgagae 60 mrm. IIpoBemeHuit KOMILIEKC AOCIiJKeHL Ja€ 3MOTY PEKO-
MEeHJYBaTU KOMILJIeKCHe OOPOOJIeHHA IS 3MIiITHEeHHS MiZHUX KOHTAKTiB IepeMUKadiB

MOTY)KHUX €JIEKTPUUYHUX MEpPex.

Karouosi ciaoBa: kommosutHe moKputTs, CuO—-Ag, ZnO—-Ag, MigHI KOHTaKTHI ApPOTH,
€JIeKTPOHHO-IIYYKOBEe O0POOJIEHHSA, eJeKTPOIlipUBHE HAIOPOIIEHHS, eposiiiHa CTii-
KicTh, HAHOCTPYKTYPYBaHHS.
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