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PROSPECTS FOR THE APPLICATION OF SURFACE
TREATMENT OF ALLOYS BY ELECTRON BEAMS
IN STATE-OF-THE-ART TECHNOLOGIES

Recent papers on the application of intense pulsed electron beams for surface treat-
ment of metals, alloys, metalloceramic and ceramic materials are reviewed. The
advantages of pulsed electron beam application as compared with laser beams, plas-
ma flows, ion beams are mentioned. Promising trends of the electron-beam process-
ing application are analysed: (1) the surface smoothing, the elimination of surface
microcracks with simultaneous change in structural-phase state of the surface layer
for creating the high production technologies of finishing treatment of critical
metal products of intricate shape from Ti—-6Al1-4V alloy and titanium, steels of dif-
ferent classes, WC-10 wt.% Co hard alloy, aluminium; (2) the removal of micro-
burrs being formed in manufacturing of precision moulds (SKD11 steel) and bio-
medical materials (Ti—-6Al-4V alloy); (3) the finishing surface treatment of moulds
and dies; (4) the improvement of functional properties of metallic biomaterials:
stainless steel, titanium and its alloys, the titanium-nickelide-based alloys possess-
ing the shape memory effect, magnesium alloys; (5) the treatment of medical mate-
rials and implants; (6) the formation of surface alloys for powerful electrodynamic
systems; (7) the improvement of characteristics of aircraft engine and compressor
blades; (8) the formation of thermobarrier coatings being applied to combustion-
chamber surface; (9) the increase in fatigue service life of steels and alloys; (10) the
hardening of rails’ tread surface. As shown, at a correct selection of process parame-
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ters, such as (i) accelerating voltage, (ii) energy density of electron beam, (iii) pulse
number, and (iv) pulse length, it is possible to control thoroughly and/or to ma-
nipulate the characteristics of structural-phase state and properties of surface. As
noted, the important factor for improvement of the material properties and service
duration of devices manufactured from it, there is the modification of structure in
order to form a submicro- and nanosize grain (or subgrain) structure.

Keywords: electron-beam processing, surface modification, alloys, prospects for ap-
plication, nanosize structure.

1. Infroduction

In the modern conditions of machines and structures’ operation, the
problems of increase in material strength, service life, survivability and
durability are the main ones. The most critical and unique products,
machines and structures are operated in the regimes of cyclic deforma-
tion determining the failure even at negligible loads. Their role raises
especially for modern highly loaded critical products subjected to cyclic
load effect.

One of the promising and approved methods of structural-phase sta-
tes’ modification on surface layers of metals and alloys is electron-beam
processing. The application of electron beams as a tool for modification
of metal and alloy surface results in the substantial change of struc-
tural and phase state of surface layers and, as a consequence, in the
increase of corrosion-, wear- and microhardness resistance and fatigue
durability unachievable in conventional methods of surface treatment.

Advances in the field of generation of electron beams of pulsed and
continuous action [1-3], the development and mastering the corres-
ponding equipment [4-8], the numerous studies carried out in the field
of material science of metals and alloys, metalloceramic and ceramic
materials processed by electron beams [5, 7, 8-16] prepared the fun-
damentals of application of such energy sources in various fields of
industry, building industry, and medicine [5, 6, 17, 18]. These direc-
tions continue to be developed actively as evidenced by numerous papers
[19-21] where it is stated that electron-beam processing is beyond
doubt a promising technology having no alternative in a number of
cases nowadays.

Currently, the following perspective directions of the application of
electron-beam processing of metals and alloys, metal ceramic materials
by pulsed electron beam are revealed:

e the surface smoothing, the elimination of surface microcracks with
simultaneous change in structural-phase state of surface layer that may
be used and is used, in a number of cases, for creating the high produc-
tion technologies of finishing treatment of critical metal products of
intricate shape from Ti—6Al-4V alloy and titanium [18, 22—-26], steels
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of different classes [17, 19, 24, 27-32], WC-10 wt.% Co hard alloy
[33], aluminium [34];

e the removal of microburrs being formed in manufacturing of preci-
sion moulds (SKD11 steel) and biomedical materials (Ti—6Al-4V alloy) [35];

e the finishing surface treatment of moulds and dies [17, 19, 29,
30, 32, 33];

e the improvement of functional properties of metallic biomaterials:
stainless steel [31, 36—43], titanium and its alloys [18, 20, 22, 23, 26,
28, 43—48], the alloys based on titanium nickelide possessing the shape
memory effect [49], magnesium alloys [50-54];

e the treatment of medical materials and implants [18, 22, 55, 56];

e the formation of surface alloys for powerful electrodynamic sys-
tems [57, 58];

e the improvement of characteristics of aircraft engine and com-
pressor blades [5, 59—-61];

e the formation of thermal-barrier coatings being applied to com-
bustion chamber surface [62];

e the increase in fatigue service life of light alloys;

¢ the hardening of tread surface of railroad rails.

2. Application of Electron-Beam Processing

This section deals with consideration of the examples of application of
electron-beam processing of metals and alloys applied and/or recom-
mended for using in industry.

As shown in Ref. [34], in the developed method of large-area elec-
tron beam irradiation, the high-energy density of beam may be obtained
without its focusing. Therefore, the electron-beam processing of large
area surface with diameter of 60 mm may be used for instantaneous
melting and evaporation of material surface layer that extends the pos-
sibilities of highly effective processing of surface. However, if a billet
has holes, the electron beam concentrates on the entry edge or internal
wall of a hole. Thus, the difficulties emerge in smoothing the bottom
surface of the hole. The performed studies showed that the effects of
surface smoothing for nonmagnetic billet from alloys based on alumini-
um might be increased by installing the magnet block under the billet
because electrons had a tendency to concentrate along magnetic lines by
magnetic field. In this investigation, the smoothing of the bottom sur-
face of the hole was experimentally tested by installing of magnet block
under the working part in electron beam irradiation of large-area sam-
ples. The extension of smoothing area of bottom surface was tested by
installing the through hole in the centre of magnet block. It was clari-
fied that the wide part of a hole bottom surface might be smoothed with
large-area irradiation by installing the magnet block under the billet.
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Fig. 1. Diagram of sam-
ple composition of pre-
quenched steel 45 (elec-
tron-beam pulse duration
| v 0.8 us, energy density
10.0 2.2 J/cm?) [81, 82]

The surface roughness decreased up to 3.0 um in the surface area of a
hole bottom. When the hole diameter amounted to 20 mm and the hole
depth was no less than 40 mm, the 10 mm diameter smoothing area was
obtained by means of magnet block. Moreover, the smoothing area was
substantially extended by installing the through hole of the correspond-
ing diameter in magnetic field.

As shown in Ref. [63], according to the results of investigation
analysis published in papers [28, 51, 64—80], metals such as Al, Mg, and
Ti as well as alloys on their base were preferable due to the small weight
for using in applications for which the high productivity and excellent
combination of specific properties were decisive. A wider application of
these materials in aerospace, automobile, and biomedical branches of
industry requires a significant improvement of their surface properties.
Surface engineering is the economical and viable method for improve-
ment of material surface properties such as hardness, wear- and corro-
sion resistance, fatigue strength, and oxidation resistance. Among dif-
ferent methods of surface modification, the high-energy processes based
on pulsed beam application are very promising. The laser beams, plasma
flows, powerful ion and electron beams refer to such methods.

The surface treatment by pulsed electron beam has some advantages
as compared to other methods of surface modification. A brief compari-
son of surface treatment by pulsed electron beam (PEB) with other
methods of the surface modifications are contained in Table [63]. The
analysis of the results shown in Table [63] as well as in other papers
[56—8] shows that the modification methods of structure and properties
of metals and alloys, metalloceramic and ceramic materials based on
pulsed electron beam application are the promising ones. These methods
have noticeable advantages in comparison with other methods that fa-
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cilitate the larger-area processing, considerable penetration depth along
with low energy loss for material ionization. When an electron beam
bombards the surface of the metal, the material undergoes the following
transformations in the layers located successively in different depth:
(i) the surface molten layer; (ii) the thermal effect zone; (iii) the zone
of high stresses appearing under the effect of shock wave being formed
as a result of material bombardment by electron beam.

Figure 1 shows results obtained in studying the cross-section of the
irradiated samples of pre-quenched steel 45 (Fe—0.45C) [81, 82]. The
structural analysis of cross-section of irradiated samples was carried

Table. Comparison of the surface processing opportunities
by pulsed electron beam as compared to other methods commonly
applied for the surface modifications [63]

Other Surface Modification Methods PEB Surface Treatment

1. Chemical Processes and Conversion Coating

Major Drawbacks Advantage of PEB Treatment
(a) Use of toxic chemicals (e.g., chro- Absence of such issues

mate solutions for magnesium-based

materials)

(b) Adhesion-related issues with sub-
strates (i.e., interface in coating and
plating)

2. Friction Stir Processing
Major Drawbacks Advantage of PEB Treatment
(a) Physical contact of tool with the sur- | No physical contact with surface of the
face, which distorts dimensional finish |selected material

3. Pulsed Laser Beam Treatment

Major Drawbacks Advantages of PEB Treatment

(a) Low absorption depths (e.g., 0.02 pm | (i) High absorption/melt depths (e.g.,
for laser pulse length ~10 to 50 ns) 2.6 pm for the electron beam pulse

(b) Reflection up to 90% of incident length of 50 ns)

energy (energy loss) (ii) Only 5% to 10% of incident energy
(c) Limited to small surface area is reflected

(iii) Allows processing on large surface
area (up to several 100 cm?)

4. Pulsed Plasma Beam Treatment

Major Drawbacks Advantage of PEB Treatment
(a) Erosion of the material used for the |Absence of such issues
electrode materials

(b) Deposition of electrode ions on the
test sample

(c) Formation and presence of toxic products

5. Pulsed Ion Beam Treatment

Major Drawbacks Advantage of PEB Treatment

(i) Large loss in ionization (i) Small loss ionization

(ii) Small penetration depth (0.05 to 1.0 mm | (ii) Large penetration depth (10 to 500 mm
at 100 to 1000 keV kinetic energy) at 100 to 1000 keV kinetic energy)
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out by the methods of transmission electron diffraction microscopy for
different electron-beam pulse numbers. The analysis showed that the
material has a gradient structure throughout the depth consisting of
several layers (Fig. 1). At a single irradiation, a » 0.1 um thick nanoc-
rystalline layer consisting of o (with b.c.c. lattice solid solution based
on Fe) and y (f.c.c. lattice Fe-based solid solution) phases in approxi-
mately equal fractions with average grain size of ~30 nm is formed near
the surface. According to the thermodynamical calculations [83, 84],
the layer formed as a result of pulsed melting (the lifetime of the melt
is ~0.5 us) and subsequent high-velocity (up to ~10!° K/s) quenching
from the melt. The velocity of the solidification front propagation near
the surface is b m/s. An a-phase-based sublayer of ~0.1 pm thick with
average grain size of ~200 nm is formed under the nanocrystalline lay-
er. It follows from the thermal calculations that the sublayer emerged
due to the fast (=5 -10° K/s) quenching from the state characterized by
the presence of solid phase islands located in the melt [85]. At the
depths up to 0.3-0.5 um, a sublayer with the mixed (a + y) structure and
retained morphology of initial martensite phase was formed. For the
depths, >0.3-0.5 um, a ferrite—carbide mixture characteristic of mar-
tensite subjected to high temperature tempering was observed. At the
larger depths, the steel structure was similar to the initial one. In case
of the multiple irradiation (up to n = 300 electron-beam pulses), the
distinctive layer-by-layer construction of the material retained. How-
ever, the gradual increase in the initial temperature and the possible
presence of pulses with the increased energy density [86] resulted to the
increase in the thickness of near-surface nanocrystalline (a + y) layer up
to ~0.2 um and thermal effect zone up to =10 um at n = 300 [81, 82].

Correct selection of the process parameters such as (a) the accelerat-
ing voltage, (b) energy density of electron beam, (c) pulsed number, and
(d) pulse duration makes possible to control thoroughly and/or to ma-
nipulate the characteristics of structural phase state and surface prop-
erties. At electron-beam processing of light metals surface (Al, Mg, and
Ti) as well as the alloys on their base, one of the several microstruc-
tural transformations is possible [63]:

(i) the selective enrichment with alloying elements of surface layer;

(ii) the formation of protective surface layer;

(iii) the formation of ultradisperse (nanosize) grain;

(iv) the dispersion of second phase inclusions;

(v) the formation of nonequilibrium phase due to rapid solidification;

(vi) the generation of high dislocation density at the expense of
shock wave effect.

For the improvement of material properties and duration of opera-
tion of products made of this material, the main factor is a structural
modification for the formation of submicro- and nanosize grains (or
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Fig. 2. Evolution of grain size in aluminium-rich zone of Al-17.5Si alloy processed
by PEB for different pulse number [66]

subgrain structure) [87—93]. The surface melting and superfast solidifi-
cation occurring in pulsed electron-beam processing enable the grain
structure of nanosize region to be formed in material surface layer. The
process may be controlled via changing the parameters of electron beam
(the energy density, the duration and number of pulses) [7, 8, 11, 63].

For Al-17.58Si alloy, the formation process of nanosize grain struc-
ture was realized through increasing the pulse number of electron beam
irradiation from 5, 15, 25 to 100 (Fig. 2) [66].

As established, after the pulsed electron-beam processing, the sur-
face melted layer of Al-Si alloy contained the intermediate Al- and Si-rich
zone. The thin nanosize crystals of silicon of nearly spherical shape were
discovered in silicon-rich zone surrounded by a-Al. The grains of free
aluminium had the cellular structure whose sizes amounted to 100 nm.
The intermediate zone contained the superthin eutectic phases. As the
number increases, the dimension of silicon-rich zone grows; silicon dif-
fuses gradually to the neighbouring zone providing the places of nu-
cleation for the formation of ultrathin grains of aluminium [66].

In the paper [94], authors considered and summarized the results of
the investigation of the formation of submicro-nanocrystalline struc-
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Fig. 3. Cellular crys-
tallization struc-
ture of silumin ir-
radiated by elect-
ron beam (para-
meters: 25 J/cm?,
150 ups, 3 pulses)
[94]

ture in Al-11Si—2Cu alloy irradiated by intense pulsed electron beam.
The parameters [94] were as follow: the accelerated energy of electrons —
17 keV; the energy density of electron beam — 10, 15, 20, 25, 30, 35 J/cm?;
the pulse duration of electron beam — 150 ps; the pulse number — 3;
the pulse repetition rate — 0.3 s™.

It has been determined that the treatment of Al-Si alloy by pulsed
electron beam results in the formation of cellular-type structure (Fig. 3)
[94]. The thickness of cellular crystallization structure layer reaches
40 pum. The average size of high velocity crystallization cells of the sur-
face layer equals to 0.4+£0.11 um. With the larger distance from irra-
diation surface, the average sizes of crystallization cells increase, and
at the lower boundary with cellular structure, they reach the values of
0.65+0.22 um.

The surface layer of silumin with cellular crystallization structure
is characterized by the presence of lamellar eutectic grains (Fig. 4). The
first eutectic grains are observed in the layer located at ~15 um depth.
When the distance from irradiation surface increases, the relative con-
tent of eutectic grains grows. The eutectic grains are located as islands
or interlayers between the high velocity crystallization cells of alumin-
ium. The sizes of eutectic grains are close to those of Al-based solid
solution grains (the crystallization cells). The transverse sizes of eutec-
tic grains vary in the limits from
25 nm to 50 nm.

The revealed microstructural
modifications of silumin are help-
ful in the improvement of surface
properties, namely, the hardness,

Fig. 4. Structure of silumin layer irra-
diated by the electron beam located at
~30 um depth (25 J/cm?, 150 ps, 3 pul-
ses) [94]
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wear and corrosion resistance, fatigue and oxidation resistance, and
many other properties sensitive to material surface state. Due to this,
the properties of light metals/alloys processed by pulsed electron beams
increase substantially as compared with the unprocessed analogue.

As it has been noted above, the electron-beam processing of metal and
alloy surface is accompanied by high and even super-high (up to 10° K/s)
rates of cooling contributing to the formation of silumin structure with
Al grains (the high velocity crystallization cells) of 250-600 nm and
silicon crystals within the 100 nm in size. They have a round shape and
are randomly distributed in the modified volume of the alloy [94—-96].
In the paper [97], the technique based on the application of the above-
mentioned fact has been developed. It has been shown that the high
cooling rate (6 -10%2 K/s) of AlSi7Mg0.3 alloy provides a significant re-
finement of eutectic silicon particles (to 2—3 scale divisions of 6 stage
Chai—Bickerud scale) immediately after pressure application (about 100
MPa) at solidification of the casting with forced melt flow. The similar
spheroidizing heat treatment not only increases the properties of cast-
ings but also gives the economic advantages due to the possibility of
heating temperature shortening for quenching.

As noted in References [98—101], the industrial application of elec-
tron-beam processing of products made of aluminium and Al-based al-
loys is especially promising in automobile industry, viz., in a wide range
of surface technologies. It is mentioned that electron-beam processing is
successively used for the decrease in porosity of cast aluminium alloys
(silumins), porous layers obtained by spraying and sintered materials.
The good, reasonable, and adequate results of effective application of
electron-beam processing are obtained in alloying, dispersing of struc-
ture or plating of alloys based on iron, aluminium, titanium, and mag-
nesium. Figure 5 shows the results illustrating the effect of surfacing
treatment through electron beam on the mechanical properties of alloys
based on aluminium.
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Fig. 6. Dependences of cycle number to
failure N (curve 1) and surface layer
thickness H separated by micropores
from the base (curve 2) on energy density
of electron beam E . Dotted line marks
the fatigue life value of steel in the ini-
tial state (before electron-beam process-
E,, J/em’ ing) [111-113]

As shown in series of papers [76, 78, 102—108], the silumin surface
irradiation by high-intense pulsed electron beam (with the parameters
of 20 J/cm?, 150 us, and 5 pulses) allows enhancement of silumin fa-
tigue life in 3.5 times. It is detected that the main reasons of the in-
crease in fatigue life of silumin irradiated by intense pulsed electron
beam are the formation of polyphase submicro- and nanosize structure
in the surface layer, the refinement of large silicon plates to nanosize
state. The electron-beam processing (EBP) of silumin in the regime of
20 J/cm?, 150 us, and 5 pulses provides the maximum increase in fa-
tigue life. Such EBP regime allows (i) 2-fold increase in critical crack
length thereby increasing the service life of material working capacity,
(ii) 1.6-fold increase in safety factor of material operation, (iii) 2.7-fold
decrease in crack step in one cycle of fatigue loading that results in a
higher resistance to fatigue crack propagation.

For commercially pure titanium, the electron-beam processing with
energy density of 25 J/cm? results in 2.2-fold increase in cycles’ number
to failure [109—-110]. The physical reason of the increase in fatigue life
of commercially pure titanium of VT1-0 grade irradiated by intense
pulsed electron beam is the formation of lamellar substructure initiated
by high-velocity crystallization of titanium surface layer and the de-
crease in average dislocation density (p).

The substantially important feature of tread surface modification of
railroad rails by low-energy high-intense electron beams is the absence
of the pronounced interface between the modified layer and material
bulk. It determines the good damping properties of the material under
mechanical and temperature external effects by preventing the prema-
ture nucleation and propagation of brittle microcracks leading to fa-
tigue [111-113] from the surface to the main material bulk.

The fatigue tests of steel have revealed the dependence of material
life on the energy density of electron beam E  (Fig. 6, curve I). It is
clearly seen that the maximum effect (=2.5-fold increase in fatigue life
of steel) is observed at Eg = 20 J/cm?.

It has been detected that fatigue failure of steel is accompanied by
the formation of =10 pm thick sublayer. On the interface of this sub-
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layer with the main material bulk, there are the micropores. The cir-
cumstance permits one to suggest that fatigue failure of steel is initi-
ated in a subsurface layer.

The process of pore formation is manifested the most brightly in
studying the failure surface of steel processed by electron beam at en-
ergy density of electron beam of 10 J/cm?. In this case, the pore sizes
vary in the limits from 1 to 6 um. In a steel processed by electron beam
at a larger energy density of beam (20—-30 J/cm?), the pore sizes are
substantially smaller (0.3—-1.0 um). The lines being formed by the pores
are pronounced less clearly and locate at a definite distance from irra-
diation surface correlating with the change in fatigue life of steel
(Fig. 6, curve 2).

It has been shown that the primary site of stress concentrator for-
mation in steel irradiated by electron beam is the interface of high ve-
locity crystallization layer and thermal effect layer (the bottom of the
melt bath). It has been determined that the increase in fatigue life of
steel irradiated by electron beam is caused by the formation of acicular
profile of the interface leading to the dispersion of stress concentrators
and contributing to a more homogeneous plastic flow in the substrate
[111-113].

3. Conclusion

We carried out brief review of the available results published in the
articles dealing with the study of the effect of pulsed electron beams on
structure and properties of surface layer of metals and alloys. The anal-
ysis of the published papers allows suggesting that the treatment of
industrial materials by pulsed electron beam will be implemented pro-
gressively in order to become the basis of the future modification tech-
nologies for surface engineering of parts and products for wide spec-
trum of critical applications.
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IIEPCITIEKTUBU 3ACTOCYBAHHS IIOBEPXHEBOI'O OBPOBJIEHHSA
CTOIIIB EJIEKTPOHHUMU IITYVUKAMU B CYHACHUX TEXHOJIOTTAX

OrnsgHyTO OCTaHHI pOOOTH IIOLO 3aCTOCYBAHHA IHTEHCUBHUX IMIYJBCHUX €JIEKTPO-
HHUX IIYYKiB IJI IIOBEPXHEBOTO OOPOOJIEHHS MeTaliB, CTOWmiB, MeTAJIOKepaMiuHUX i
KepaMiuyHUX MaTepianiB. 3a3HaueHO IepeBaru BUKOPUCTAHHA €J€KTPOHHUX iMITyJIb-
CHUX IYYKiB MOPiBHAHO 3 IPOMEHAMU Jasepa, IOTOKAMU ILIa3Mu, HOHHUMU IIyUYKa-
mu. ITpoananizoBaHO IEePCIEKTUBHI HAIPAMU BUKOPUCTAHHSA €JI€KTPOHHO-IYYKOBOTO
00pobnenHa: (1) BuriagKyBaHHA IOBEPXHi, M030aBJIEHHS BiJi IOBEPXHEBUX MiKpO-
TPilUH i3 OLHOYACHOIO 3MiHOI0 CTPYKTYPHO-(A30BOr0 CTAHY IIOBEPXHEBOI'O LIAPY AJIs
CTBOPEHHS BUCOKONPOAYKTHUBHUX TEXHOJIOTiH (iHimHOTO 00pOOJeHHA BiAIOBimab-
HUX MeTajJieBUX BUPOOGIB cKJamHol (opmu i3 TuramoBoro cromy Ti—6Al-4V i turany,
KpHUIlh pisHOMaHiTHOrO Kiacy, TBepzoro cromy WC—-10 Bar.% Co, amrominiro; (2) Bu-
IaJIeHHA MiKpoOoOJIOiB i MiKpO3aAMPOK, IO YTBOPIOIOTHCA IPU BUTOTOBJIEHHI IIpeIu-
sititnux mpec-dopm (kpuna SKD11) i 6iomezmunux BupobiB (cronm Ti—-6Al1-4V); (3)
(dinimuae 06pobIeHHEA TOBepXHI mpec-GopMm i mrammis; (4) moninmerHa GQYHKII0OHATIb-
HUX BJACTUBOCTell MeTasiuHux OiomarepiasiB: HeipskaBiiiHOI KpuIli, TUTaHy Ta 10TO
CTOIiB, CTOIIIB Ha OCHOBI HiKelimy TuTaHy, II0 BUABJIATL edeKT mam’aTi dopmu,
cromiB Maruimo; (5) 00pobieHHA BUPO6iB MeIUYHOI0 IPU3HAUYEHHA U iMIyiaHTaTiB; (6)
(opMyBaHHA HOBEPXHEBUX CTOIIB [JIA MOTYKHUX eJIeKTpoguHaMiuHuxX cucrteM; (7)
MOJIINIIIEeHHA XapaKTEPUCTHUK JIONATOK aBianiiHMX NBUTYHIB i JIOMATOK KOMIIPECODPiB;
(8) dpopmyBaHHA TepMoOap’€pPHUX MOKPHUTTIB, II[0 HAHOCATHLCA Ha IIOBEPXHIO Kamep
s3ropAaHHA; (9) migBUIEHHA yTOMHOrO pecypcy Kpuilk i cromis; (10) smimueHHS mO-
BepxHi KarauHs peiok. IlokasaHo, IO Ipu IpaBUJIBHOMY BUOOpPi ImapameTpiB Ipo-
mecy, TaKUxX K (a) IPUIIBUANIYBaJIbHA HAIpPyTa, (0) rycTrHa eHeprii myyka eJeKkTpo-
HiB, (B) KisnbKicTs iMIysbciB i () TpUBaIicTh iMIIyIbCY, MOYKIUBUYA PETEIbHUN KOHTD-
onb i/abo0 MaHImyTIOBaHHA XapaKTEPUCTUKAMU CTPYKTYPHO-()A30BOrO CTaHY Ta
BJIACTUBOCTEH TOBEepXHi. 3asHaueHo, IO AJS IOJIMIIEeHHA BJIACTUBOCTEN MaTepiasy
Ta TPUBAJOCTHU eKCIlIyaTallil BUPOOiB 3 HbOIO Ba'KJIMBUM YMHHUKOM € MOAU(DiKyBaH-
HA CTPYKTYPU 3 MeTOI (hopMyBaHHA CyOMiKpO- Ta HaHOPO3MipHOTO 3epHA (abo cyb3e-
PEHHOI CTPYKTYypH).

KarouoBi c1oBa: eJIeKTPOHHO-IIYUKOBe 00po0IeHHA, MOoAu(iKyBaHHs MOBEPXHi, CILIa-
BU, MEPCIIeKTUBYU 3aCTOCYBaHHS, HAHOPO3MipHA CTPYKTypa.
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