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Abstract: The paper describes the two-stage modification of the surface layer of hypereutectic Al-
20%Si alloy that combines electroexplosive alloying by an Al-Y2O system with subsequent irradiation
by pulsed electron beam. It is shown that irrespective of the modification mode, a multilayer structure
is formed consisting of the following layers: a surface layer and an intermediate layer. The surface
layer is a multiphase material, the thickness of which varies within 1 µm. The intermediate layer,
the thickness of which varies within 40 µm, is made up of rapid solidification cells formed due to
the rapid cooling of molten layer of Al-20%Si alloy. The cells are divided by thin interlayers mostly
formed by silicon nanoparticles.
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1. Introduction

Currently, the modern machine-building industry faces a large number of challenges:
the development of new materials or materials with improved properties; the introduction
of new technologies; energy and resources saving through the production of economical and
efficient materials for machines and manufacturing equipment; improvement of reliability
and the service life of products, etc. In most cases, during the operation of machine parts
and mechanisms, it is the surface layers of material that are subjected to the load, and that
is why they attract the maximum attention of scientists [1–4].

The service life of machine parts during their operation is reduced, and the perfor-
mance deterioration takes place irreversibly because of wear and damage to parts. Every
year, millions of parts are rejected and remelted due to the wear-out of their working
surfaces, which can be recovered by different methods. The cost of parts recovery is
much lower than their manufacturing cost, as recovery does not include such labor-,
energy- and material-intensive processes as remelting (when recycling the worn-out
item), casting, stamping and machining (when producing a new item). In many cases, the
solution of these problems is facilitated by the wide use of aluminum alloys in industry,
the development and introduction of resource-efficient technologies of their produc-
tion, and the creation of new constructional and precision materials with pre-designed
properties [5–7].

It is known that 80% of aluminum castings produced in the world are made of
aluminum–silicone (Al–Si) alloys—silumins. A specific feature of silumins, as opposed to
pure aluminum, is their increased strength and hardness, wear and corrosion resistance
resulting from the content of silicone, which is harder than aluminum [8]. This explains the
idea of developing and using the hypereutectic silumin in which the content of silicone
exceeds ≈12 wt %. However, the presence of such an amount of silicone conditions the
large inclusions, pores, cracks, etc., in silumin, reducing the performance properties of the
material [9–13].
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Pistons for automobiles are most often produced from eutectic and hypereutectic
silumins with silicone content of 12–25 wt %. Modification and microalloying are known
to influence greatly the improvement of performance and stress-related characteristics
of these alloys [14–18]. The piston operates under rough, often dangerous, conditions—
rubbing friction, increased temperature modes and intense loads; that is why it is especially
important for the automobile pistons to be efficient, reliable and wear resistant. Thus, there
is a need for rubbing surface protection. It is achieved by the methods of surface hardening.
The interaction of intense pulse energy beams, such as ion, electron and laser beams, with
materials and its application in industry has drawn great attention in recent decades.

Currently, the most promising method of metals and alloys surface treatment is
two-stage processing, which combines a complex of treatment methods: surfacing and
subsequent radiation treatment by an electron beam. The given combination of methods
allows not only the thermal action upon the material surface to be implemented but also
the alloying of the surface layer to be performed [19,20]. All of the above-mentioned
methods acting upon the structure and the phase composition allow the greater part of
the disadvantages to be minimized and the service life of machine parts and mechanical
components to be increased.

Thus, the treatment of the surface layers of hypereutectic silumins is a challenging
issue for the modern machine-building industry. In this regard, the aim of this paper
is to analyze the structure–phase transformations taking place in the surface layer of
hypereutectic alloy Al-20%Si subjected to the two-stage treatment.

2. Materials and Methods

The samples of hypereutectic alloy Al-20%Si were used as a material for study. The
chemical composition obtained after X-ray diffraction analysis (Shimadzu XRF-1800 instru-
ment) of silumin samples is shown in Table 1.

Table 1. Results of X-ray spectrum analysis of Al-20Si alloy samples.

Al Si Fe Cu Mn Ni Ti Cr

78.52 ± 10% 20.28 ± 10% 1.14 ± 10% 0.072 ± 10% 0.015 ± 10% 0.006 ± 10% 0.006 ± 10% 0.001 ± 10%

Modification of the silumin surface layer was performed in two stages. At the first
stage, electroexplosive alloying of Al-20%Si was completed, aluminum foils were used as
the material for exploding conductors, and Y2O3 was used as the sample weight. Alloying
was carried out at the electrical discharge machine EVU 60/10 [21].

Coating was carried out according to the following technology: the sample weight of
Y2O3 powder was placed on the aluminum foil gripped between two coaxial electrodes.
Then, voltage was applied to the foil through the vacuum gap, the conductor, exposed
to high-density current, exploded. Explosion products, which consisted of the plasma
component including variously dispersed particles of Al and Y2O3 moved along the
process chamber to the sample, were deposited on it with fusion of the material surface
layers. Thus, the multiphase and multicomponent coating was formed on the surface of
the treated part.

At the second stage, the modified surface was irradiated by a pulsed electron beam.
The irradiation was completed at the energy complex “SOLO” developed and produced
in the Institute of High Current Electronics SB RAS (Tomsk) [22]. The irradiation was
performed in the atmosphere of argon under the pressure of 0.02 Pa. The conditions of
electroexplosive alloying and subsequent alloy irradiation are presented in Table 2. Earlier
in paper [23], the authors analyzed six modes of treatment and determined the optimal
conditions of electroexplosive alloying, resulting in multiple increases in the mechanical
characteristics of the alloy surface layer.
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Table 2. The conditions of electroexplosive alloying and subsequent treatment by electron beam.

Mode No.

Mass of the
Aluminum

Foil, mAl
(mg)

Mass of the
Powder Y2O3,
mY2O3 (mg)

Discharge
Voltage, U

(kV)

Electron Beam
Energy

Density, J/cm2

Energy of
Accelerated

Electrons,
keV

Duration of
Electron

Beam Pulse,
µs

Number of
Current
Pulses

Pulse
Repetition
Rate, s−1

1 58.9 58.9 2.8 35
18 150 3 0.32 58.9 88.3 2.6 25

Study of the phase composition and structural parameters of the samples was per-
formed by the methods of X-ray structure analysis (X-ray diffraction meter XRD-6000 on
CuKα-radiation). Analysis of the phase composition was performed with the application of
databases PDF 4+ and full-profile analysis POWDER CELL 2.4. The defective substructure,
morphology and local phase composition of the modified layer of silumin samples was
carried out by the methods of transmission electron diffraction microscopy (unit JEM
2100F) [24–26].

3. Results

The morphology of the modified layer of Al-20%Si alloy was studied by the method
of transmission electron microscopy of foils prepared from the plates cut out of the bulk
samples perpendicularly to the treated surface. In Figure 1, we provide the typical image of
the layer structure formed after the two-stage treatment. It was established that regardless
of the modification mode, a multilayer structure is formed: the surface layer (Figure 1a,
layer I) and the intermediate layer (Figure 1a, layer II).
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Figure 1. Structure of the surface layer of Al-20%Si alloy modified by the two-stage treatment. (a) a
multilayer structure: the surface layer (layer I) and the intermediate layer (layer II); (b) the surface
layer structure; (c) the intermediate layer structure.
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Surface layer I is formed by circular-shaped particles, the sizes of which vary within
≈10–20 nm (Figure 1b). The thickness of the given layer varies within ≈1 µm. We can sup-
pose that the given particles are yttrium oxide powder or yttrium oxide powder modified
as a result of its interaction with the molten surface layer of the base. The intermediate
layer (layer II) has the structure of rapid cellular solidification, which is a typical structure
for silumin treated by pulse electron beam in the mode of surface layer fusion [27,28].
The given layer is characterized by globular inclusions formed by circular nanoparticles
(Figure 1c). We can suppose that these inclusions are conglomerates of yttrium oxide parti-
cles. The thickness of the given layer is 30–40 µm, and it increases as the energy density of
the electron beam grows.

The phase composition and the crystalline lattice of the main phases were studied by
the methods of X-ray diffraction analysis. The results of the X-ray diffraction analysis of
Al-20%Si alloy subjected to the two-stage treatment are presented in Table 3.

Table 3. Results of X-ray diffraction analysis of Al-20%Si alloy subjected to the two-stage treatment.

Sample Determined
Phases

Phase
Content,
Mas. %

Lattice
Constant, Ǻ

Size of the
Coherent
Scattering

Region, nm

∆d/d∗10−3

No. 1–35 J/cm2

Al(Si) 73.0 a = 4.0509 94.3 0.761
Si 16.8 a = 5.4437 16.27 1.026

Y2O3 3.8 a = 10.5080 24.09 7.588

YSi2 6.4
a = 3.8995
b = 4.1392
c = 13.2821

18.59 2.142

No. 2–25 J/cm2
Al(Si) 71.5 a = 4.0516 320.53 1.853

Si 25.9 a = 5.4341 41.92 1.589
Y2O3 2.6 a = 10.5871 13.8 2.509

Analyzing the results presented in Table 3, we can note that the phase composition
and the condition of the crystalline lattice of the main phases significantly depend on
the conditions of modification. From the reference books, it follows that aluminum and
silicone are practically unsoluble in one another in the room temperature [29]. Conse-
quently, we can take the lattice constant of pure aluminum which equals 0.4046 nm as
the lattice constant of aluminum in the base alloy Al-20%Si [29]. The two-stage treatment
of Al-20%Si alloy results in an increase in the lattice constant of aluminum, and this may
indicate that aluminum was alloyed by yttrium atoms as the radius of yttrium atoms
(R(Y) = 0.178 nm) is larger than the radius of aluminum atoms (R(Al) = 0.143 nm). The
size of the coherent scattering regions and the ratio of the aluminum lattice microdistor-
tions are larger in sample No. 2. It can be conditioned by the greater concentration of
yttrium oxide powder introduced into the silumin surface layer during the electroexplo-
sive alloying.

The content of silicone in the silumin surface layer is reduced by 1.5 as the energy
density of the electron beam increases. This reduction may result from the transition of some
part of crystalline silicone into amorphous silicone under high-speed thermal treatment.
The silicone lattice constant grows when the energy density of electron beam increases and
in both cases exceeds the pure silicone lattice constant, which equals 0.54304 nm [29]. The
latter can be conditioned by the alloying of silicone with yttrium and aluminum atoms,
as the radius of silicone atoms (R(Si) = 0.134 nm) is smaller than the radius of aluminum
and yttrium atoms. The size of the coherent scattering regions and the ratio of the silicone
lattice microdistortions are larger in sample No. 2. This can be determined by the greater
concentration of yttrium oxide powder introduced into the surface layer of silumin during
the electroexplosive alloying.



Lubricants 2022, 10, 133 5 of 10

As it was mentioned above, the modified layer of Al-20%Si alloy contains yttrium
oxide powder. This powder is also detected by the methods of X-ray diffraction analysis
(Table 3). Its content ratio is relatively small and varies within 2.8–3.6 mass %. The lattice
constant of the yttrium oxide is reduced as the energy density of the electron beam grows.
Let us note that the lattice constant of yttrium oxide crystalline lattice was 1.061 nm [29].
The microdistortions of the crystalline lattice of yttrium oxide change significantly: they
increased three times when the energy density of the electron beam grows from 25 to
35 J/cm2 (Figure 2). The microdistortions of the crystalline lattice of Al and Si phases
change in the opposite way: they are reduced when the energy density of the electron
beam increases.
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electron beam for Al-20%Si alloy.

Irradiation of the surface layer of Al-20%Si alloy, modified by the electroexplosive
method with subsequent irradiation by pulse electron beam with energy density of the
electron beam 35 J/cm2, leads to the formation of yttrium silicide YSi2 in the alloy. At
the lower energy density of the electron beam, the given compound is not found in
the alloy.

The morphology, sizes and phase distribution in the surface layer of Al-20%Si alloy
subjected to the two-stage treatment were studied by the methods of transmission diffrac-
tion electron microscopy, applying the methods of dark-field analysis and indexing of X-ray
diffraction patterns [30,31].

In Figure 3, the results of selected-area electron diffraction analysis of the surface layer
are shown (layer I, Figure 1a,b). On the dark-field images of the given layer (Figure 3c,d),
it is clearly seen that the layer is a nanostructured formation, and it is formed by circular
particles. Indexing of the X-ray diffraction pattern obtained for the given layer (Figure 3b)
allowed revealing reflections of the following phases: YAl3 (indicated by yellow arrows
in Figure 3b) and Y2Si2O7 (indicated by red arrows in Figure 3b). Consequently, we can
suppose that the given surface layer was formed as a result of the interaction between Y2O3
powder and the molten layer of Al-20Si alloy, which led to the formation of the phases of
elements in the given layer.
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In Figure 4, the electron microscopic image of the intermediate layer structure is
presented. It is clearly seen that the given layer is formed by the cells of rapid solidification
resulting from rapid cooling of the molten layer. Analysis of the X-ray diffraction pattern
brings us to the conclusion that the cells are formed by solid solution on the aluminum
base (Figure 4d). The cells are divided by thin interlayers formed by nanosized particles.
Indexing of the X-ray diffraction pattern shows that these particles are silicone (Figure 4c).
Analyzing the results presented in Figure 4c, it can be noted that the silicon interlayers
are formed by aluminum-based solid solution. Silicon interlayers are located along the
boundaries and at the junctions of the boundaries of the crystallization cells and have a
nanocrystalline structure with a crystallite size of ≈10–20 nm.
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and subsequent irradiation with a pulse electron beam; (a) bright-field; (b) X-ray diffraction pat-
tern; (c,d) dark-field images obtained in reflections [204]YAl3 and [211]Y2Si2O7 (c); [1013]YAl3 and
[251]Y2Si2O7 (d); in (b) diffraction rings are shown in which dark-field images were obtained: 1—for
(c), 2—for (d). Yellow arrows indicate diffraction rings belonging to the YAl3 phase; red arrows
indicate diffraction rings belonging to the Y2Si2O7 phase.
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In Figure 5, an electron microscopic image of the foil area with an agglomerate of
spherical particles is provided. Analysis of X-ray diffraction pattern obtained for the given
agglomerate allowed the reflections belonging to the crystalline lattice of Y2SiO7 compound
phase to be revealed (Figure 5b). This indicates that the agglomerates of yttrium oxide
powder introduced into the molten layer of Al-20%Si alloy can be alloyed by the elements
forming the base material.

Thus, the methods of transmission electronic diffraction microscopy allow not only
studying morphology and estimating the size of second phase particles but also revealing
additional phases which are not shown by the methods of X-ray diffraction analysis due to
their small content in the material.
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Figure 5. Electron microscope image of the intermediate layer structure of Al-20%Si formed as a
result of the two-stage treatment which combines electroexplosive alloying by yttrium oxide powder
and subsequent irradiation with a pulse electron beam; (a) bright field; (b) microelectron diffraction
pattern obtained from the foil section limited by the selector diagram (red circle in Figure 5a).

4. Conclusions

The structure, the phase composition, and the state of the defective substructure of
Al-20%Si alloy samples subjected to the two-stage treatment (electroexplosive alloying
with subsequent irradiation by high-intensity pulse electron beam) were studied by
the methods of transmission electronic diffraction microscopy. It was established that
regardless of the modification conditions, a multilayer structure is formed: the surface
layer and intermediate layer. It was shown that the surface layer, the thickness of
which is within 1 µm, is a multiphase material and is formed, supposedly, as a result of
interaction between Y2O3 powder and the molten Al-20%Si layer. The intermediate
layer, the thickness of which varies within 40 µm, is made up of rapid solidification
cells formed due to the rapid cooling of the molten layer of Al-20%Si alloy. The cells
are divided by thin interlayers mostly formed by silicon nanosized particles. It was
established that agglomerates of spherical particles are found in the intermediate
layer. It was shown that these agglomerates are formed by the yttrium oxide particles
introduced into the molten layer of Al-20%Si and alloyed by the elements forming the
base material. Solid solutions based on aluminum and silicon crystal lattices enriched
with yttrium atoms were revealed in the intermediate layer appearing due to the
rapid solidification.
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