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MODIFICATION OF STRUCTURE AND SURFACE
PROPERTIES OF HYPOEUTECTIC SILUMIN
BY INTENSE PULSE ELECTRON BEAMS

Methods of contemporary physical materials science are applied for the analysis of
structural and phase states, tribological and mechanical properties of hypoeutectic
silumin treated by electron beams with parameters as follow: energy density —
10-35 J/cm?, pulse duration — 10 ps, number of pulses — 3, pulse-repetition fre-
quency — 0.3 Hz. The initial structure of silumin comprises grains of aluminium-
based solid solution, eutectic grains, inclusions of silicon and intermetallic com-
pounds with different shapes and sizes. Electron beam treatment (EBT) with energy
density of 20-35 J/cm? causes melting of the surface layer, dissolution of silicon
inclusions and intermetallic compounds. A structure of high-speed cellular crystal-
lization is formed, and submicro- and nanosize particles of the second phase are
reprecipitated. An average size of crystallization cells are of 0.3—0.5 ym at the ir-
radiated surface and of 0.4—0.8 pum on the lower edge of the layer with the cellular
structure. The graded structure and phase states are analysed at a depth of up to
120 pm. The submicron grains of lamellar eutectic are detected at a depth of 15 pm.
The lateral sizes of eutectic lamellae are within the range of 25—-50 nm. The study
indicates that nanohardness of irradiated silumin changes nonmonotonously and
reaches its maximum at a depth of about 830 um, which is approximately four times
higher than hardness in the initial state. Hardness of the layer close to the irradi-
ated surface (that is at a depth of ~5 um) is higher by a factor of 1.6 than that of
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as-cast silumin. The paper provides physical interpretation of the changes occurring
in structure and properties during irradiation.

Keywords: hypoeutectic silumin, electron beams, cells of high-speed crystallization,
eutectic, intermetallic compounds, nanohardness.

Introduction

Currently, silumin is widely applied for manufacturing of multipurpose
components, ranging from household appliances to devices used in car
and aircraft engineering, mainly due to their low cost, high casting
properties, corrosion and wear resistance, and a low coefficient of ther-
mal expansion. However, particles of silicon in silumin eutectic and
inclusions of intermetallic compounds have a rough lamellar or needle-
shaped form in foundry goods manufactured without special processing
of a melt, deteriorating, therefore, strength and plastic properties of
material and manufactured items [1-5]. Modification of the melt makes
it possible to change form and sizes of silicon crystals and intermetallic
compounds [6—9]. Beryllium, vanadium, tungsten, niobium, cobalt and
some other materials are recommended for applying as modifiers [1-9].
The use of these modifiers has some shortcomings, such as high toxicity
of components as well as their deficit and high cost of a finite product,
consequently.

Recent years, concentrated flows of energy (strong ion and intense
pulse electron beams, plasma fluxes, laser rays) are used as an instru-
ment for significant transformation of element and phase composition,
structure and properties of the material surface [10—-12]. Ultra-high
speeds of heating and cooling of the surface layer allow formation of a
homogenous submicro- and nanosize structure, which improves general
characteristics of devices [13—-15].

Electron-beam treatment possesses a number of advantages in com-
parison with other methods using concentrated energy flows. It is out-
lined in studies of Chinese researchers [16—26] that processing of eutec-
tic and hypereutectic silumin by electron beams (pulse duration only
some microseconds) (electron beam unit ‘Nadezhda-2’) results in essen-
tial modification of properties in the material surface under the influ-
ence of dynamic stress fields generated at heating, melting, and cooling.
This modification is associated with considerable refining of the struc-
ture, improvement of wear and corrosion resistance, as well as increase
of hardness.

It is highlighted [16] that an equiaxial fine-grained structure (with
thickness of some micrometers) is formed on the surface in the melted
layer due to electron beam treatment (density of beam energy — 3 J/cm?,
duration — 1 ps, number of pulses — 10) of eutectic alloy Al-12.6Si.
Under the surface, there is a remelted layer (with thickness of ~ 10 um)
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detected containing oversaturated Al solid solution. A significant rise
of wear resistance (with factor of 2.5) is reported as a result of electron
beam treatment, which is possible due to hardening of the fine-grained
structure and solid solution [16]. Electron beam treatment (3 J/cm?2,
1 us, 15 pulses) of hypereutectic silumin (17.5% 8Si) is related to sig-
nificant improvement of the structure in the alloy with big silicon inclu-
sions [17]. No new phases are generated after electron beam treatment,
although all diffraction peaks are widened as compared with the initial
state, and diffraction peaks of aluminium are shifted to bigger angles.
Furthermore, after electron beam treatment there are small structures
detected in the alloy containing coarse inclusions of silicon in the initial
state. These structures are possible due to mutual diffusion of silicon
and aluminium, resulting, in its turn, in solid solution of aluminium
and silicon. Chemical compositions of silicon and aluminium are gradu-
ally distributed, forming ‘halo’ morphology on the structural images.
The gradient nature of the irradiated region is also corroboration that
microhardness of silicon is distributed from the centre towards the edge
‘halo’ [18]. The researchers [18] also revealed a new phase in the same
alloy because of electron beam treatment, and a significant decline of
aluminium lattice parameter after 15 pulses. Microhardness of silicon
varies non-monotonously from the centre to edges of the zone with dif-
fusion of aluminium and silicon; microhardness in the centre of silicon
plates gradually decreases together with the growing number of pulses.
At the beginning, wear resistance increases, dropping afterwards with the
growing number of pulses, here wear losses lower to 84.6% after 15 pul-
ses [17]. Reference [19] focuses on the influence of pulse number in
electron beam treatment (energy density of electron beam 2.5 J/cm?) of
silumin (15% Si) on the structure and phase composition in the ‘halo’
zone. It is demonstrated that this treatment furthers melting of the
surface layer (thickness of up to 10 pum). As for hypereutectic alloy
Al-20% Si, it is found [20] that initial particles of silicon dissolve in
aluminium matrix and oversaturated solid solution is formed in the
melted layer because of electron beam treatment. The researchers sug-
gest this phenomenon is caused by silicon diffusion. The data of x-ray
structural analysis point out at a decline of aluminium lattice parameter
and increasing micro-deformation of the alloy crystal lattice after elec-
tron beam treatment. The assessment of silicon microhardness revealed
a gradient change from the centre towards edges of the zone processed
by electron beams [21, 22].

It is reported in Ref. [24] that microstructure and mechanical prop-
erties of Al-Si—Pb alloy improve significantly when irradiating the sur-
face of samples in conditions of electron beam treatment (1.5—-2.5 J/cm?2,
1.5 us, 15 pulses). A considerable growth of wear resistance is indicated
for alloy processed by electron beams (electron energy density of 2.0 J/cm?
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and 2.5 J/cm?). Applying optical metallographic methods and photoelec-
tron x-ray spectroscopy it is found out that low speed of wear and fric-
tion coefficient under high loads are caused by a lubricating film, which
covers the tested surface. The film contains atoms of iron, aluminium,
silicon and lead, which are components of compound Pb,SiO,. The growth
of applied load causes oxidation wear, destruction of a film and adhe-
sion wear [24]. Similar results were obtained for Al-Pb alloy processed
by electron beams [25]. These include significant improvement of wear
resistance and mechanical properties. The scientists suggest that it is
related to the lubricating film. The type of wear varies from the oxida-
tion one at low loads to adhesion one at high loads.

It is reported on formation of craters and microcraters on the melted
surface and heightened number of vacancies and dislocations in pure alu-
minium irradiated by electron beams (with energy density of 3 J/cm?).
The data on distribution of microhardness demonstrate that the modi-
fied layer is some hundreds of micrometers, exceeding considerably the
zone of thermal impact. Electron beam treatment of Fe—40% Al alloy in
the heat mode (without melting the surface) results in formation of a
fine-grained structure and modification of the surface texture. Alongside
with formation of vacancies, it furthers significant growth of the surface
microhardness. Corrosion resistance of the alloys remains the same [26].

Therefore, a number of studies examined the influence of concen-
trated flows of energy on mechanical properties of metals and alloys,
including silumin. Some research provided information on the influence
of laser, plasma, electron beam processing on tribological and mechani-
cal properties, formation of the structure and phase composition in
aluminium alloys, including silumin. The data of research suggest that
processing by a pulse electron beam is a promising and established pro-
cedure to modify structure and phase states in the surface layers of
metals and alloys.

The goal of this work lies in analysis of the structure and properties
of hypoeutectic silumin irradiated by pulse electron beam with submillise-
cond exposure time and density of electron beam varying in a wide range.

Material and Research Methods

The as-cast AK10M2H silumin was used as an investigated material.
According to Russian Standard GOST 30620-98, this aluminium-based
alloy contained Si (9.5-10.5 wt.%), Cu (2.0-2.5 wt.%), Ni (0.8-
1.2 wt.%), Mg (0.9-1.2 wt.%), Fe (up to 0.6 wt.%), Mn (up to
0.05 wt.%), Ti (up to 0.05 wt.%), Pb (up to 0.05 wt.%), Zn (up to
0.06 wt.%), and Sn (up to 0.01 wt.% ). The samples were in the form of
20x20x10 mm plates. The surface of plates was irradiated by pulse elec-
tron beam, using the unit ‘SOLO’ [27] and according to the parameters
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as follow: energy of accelerated electrons — 17 keV, densities of electron
beam energy — 10, 15, 20, 25, 30, and 35 J/cm?, pulse duration of elec-
tron beam — 150 ps, number of pulses — 3, pulse repetition frequen-
cy — 0.3 s!. The structure of samples was examined using different
types of microscopy: optical (metallographic microvisor pVizo-MET-
221), scanning (Philips SEM-515 with a microanalyser EDAX ECON IV)
and transmission (JEM-2100F, JEOL) electron microscopy, x-ray struc-
tural analysis (diffractometer XRD 6000). The element composition of
silumin was examined according to x-ray microspectral methods. Tribolo-
gical tests were carried out using tribometer Pin on Disc and Oscillating
TRIBOtester (TRIBOtechnic, France) at the following parameters: a ball
of IIIX15 steel, diameter — 6 mm, radius of track — 2 mm, load — 1
N, distance — 5—-80 m. Hardness of the surface layer was measured
with microhardness measuring device PMT-3 at a loaded indenter.

Results and Discussions

In the initial state, the structure of silumin contains grains of alumini-
um-based solid solution, eutectic grains, inclusions of silicon and inter-
metallic compounds of different sizes and forms varying in the wide
ranges (Fig. 1).

Methods of x-ray microspectral analysis were used to define element
composition in the inclusions. Figure 2 shows one of the variant to ana-
lyse the element composition of as-cast silumin. The numerical data of
obtained results are given in Table 1.

The analysis of data, given in Fig. 2, a and b, indicates that element
composition in the thin section of silumin is similar to the element com-
position of AK10M2H silumin (Russian Standard GOST 30620-98). The
element composition of inclusions (shown in Fig. 2, ¢, and given in
Table 1) indicates that alloying elements are distributed nonuniformly
in as-cast silumin. The main part of silumin (zone 1, Fig. 2, c) is alu-

Table 1. The x-ray microspectral analysis results
for a thin section represented with electron-microscopy image in Fig. 2

Number of analysed part

Element 1 2 3 4

wt. % at.% wt. % at.% wt. % at.% wt. % at.%

Mg (K,) 0.97 1.09 | 22.71 | 25.35 1.67 2.26 0.51 0.68
Al (K) 94.97 | 96.26 | 47.87 | 48.15 | 62.87 | 76.82 | 68.81 | 82.07
Si(K,) 1.60 1.56 | 25.79 | 24.93 3.76 4.41 0.73 0.84
Fe (K 0.33 0.16 0.25 0.12 0.50 0.29 4.39 2.53
Ni (K,) 0.43 0.20 0.25 0.11 0.56 0.32 | 22.56 | 12.37
Cu (K) 1.70 0.73 3.13 1.34 | 30.65 15.9 3.00 1.52
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Fig. 1. Electron-microscopy image of the as-cast silumin structure
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Fig. 2. Electron-microscopy image of as-cast silumin (a, ¢) and energy spectra (b, d)
obtained on the surface zone shown in (a, ¢). An inclusion is designated with the
number 3. Table in (b) gives numerical results of the analysed element composition

in the zone (a)
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7‘ 100 pm)| 7‘ 10 pm

Fig. 3. Electron-microscopy image of silumin surface structure irradiated by elec-
tron beam (electron-beam energy density E, = 10 J/cm?)

5 um

7‘ 100 pm| 7‘ 2im

Fig. 4. Electron-microscopy image of the surface structure of silumin after by elec-
tron beam irradiation (electron-beam energy density E, = 15 J/cm?)

minium-based solid solution, in which the amount of alloying elements
is far below the average (Fig. 2, b, Table 1). Inclusions designated with
numbers 2, 3, and 4 in Fig. 2, ¢ are saturated with magnesium, silicon
and copper (inclusion 2), copper and magnesium (inclusion 3), nickel,
iron and copper (inclusion 4). These results, revealing nonuniform dis-
tribution of alloying elements in as-cast silumin, are similar to those
obtained when examining other inclusions.

Therefore, the data of SEM and x-ray microspectral studies demon-
strate that alloying elements distribute nonuniformly in as-cast AK10M2H
silumin.

The surface layer in silumin was homogenized, irradiating the sur-
face by intense pulse electron beam. It is established that irradiation of
silumin by electron beam (density of energy E, = 10 J/cm?) is associated
with melting of aluminium along the interface with inclusions of the
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Fig. 5. Electron-microscopic image of the surface structure in silumin treated with
electron beam (electron-beam energy density E, = 20 J/cm?)

second phase (Fig. 3). The width of the melted layer (in the irradiation
plane) is of 10—-15 um (Fig. 3, b).

Selective melting in the surface of silumin is caused by a low ther-
mal conductivity coefficient of inclusions. Consequently, the adjacent
layer of aluminium is melted under pulse irradiation of samples. No
melting material is observed in the regions without inclusions: scratch-
es made during mechanical polishing of the material (Fig. 3, b) indicate
this fact.

The increase in energy density of electron beam up to 15 J/cm? is
related to disappearance of scratches on the surface of aluminium, indi-
cating this way, melting of the surface layer in aluminium (Fig. 4, a).
Melting of aluminium adjacent to inclusions of the second phase is as-
sociated with formation of a structure with cellular crystallization. Cells
vary from 200 nm to 220 nm (Fig. 4, b). The width of layers with the
structure of cellular crystallization reaches 15—20 pum. Cells cannot be
found far from inclusions of the second phase, which can indicate on a
small thickness of the melted surface layer.
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At the energy density of electron beam of 20 J/cm? and above, the
inclusions of silicon and intermetallic compounds in the surface layer
are dissolved dynamically (Fig. 5). In conditions of ultra-fast cooling in
the melted layer, inclusions of intermetallic compounds dissolve and (at
the same time) a net of microcracks appears on the surface, which might
be an evidence of a high level of tension stresses and heighten brittle-
ness of the material (Fig. 5, ¢). Melting and high-speed cooling of the
surface layer in silumin are reasons for formation of the structure with
cellular crystallization (Fig. 5, d). The sizes of cells vary within the
range of 400—500 nm, increasing slightly when energy density of elec-
tron beam changes within the range of 20-35 J/cm?.

In electron-microscopy images of silumin irradiated by electron beam
there are zones detected with significantly different contrast (Fig. 5,
a—c). This fact indicates, probably, that alloying elements are distrib-
uted nonuniformly in the surface layer of the material. Actually, apply-
ing methods of x-ray microspectral analysis it was found out that ele-
ment composition of the surface layer in silumin irradiated by intense
pulse electron beam is related to the selected zone of analysis (Table 2;
regions of analysis are designated with numbers).

Table 3 provides the results of element analysis carried out in the
surface layer of silumin irradiated by electrons with various energy
density of electron beam (25—-35 J/cm?). Obtained results were averaged
over six regions: each with the area of 1.16 mm?2. Analysing the data in

Table 2. Concentration distribution of alloying elements in the surface layer
of silumin irradiated by electron beam (25 J/cm?, 150 ps, 3 pulses), at.%

Element 1 2 3 4 5 6 7 8 9

Mg (K, | 1.0 1.7 1.9 1.8 1.3 1.5 1.5 1.6 1.7
Si(K,) 7.0 10 7.6 3.9 6.2 4.4 6.2 7.5 4.5
Ni (K,) 0.5 0.8 0.6 0.8 0.4 0.4 0.6 0.4 0.6
Cu (K) 1.3 1.2 1.2 1.1 1.1 0.9 0.9 1.0 1.0

Table 3. The concentration of alloying elements in the surface layer
of silumin irradiated by electron beam. X-ray microspectral analysis

3 2
Energy density of electron beam, J/cm In In GOST state
a surface a bulk | standard
Element 25 30 35 layer
wt.% | at.% | wt.% | at.% | wt.% | at.% wt. % wt. % wt. %

Mg (K,) 1.34 | 1.52 | 1.33 | 1.561 | 1.29 | 1.45 1.32 1.17 {0.9-1.2
Si(K,) 5.55 | 5,43 | 594 | 581 | 5.5 | 5.36 5.66 10.4 |9.5-10.5
Ni (K) 1.01 | 0.47 | 1.22 | 0.56 | 0.8 | 0.37 1.01 1.25 [ 0.8-1.2
Cu (K,) 2.46 | 1.07 | 2.49 | 1.07 | 2.5 | 1.07 2.48 2.89 |2.0-2.5
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Fig. 6. The section of x-ray image for silumin irradiated by intense pulse electron
beam (35 J/cm?, 150 ps, 3 pulses)

Table 3, we can conclude that averaging of results according to large
areas reveals only insignificant (within the limits of measurement er-
ror) changes in the concentration of alloying elements in the surface
layer of irradiated samples, excluding silicon. The concentration of sili-
con in the surface layer is almost twice lower than that in the main part
of the sample.

Therefore, irradiation of silumin by pulse electron beam (20-35 J/cm?,
150 us, 3 pulses) is associated with dissolution of silicon and interme-
tallic compounds in the surface layer. It is hardly possible to synthesize
a surface layer with uniform distribution of alloying elements. However,
element composition in the surface layer of silumin irradiated by elec-
tron beam varies less significantly than that in the initial material. A
substantial drop of silicon concentration in the surface layer of silumin
indicates, probably, a graded element composition in the material, form-
ing under irradiation by pulse electron beam.

To determine phase composition and state of the crystal lattice in
the surface layer of silumin modified by intense pulse electron beam
methods of x-ray microstructural analysis were applied. Figure 6 shows
a section of x-ray picture taken on the sample irradiated by electron beam
(35 J/cm?2, 150 ps, 3 pulses). The data of numerical x-ray structural
analysis are represented in Table 4. Taking into consideration these data
(in Table 4), it can be stated that high-speed crystallization and subse-
quent cooling initiated by irradiation of silumin by intense pulse elec-
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tron beam is related to formation of a multiphase surface layer, which
contains aluminium-based solid solutions designated AlSi and Al in
Table 4, silicon and copper aluminide AlCu,. Apparently, the synthesis
of two aluminium-based solid solutions is most detectable at a density
of electron beam of 35 J/cm2. The crystal lattice parameter in AlSi
solid solution is lower than that of pure aluminium (0.40494 nm) [28].
This solid solution can be synthesized due to alloying of aluminium with
silicon, copper, iron, and mnickel atoms, since their atom radii
(R =0.132 nm, R,, = 0.128 nm, R, = 0.126 nm, R,; = 0.124 nm) are
smaller than the aluminium-atom radius (R, =0.143 nm) [28]. Therefore,
substitution of aluminium atoms causes the decrease of crystal lattice
parameter in AlSi solid solution.

If energy density of electron beam is 35 J/cm?2, the parameter of the
crystal lattice in the second phase of aluminium-based solid solution
(designated Al in Table 4) is higher than that of pure aluminium. It can
be related to dissolution of particles of magnesium containing interme-
tallic compounds, and saturation of aluminium solid solution with at-
oms of magnesium (R,, = 0.160 nm) [28]. The parameter of silicon
crystal lattice is lower than that in the Ref. [28], where ag = 0.54307
nm. It indicates that silicon-based solid solution is synthesized in the
process of crystallization, and it contains atoms of copper, nickel and
iron, since atom radii of these elements are smaller than the atom ra-
dius of silicon. The relative concentration of silicon in the modified
layer of silumin is rather low and similar to that obtained by methods
of x-ray microspectral analysis (Table 1).

Thus, the data obtained by methods of x-ray microspectral analysis
(SEM) and x-ray structural analysis make it possible to state that irra-
diation of silumin by intense pulse electron beam in the mode of melting

Table 4. The data of x-ray structural analysis of silumin
irradiated by pulse electron beam for two irradiation regimes:
1 (25 J/cm?, 150 ps, 3 pulses) and 2 (35 J/cm?, 150 ps, 3 pulses)

Irradiation Phase Relative Lattice parameter, nm
regime composition concentration, % a ¢
1 AlSi 53.1 0.40412
2 40.8 0.40435
1 Al 38.3 0.40419
2 40.7 0.40508
1 Si 8.6 0.54191
2 4.1 0.54274
1 AlCu, 0.0 0.40626 0.57950
2 14.4 0.40311 0.57492
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la] 0.5 pm| %7 0.5 um

Fig. 7. The structure of the surface layer in silumin treated by electron beams with
different electron-beam energy density: 25 J/cm? (a) and 35 J/cm? (b)

o 2o 5, 0

Fig. 8. The structure of cellular crystallization in the surface layer of silumin trea-
ted by electron beam with different energy density: 25 J/cm? (a) and 35 J/cm? (b)

doesn’t result in homogenization of the surface layer. Further high-
speed crystallization is associated with formation of two aluminium-
based solid solutions, differently saturated by atoms of silicon and oth-
er alloying and impurity elements.

Using methods of TEM, thin foils’ studies on the defect substruc-
ture of the surface layer in silumin, irradiated by electron beam were
carried out, and as revealed (Fig. 7), the irradiation of silumin by in-
tense pulse electron beam causes formation of a cellular structure in the
surface layer at the stage of high-speed crystallization. Sizes of cells
vary from 0.3 uym to 0.5 pm and increase simultaneously with the growth
of energy density of electron beam. The cells are separated by thin lay-
ers of the second phase; sizes of the layers do not exceed 100 nm (Fig. 8).
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0.5 pm

0.5 pm

0.5 pm

Fig. 9. The x-ray microspectral analysis data (map-
ping method) of element composition in the cellular
crystallization structure of silumin irradiated by in-
tense electron beam, where image is obtained by
means of x-rays scattered by aluminium (a), silicon

0.5
pm (b), copper (c), and nickel (d) atoms

rl

Throughout the cells, there is dislocation structure detected in form of
chaotically distributed dislocations (Fig. 8, a).

According to the data of x-ray microspectral analysis of element
composition in thin foils (mapping method), given in Fig. 9, the cells
are formed by aluminium-based solid solution (Fig. 9, a). Layers sepa-
rating cells of crystallization are saturated with atoms of silicon, copper
and nickel (Fig. 9, b—d).

Therefore, results of x-ray microspectral analysis (SEM and TEM)
and x-ray structural analysis show that irradiation of silumin by intense
pulse electron beam in the mode of melting and subsequent high-speed
crystallization are associated with formation of a multiphase submicro-

Table 5. The conditions of tribological tests of silumin samples

Triboparameters Material static friction partner
Normal load 1.0 Substrate Steel 100 Cr6
Sliding speed 25.0 mm/s Coating No
Sliding length 20.0 m Supplier No
Wear track radius |2.0 mm Cleaning No

Dimension 6000 pm

Temperature 23.0 °C Geometry Ball
Humidity 50.0% r. H. Young modulus |205000 MPa
Atmosphere Air Poisson’s ratio 0.00
Friction threshold |Not used (standard f=1)
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Fig. 10. Friction coefficient p vs. time of tribological tests on as-cast silumin (a) and
irradiated by intense pulse electron beam (35 J/cm?, 150 us, 3 pulses) (b)

and nanocrystal surface layer, containing cells of high-speed crystalliza-
tion separated by layers of the second phase.

Mechanical and tribological properties of the surface layer in silu-
min were measured using microhardness, friction coefficient, and wear
parameter. The conditions of tests are given in Table 5. Obtained data
(for these conditions) are represented in Table 6.

Analysing data in Table 6, we can assert that characteristics of the
surface layer in silumin change significantly due to irradiation of the
material by intense electron beam. For instance, friction coefficient
drops by a factor of 1.3, wear parameter (reciprocal value of wear resist-
ance) decreases sevenfold, and microhardness increases by a factor of
1.7. Comparing results of tests with those obtained during studying
structure of the irradiated layer, we can conclude as follows. A seven-

Table 6. The results of tribological and mechanical tests
on silumin irradiated by intense pulse electron beam

E,, J/cm? Friction coefficient V‘{‘fﬁi ;iﬁ?/n;leiir’ Microhardness, HV
10 0.467 1.2 127
15 0.495 1.5 142
20 0.48 1.2 154
25 0.48 0.7 157
30 0.46 0.75 172
35 0.42 0.74 163
Initial 0.559 4.9 103
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Fig. 11. The profiles of wear tracks in as-cast silumin (a) and irradiated by intense
pulse electron beam (35 J/cm?, 150 s, 3 pulses) (b)

fold increase in wear resistance of silumin as compared with that in the
initial state is observed on the samples, the surface layer of which has
a submicro- and nanosize multiphase structure of cellular crystalliza-
tion and does not contain primary inclusions of silicon and intermetallic
compounds.

Figure 10 demonstrates varying friction coefficient of silumin dur-
ing testing. Comparing the data of tests on silumin in as-cast (Fig. 10, a)
and irradiated (Fig. 10, b) states, we can note as follows. Firstly, the
time when friction coefficient changing becomes stationary is far longer
in the irradiated sample. Secondly, the oscillation amplitude of friction
coefficient is significantly higher for as-cast silumin.

Profiles of wear track in silumin (shown in Fig. 11) and numerical
characteristics of the track (Table 7) also depend definitely on the state
of the surface layer in the material. Wear tracks formed during tribo-
logical tests of as-cast material are significantly bigger and have a big-
ger difference in depth. Apparently, this is caused by big inclusions of
silicon and intermetallic compounds in as-cast material, which chip dur-
ing testing.

Multiple changes of mechanical and tribological characteristics in
silumin are obviously caused by transformation of phase and element
composition, and state of the defect substructure in the surface layer of
silumin, which is initiated by high-speed thermal treatment taking place
during electron beam treatment. Numerous studies [14, 15] reveal that
irradiation of the material by concentrated energy fluxes (electron and

Table 7. Quantitative parameters of wear track in as-cast
and irradiated silumin (35 J/cm?, 150 ps, 3 pulses)

Parameter As-cast Irradiated Parameter As-cast Irradiated
of a track state of a track state

Maximal depth, pm 25.9 7.23 Maximal height, pm 1.06 0.117
Area of a hole, pm? 6168 1265 Area of crest, pm? 4.83 0.445
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la] 20 pm ] 10 um

Fig. 12. Electron-microscopy image of the structure in cross section of silumin ir-
radiated by intense pulse electron beam (25 J/cm?, 150 ps, 3 pulses). Vertical arrow
(in the left figure) indicates irradiated surface. Numbers indicate surface layer (1),
intermediate layer (2), and layer of thermal effect (3)

ion beams, plasma fluxes, laser rays, etc.) results in formation of a gra-
ded structure. The graded structure (formed under irradiation of silu-
min by intense pulse electron beam) was studied during SEM-analysis of
cross sections and TEM-analysis of the structure in the crosscut foils.

Using SEM, the cross sections of silumin were analysed. It was
found out that thickness of the surface layer (where primary inclusions
of silicon and intermetallic compounds are hardly detectable with the
help of SEM) varies in the range from 35 pym to 100 pm and increases
simultaneously with the growing energy density of electron beam
(Fig. 12, a). Throughout this surface layer, there are uniformly distrib-
uted inclusions, the sizes of which vary in the range of 150-175 nm
(Fig. 12, b). Taking into account a lighter contrast (as compared to the
matrix) of these inclusions, we can conclude that they are saturated
with atoms of alloying (impure) elements with higher atomic weight in
comparison to aluminium, therefore, they are particles of an intermetal-
lic phase.

The analysis of cross sections of silumin irradiated by electron beam
revealed formation of a multilayer graded structure. According to mor-
phology of the defect structure, three layers can be conventionally dis-
tinguished: surface layer (Fig. 12, a, layer 1), intermediate layer
(Fig. 12, a, layer 2), and layer of thermal impact (Fig. 12, a, layer 3).
The surface layer has a structure of cellular crystallization, formed dur-
ing high-speed cooling of the material in the melted state (Fig. 12, b,
layer 1). Primary inclusions of the second phase are not detected in this
layer via the SEM-methods. The intermediate layer contains primary
inclusions of the intermetallic phase, which are centres of crystalliza-
tion for aluminium-based solid solution (Fig. 12, b, layer 2).
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KCnt
2.6 ALK Element | wt.% | at.%
Mg (K,) | 01.06| 01.22
1.9+ Al (K,) 85.11 | 88.68
Si (K,) 06.97| 06.98
1.3+ Ni(K,) | 02.11| 01.01
Cu (K,) 04.76 | 02.10
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Fig. 13. Electron-microscopy image of the structure in as-cast silumin irradiated by
electron beam (25 J/cm?, 150 s, 3 pulses) (a); energy spectra (b) obtained on the
surface area and shown in (a). The table (b) provides numerical results of the analy-
sis on element composition in the area designated as I in (a).

Figure 13 and Table 8 provide results of x-ray microstructural anal-
ysis of the surface and intermediate layers in the silumin samples.

Comparing results of the study of element composition in the sur-
face layer (zone 1, Fig. 13, a) with results of element analysis presented
in Fig. 2, b, we can note a rather low concentration of silicon and high
concentration of nickel and copper as compared with cast silumin.
Therefore, high-speed crystallization of silumin is associated with redis-
tribution of alloying elements on the crystallization front, viz. displace-
ment of silicon from the crystallizing layer. As mentioned above, the
intermediate layer (Fig. 12) contains inclusions of not fully dissolved
intermetallic phase (Fig. 13, a, zone 3) and is significantly silicon
enrichment (Fig. 13, a, zone 2). Table 8 represents the quantitative
results of x-ray microspectral analysis of the silumin region shown in
Fig. 13, a.

Table 8. The results of x-ray microspectral analysis for thin section
of silumin represented with the electron-microscopy image in Fig. 13

Number of analysed part (Fig. 13, a)
Element 1 2 3

wt. % at. % wt. % at. % wt. % at. %
Mg (K,) 1.06 1.22 1.24 1.43 2.66 3.26
Al (K) 85.11 88.68 76.42 79.09 72.51 80.0
Si(K,) 6.97 6.98 17.37 17.4 8.34 8.84
Fe (K, 0.0 0.0 0.0 0.0 0.0 0.0
Ni (K,) 2.11 1.02 0.88 0.42 4.44 2.25
Cu (K) 4.75 2.10 4.09 1.66 12.05 5.65
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Fig. 14. The concentration of alloying
elements in silumin vs. distance from the
surface of irradiation by electron beam
(25 J/cm?, 150 ps, 3 pulses), where 1 —
Si, 2 — Cu, 3 — Mg, 4 — Ni

The results of x-ray microspec-
tral analysis of element composi-
tion in silumin, presented in Fig.
14, suggest as follows. First, the

0 25 5'0 7'5 1(')0 12'5 distribution of silicon in the sur-
Distance, pm face layer with a thickness of ~60

nm is quasi-uniform; inclusions of

silicon are detected far from the surface of irradiation. Second, the con-
centration of silicon atoms in the surface layer of ~60 pm is at least
twice lower than declared in the Russian Standard GOST 30620-98.

Third, inclusions of intermetallic phase are found at a depth of ~40 pm
and even deeper.

Thus, using SEM methods, it was found out that as-cast silumin is
a multiphase aggregate and contains inclusions of silicon and interme-
tallic compounds with rather different sizes and form. Irradiation of
silumin samples by intense pulse electron beam is associated with melt-
ing of the surface layer, dissolution of silicon inclusions and intermetal-
lic compounds, formation of a structure of cellular crystallization, and
iterative release of submicro- and nanosize particles of the second phase.
High-speed heating and crystallization of the melted layer are related to
formation of a graded structure with regular distribution of silicon in-
clusions and intermetallic compounds.

A more precise measurement of the graded structure in the silumin
layer surface modified by electron beam (25 J/cm?, 150 s, 3 pulses) and
SEM of thin foils prepared from crosscut sections of samples treated by
electron beam revealed formation of a cellular type structure (Fig. 15, a).
The thickness of layer with the cellular crystallization structure is up to
40 pm. There were no inclusions typical for as-cast silumin detected in the
layer with cellular structure. Using methods of x-ray microspectral ana-
lysis, it was found out that cells are formed by aluminium-based solid
solution (Fig. 15, b). The cells are separated by thin layers of the second
phase (Fig. 15, a). In compliance with the data of x-ray microspectral ana-
lysis, they are saturated with silicon and copper atoms (Fig. 15, ¢ and d).
Table 9 provides quantitative results of the element analysis. We can
clearly see that the main elements in the analysed surface section are
aluminium, silicon, and copper; there is also a small amount of magne-
sium, nickel, iron, titanium, and manganese. It should be noted that the
concentration of silicon in the surface layer is significantly lower than
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Fig. 15. Electron-microscopy image of the structure
in the surface layer of silumin irradiated by electron
beam (25 J/cm?, 150 ps, 3 pulses) (a). Images (b—d)
are taken in x-ray emission of aluminium (b), silicon
m lim (¢), and copper (d) atoms

Table 9. The results of x-ray microspectral analysis of the foil
section represented in Fig. 15, a (fitting coefficient: 0.2340)

Standard Quantitative Analysis
Thin | Film | Standardless
(keV) mass. % counts error, % at. %
Mg K 1.253 1.11 5082.55 0.33 1.28
Al K 1.486 86.60 402539.09 0.00 89.82
Si K 1.739 6.16 29748.77 0.07 6.13
Ti K 4.508 0.13 470.44 4.05 0.08
Mn K 5.894 0.04 131.09 16.84 0.02
Fe K 6.398 0.29 875.37 2.31 0.14
Ni K 7.471 0.76 2060.27 1.08 0.36
Cu K 8.040 4.92 11762.94 0.20 2.17
Total 100.00 100.00

that regulated in the Russian Standard GOST for silumin. Similar re-
sults were obtained by methods of SEM and x-ray phase analysis.

The average size of the cells of high-speed crystallization in the
surface layer is 0.4 + 0.11 pm. The size distribution of cells is monomo-
dal, indicating high size uniformity in the formed structure (Fig. 16).
As deeper from the surface of irradiation, the increase in average sizes
of crystallization cells is revealed; on the bottom edge of the layer with
cellular crystallization they are of 0.65 + 0.22 pum.
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W, % Fig. 16. The size distribution of high-
speed crystallization cells in the sur-
face layer of silumin irradiated by
251 electron beam (25 J/cm?, 150 ps, 3
20 pulses)

30 [

15

The surface layer of silumin
with the structure of cellular
crystallization contains grains
0 T of lamellar eutectic (Fig. 17).

0.215 0.283 0.35 0.4150.485 0.55 0.6150.683 D, um g 4 grains of eutectic are

found in the layer at a depth of
~15 pm. A relative concentration of grains increases as deeper from the
surface of irradiation. The grains of eutectic are located like islands or
layers between cells of high-speed crystallization of aluminium. The
grains of eutectic indicate local regions in the surface layer of the mate-
rial with a quite higher (=12 at.%) concentration of silicon atoms. The
sizes of eutectic grains are similar to those of aluminium-based solid
solution (cells of crystallization). The cross sizes of eutectic plates vary
from 25 nm to 50 nm.

Figure 18 shows revealed layer of silumin at a depth of 50-70 pum,
where aluminium and silicon melt and inclusions of intermetallic com-
pounds (with casting origin) remain. In this case, the structure of cel-
lular crystallization of aluminium and grains of lamellar eutectic are
formed. The inclusions of intermetallic compounds are as centres of cel-
lular crystallization.

The layer of silumin, where only aluminium melts and primary in-
clusions of silicon and intermetallic compounds are detected, precipi-
tates at a distance of 80—90 um from the surface of irradiation. In this

10 -

5

0.5 pm 0.5 pm

Fig. 17. The structure of silumin layer (at a depth of 30 um) after electron beam
exposure (25 J/cm?, 150 ps, 3 pulses)

Fig. 18. The structure of silumin layer (at a depth of 50 nm) after electron beam
exposure (25 J/cm?, 150 ps, 3 pulses)
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0.5 um 0.5 pm

Fig. 19. The structure of silumin layer (at a depth of =90 nm) after electron beam
treatment (25 J/cm?, 150 ps, 3 pulses)

Fig. 20. The structure of silumin layer (at a depth 120 um) after electron beam
treatment (25 J/cm?2, 150 um, 3 pulses)

case, in the structure there are cells of high-speed crystallization of
aluminium. Submicron grains of lamellar eutectic are not found (Fig. 19).
As deeper from the surface of irradiation (100 pm and more), the struc-
tural region of the thermal impact is revealed by intense pulse electron
beam (25 J/cm?2, 150 ps, 3 pulses). This structural region is similar to
the structure of silumin in the initial state according to element and
phase composition. Figures 20 and 21 demonstrate typical structure in
this layer of silumin.

Using methods of x-ray microspectral analysis of thin foils, it was
revealed that element composition of silumin irradiated by electron
beam depends regularly on the distance from the surface of irradiation
(Table 10). The analysis of data in
Table 10 suggests that silicon con-
centration changes most signifi-
cantly, a relative concentration of
this element grows from 6.2 wt.%
in the surface layer to 10.4 wt.% in
the layer at a depth of 30 uym. There-
fore, melting of silumin by intense
pulse electron beam (25 J/cm?2,

Fig. 21. The structure of silumin layer

(at a depth of ~200 pm) after electron
2 _

:::)m treatment (25 J/cm?2, 150 us, 3 pul 0.5 um
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a 5 pm| 5 5 um
a] o]

Fig. 22. The structure of the cross section of silumin sample (with indenter impres-
sion) irradiated by intense pulse electron beam (25 J/cm?, 150 ps, 3 pulses): a — the
structure of silumin near the irradiated surface, b — at a distance of 200 pm from
the surface. The arrow (in the left figure) indicates the surface of irradiation

150 ps, 3 pulses) is associated with the drop in silicon concentration in
the surface layer, the thickness of which is up to 30 pum.

We can suggest that the decrease in concentration of alloying ele-
ments in the surface layer of silumin irradiated by intense pulse elec-
tron beam, can contribute to the loss in strength of the surface layer.
Hardness of the modified layer was determined on the crosscut polished
thin sections at a load on indenter of 30 mN. Figure 22 shows face of
metallographic thin sections with indenter imprints.

One can clearly see that the sizes of imprints and, therefore, the
hardness depend substantially on the distance to the surface of irradia-
tion (the surface of irradiation is indicated by the arrow in Fig. 22, a).
The sizes of indenter imprints close to the surface of irradiation (Fig. 2,
a) are quite smaller than those located deeper (200 pm, Fig. 22, b) from
the surface of irradiation. That is why the irradiation of silumin by
electron beam is associated with hardening of the surface layer in a
sample, despite the lowering of alloying degree.

Figure 23 provides results of plotting hardness profile of the irradi-
ated samples of silumin. The analysis of the results (Fig. 23) suggests

Table 10. The element composition of silumin irradiated
by intense pulse electron beam (25 J/cm?, 150 ps, 3 pulses)

Distance between analysed layer Distance between analysed layer
Element,| and irradiation surface, pm Element, and irradiation surface, pm
wt. % wt. %
3 8 15 30 3 8 15 30

Mg 1.11 | 0.71 | 0.28 | 0.38 Mn 0.04 0.03 0.05 0.05
Al [86.60 |86.09 [87.2 [83.95 Fe 0.29 0.48 0.22 0.24
Si 6.16 | 6.9 7.2 [10.42 Ni 0.76 1.26 0.42 0.58
Ti 0.13 | 0.23 | 0.18 | 0.2 Cu 4.92 4.32 4.43 4.18
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Fig. 23. The values of hardness (a) determined under nanoindentation of the cross
section in silumin irradiated by intense pulse electron beam (25 J/cm?, 150 ps,
3 pulses), where averaged hardness values vs. distance from the surface of irradia-
tion are represented in (b)

that silumin hardness changes nonmonotonously, reaching its maxi-
mums in the layer at a depth of 30—50 pum. Silumin hardness exceeds
hardness in the initial state by a factor of 3.8—4.2. In the layer adjacent
to the surface of irradiation (i.e., located at a depth of ~5 yum), the hard-
ness is higher than that of as-cast silumin (in our case, it is a layer at a
depth of 500 pum) by a factor of ~1.6.

Therefore, the results of SEM allow suggesting that the increase of
silumin hardness (by a factor of 3.8—4.2 in the layer at a depth of ~30 pum)
is caused by formation of a morphologically two-base structure. This struc-
ture contains submicron cells of high-speed crystallization of aluminium-
based solid solution with nanosize layers of the second phase located on the
cell boundaries, and submicron cells of eutectic silumin crystallization.

Conclusions

Using methods of scanning electron microscopy, it was found out that
as-cast hypoeutectic silumin is a multiphase aggregate, which is formed
by grains of aluminium-based solid solution, grains of eutectic, inclu-
sions of silicon and intermetallic compounds with a wide range of sizes
and different shapes; furthermore, the distribution of alloying elements
is significantly inhomogeneous. It is reported that irradiation of silumin
by intense pulse electron beam (20-35 J/cm?, 150 us, 3 pulses, 0.3 1/c¢)
is associated with melting of the surface layer, dissolution of silicon
inclusions and intermetallic compounds, formation of the structure of
cellular crystallization, and iterative release of submicro- and nanosize
particles of the second phase. A considerable drop (1.5—2 times) of sili-
con concentration is detected in the layer adjacent to the surface of ir-
radiation. It is identified that the concentration of silicon grows as far
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from the surface of irradiation and reaches referential values in the
layer at a depth of ~30 um.

A multiple alteration of mechanical and tribological characteristics
is revealed in the surface layer of silumin irradiated by intense pulse
electron beam. Friction coefficient decreases by a factor of 1.3, wear
parameter (reverse value of wear resistance) decreases by a factor of 7,
while microhardness increases by a factor of 1.7. It is assumed that the
sevenfold increase in wear resistance in the modified layer of silumin as
compared with as-cast material is caused by submicro- and nanosize
multiphase structure of cellular crystallization without primary inclu-
sions of silicon and intermetallic compounds.

It is determined that high-speed mode of melting and subsequent
crystallization, which take place during intense pulse electron beam ir-
radiation, result in formation of silumin with the graded structure in
the surface layer. The average size of cells is 0.4 £ 0.11 pum at the sur-
face of irradiation and 0.65 + 0.22 pm on the lower edge of the cellular
crystallized layer. The volume of cells is formed by aluminium-based
solid solution. The cells are separated by thin layers of the second phase
saturated with atoms of silicon and copper. In the layer deeper than 15
um, the formation of submicron grains of lamellar eutectic is detected.
The cross sizes of eutectic plates vary from 25 nm to 50 nm. At a depth
of 50—70 pm, there is a layer of silumin, where melting of aluminium
and silicon takes place, and inclusion of intermetallic compounds re-
main. High-speed crystallization in this layer is associated with forma-
tion of the structure with cellular crystallization of aluminium and
grains of lamellar eutectic. At a depth of 80—90 um, there is a layer of
silumin detected, where aluminium melts, while inclusions of as-cast
originated silicon and intermetallic compounds remain. In this case,
cells of high-speed crystallization of aluminium are found in the struc-
ture. The submicron grains of lamellar eutectic are not detected.

It is demonstrated that hardness of irradiated silumin varies non-mo-
notonously, reaching maximum value in the layer at a depth of 30—50 pm.
This maximum exceeds hardness of the material in the initial state by a
factor of 3.8—4.2. In the layer close to the irradiated surface (i.e. at a
depth of 6 ym), the hardness is 1.6 times higher than that for as-cast
material. It is determined that the increase of hardness in the surface
layer by a factor of ~1.6 is caused by formation of the submicron struc-
ture with cellular crystallization, nanosize layers of the second phase
located on the cell boundaries. The increase by a factor of 3.8-4.2 in
hardness of the subsurface layer in silumin is related to morphologi-
cally two-base structure, which contains sub-micron cells of high-speed
crystallization of aluminium-based solid solution and nanosize layers of
the second phase on the boundaries of the cells, and sub-micron cells of
eutectic crystallization of silumin.
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10.®. Isanos!?, B.€. I'pomos?, C.B. Konosanos*,

H.B. Bazynsaes?, €.A. ITempirosa’, AII. Cemin'!

! THCTUTYT cuabHOCTPYMOBOI enekTporiku CB PAH,
npocu. Axagemiunuii, 2/3; 634055 TomceK, Pocisa

? HarionanpHu# gocaigaunbkuii ToMChbKUI moiTeXHIYHNA yHIBEpCHUTET,
npocu. Jlenina, 30; 634050 Tomcrk, Pocia

3 CubipchbKuil nJep:KaBHUM iHAyCTPiaJbHUN yHiBEpCHUTET,
ByJs. Kiposa, 42; 654007 HoBokysHenbk, Pocisa

4 CaMapChbKUil HAI[IOHAJBHUN AOCAIAHUIBKUAN yHiBEPCUTET
imeni akagemika C. II. Koposboga,
MockogcbKe 11oce, 34; 443086 Camapa, Pocia

MOJIU®IKAIIA CTPYKTYPU TA BJIACTUBOCTEM
IIOBEPXHI JOEBTEKTUYHOT'O CUJIYMIHY IHTEHCBHMMU
IMITYJIBCHUMMU EJIEKTPOHHUMU ITYUYKAMU

Meromamu cygacHOro (hi3sMUYHOTO MAaTEPiAJIO3HABCTBA BUKOHAHO aHAJI3y CTPYKTYPHO-
(asoBux cTaHiB, TPUOOJOTIUHMX i MeXaHiYHUX BJIACTUBOCTEI TOEBTEKTUUHOTO CIIIY-
MiHy, IO HMigTaeThCsa eJeKTPOHHO-IyuKoBoMy o0pobsienHio (EIIO) 3a HacTynmHux ma-
pamerpiB myuka: ryctuHa eHeprii — 10—-35 Ik /cm?, rpuBaiicts imoyabscy — 10 MKc,
KinpKicTh iMmmysnbciB — 3, wacrora npoxomkenasa — 0,3 I'm. ¥V mouaTkoBomy craHi
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CTPYKTYPY CHUJIYMiHY c)opMOBaHO 3epHAMHU TBEPJOI'0 PO3UYMHY HA OCHOBi asioMiHiio,
3epHAMU eBTEeKTUKM, BKJIOUEHHAMU KpeMHil0 ¥ iHTepMerasifiB pisHOi ¢dopmu Ta
poawmipis. EITO 38 ryctunoo eneprii y 20—35 3% /cM? IPUBOAUTE O TOIJIEHHS IIOBEPX-
HEBOTO ITapy, POSUMHEHHSA BKJIOUEeHb KPEMHIi0 i1 iHTepMeTanifiB, GOpMyBaHHA CTPYK-
TYpU BHCOKOIIIBHUIKICHOI KOMipKOBOI KpucTasisallii, ITOBTOPHOTO BUiJIEHHA YaCTHU-
HOK apyroi ¢asm cyOMiKpoHaHOpo3MipHOro miamasony. CepenHiit posmip ocepenkis
kpucraiaisamii — 0,3—-0,5 MmkM y moBepxHi onpominenusa ta 0,4—0,8 MKM HA HUMKHINA
MeJXKi mapy 8 KoOMipuacToio CTPYKTypoio. BukoHano aHanisy r'paJlieHTHUX CTPYKTYPHO-
dasoBux craHis Ha raubuui 10 120 MxM. B mapi, posramoBanoMy Ha TyInOUHI mOHAT,
15 MxM, BuABIEeHO (GOPMYBaHHA CyOMiKDOHHUX 3€peH IJIacTUHYACTOI eBTeKTuKU. Ilo-
ImepeyHi po3Mipu IJIaCTUH €BTEeKTUKU 3MiHIOIOTHCA B Me:kax Bix 25 Hm mo 50 HM.
IToxkasano, 1110 HAHOTBEPJAiCTh OIPOMIHEHOTO CHJIYMiHY 3MiHIOETHCS HEMOHOTOHHUM
YHMHOM, CATAI0YM MAaKCHUMAJbHOTO 3HAUEHHS, IO IIEPEBUINYE TBEPAICTH BUXiZHOTO
cTany B ~4 pasu Ha raubuHi ~30 MKM. B mapi, npuieriaoMmy o IOBepxXHi OIPOMiHEHHSA
(ToOTO po3TAIIOBAHOMY Ha TJIMOWHI ~5 MKM), BeJIMUMHA TBEPAOCTU IIEPEBUIIYE TBEP-
IicTb auTOoro cuayMiny B ~1,6 pasu. Hagano (isuuHy iHTepIperaliro crocrepeskysa-
HUX 3MiH CTPYKTYPHU Ta BJIACTUBOCTEHN MPU OHNPOMiHEHHi.

KarouoBi c1oBa: J0eBTEKTUUHUH CUIYMiH, eJIEKTPOHHI IYUYKY, KOMipKN BUCOKOIIIBUJ-
KicHOI Kpucramiszamii, eBTeKTUKa, iHTepMeTaIi 1, HAHOTBEPAiCTh.

10.9. Heanos’?, B.E. I'vomos?, C.B. Konosanos?,

II.B. Bazyases®, E.A. ITlempukrosa’!, AII. Cemun'

! MucruryTt cunbHOTOuHOM anekTponuku CO PAH,
npocn. Akagemuueckuit, 2/3; 634055 Tomck, Poccus

2 HannoHaJAbHBINA UccaeoBaTelbcKuil TOMCKMII MOIUTEeXHUYEeCKUY YHUBEPCUTET,
npocu. Jleuuna, 30; 634050 Tomck, Poccus

3 CubupCcKUl TOCyJapCTBeHHBIA UHAYCTPUAJLHLIN YHUBEPCUATET,
ya. Kuposa, 42; 654007 HoBoKkysHer K, Poccus

4 CaMapCKUil HAIIMOHAJBHBINA MCCIEI0BATEIbCKIN YHUBEPCUTET
umenu axkagemuka C. II. KopoJsesa,
MockoBckoe mocce, 34; 443086 Camapa, Poccus

MOINP®UKAITSA CTPYKTYPBI I CBOMCTB ITOBEPXHOCTHU
JOSBTEKTUYECKOI'O CMJIVMIHA NHTEHCHBHBIMUI
NMITYJBCHBIMU 3JIEKTPOHHBIMU ITYYKAMU

MeTtogamMu coBpeMeHHOT0 (hU3UIECKOTO MaTepraioBeleHnsT BHIMOJIHEeH aHAJINU3 CTPYK-
TYPHO-(A30BBIX COCTOAHUI, TPUOOJOTUUECKUX U MEXaHUUECKUX CBOMCTB JOIBTEKTHU-
YeCKOTr'0 CUJIYMUHA, MOABEPrHYTOr0 3JIEKTPOHHO-NyYKOBOIT oOopaborke (III0) co cie-
IYVIOIMUMHY IapaMeTpaMu IIyYKa: ILIOTHOCTE sHepruu — 10-35 IIxx/cM?, JInTeJIbHOCTD
uMmnysbca — 10 MKC, KOJIMUEeCTBO UMIYJIbCOB — 3, yacrora ciaexosarud — 0,3 I'u. B
WCXOIHOM COCTOSHUU CTPYKTypa CUIyMuHA chopMHpOBaHA 3EPHAMU TBEPAOTO PacCT-
BOpPa HA OCHOBE aJIOMUHUS, 36pHAMU SBTEKTUKHU, BKIIOUEHUAMU KPeMHUA U UHTepMe-
TAJLIUI0B pasauyHoil Gopmbel u pazmepos. IO ¢ miorHocThI0 dHeprun 20—35 Ik /cm?
TIPUBOAUT K TJIABJIEHUIO TIOBEPXHOCTHOTO CJI0A, PACTBOPEHUIO BKJIOUEHUH KPEMHUA U
WHTEPMETAJINI0B, (hOPMUPOBAHUIO CTPYKTYPHI BBICOKOCKODPOCTHOII AYEHCTOH KpPU-
CTAJLIN3AINY, ITIOBTOPHOMY BBIJEJICHUIO YACTHUI] BTOPOU (hasbl CyOMUKPOHAHOPA3ZMeEp-
HoTO nuamnasoHa. CpenHuii pasmep sueek Kpucramanusanuu — 0,3-0,5 MKM y moBepx-
HocTH obsyuenus u 0,4—0,8 MKM Ha HUMKHEH IpaHHUIlE CI0S C AYEHCTON CTPYKTYPOM.
BrimosiHeH aHanAW3 TPAAUEHTHBIX CTPYKTYPHO-(DA30BBIX COCTOAHWH Ha TJIyOWHE MO0
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120 mxMm. B cioe, pacmosoxxenHoM Ha riyoune 6ojiee 15 MKM, BBIABJIEHO (DOPMUPO-
BaHUE CYOMUKPOHHBIX 36PEH IJIACTMHYATOIN dBTEKTUKU. llomepeuHble pasMepsl ILja-
CTUH 9BTEKTUKU U3MEHAIOTCA B IIpepenax oT 25 HM mo 50 um. Ilokasano, uTo HaHOT-
BEPIOCTH OOJTYUYEHHOTO CUJIYMUHA U3MEHAETCA HEMOHOTOHHBIM 00pa3oM, AOCTUTasA MaK-
CUMAaJILHOTO 3HAYEHUS, IIPEBBIIITA0IIEro TBEPIOCTh NCXOAHOI'0 COCTOSHUSA B ~4 pasa
Ha rayoumnae ~30 MKM. B ciioe, mpuieraoIieM K IOBEPXHOCTH 00ayueHUs (TO eCTh pac-
TIOJIO’KEHHOM Ha IJIyOnHe ~5 MKM), BeJIUYNHA TBEPJOCTU IPEBBINIAET TBEPAOCTE JUTO-
ro cuaymuHa B ~1,6 pasa. [laHa (pusuyeckass mHTepIpeTanua HaOII0IaeMbIX U3MeHe-
HU CTPYKTYPBI U CBOWCTB IIPU OOJYUEHUU.

KioueBnie ciioBa: JO9BTEKTUYECKUU CUJIYMUH, DJEKTPOHHBIE MYYKU, AUEHKU BBICO-
KOCKOPOCTHO! KPUCTAJIIN3AINN, 9BTEKTUKA, NHTEePMEeTaJINAbI, HAHOTBEPAOCTD.
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