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THE STRUCTURE AND PROPERTIES

OF A HYPOEUTECTIC SILUMIN SUBJECTED
TO COMPLEX ELECTRON-ION-PLASMA
PROCESSING

The layer-by-layer analysis of structural-phase states and tribological properties of
hypoeutectic AK10M2H-type silumin at the depth up to 170 um after the complex
processing is carried out by the state-of-the-art methods of physical materials sci-
ence. It involves the electroexplosion alloying with titanium and yttrium-oxide pow-
der in different ratios followed by electron-beam processing. The choice of titanium
and yttrium as the alloying elements is caused by the fact that, at the solidification,
they form the eutectic mixture of two restricted solid solutions. Four variants of
the combined surface treatment are realized in the work: the masses of the exploded
titanium foil and Y,0, powder are 58.9 mg each at the electron-beam energy densi-
ty E, = 25 J/cm? and discharge voltage U = 2.8 kV as well as 58.9 and 88.3 mg at
E, =35 J/cm? and U = 2.6 kV. As revealed, the electroexplosion treatment is ac-
companied with both the alloying of the surface layer with plasma elements and the
penetration of the initial powder particles of yttrium oxide into the surface layer.
The complex surface processing leads to the dissolution of Si inclusions and inter-
metallides typical for the cast state. Depending on the regime, the complex surface
treatment forms the multicomponent multiphase layer of the thickness of up to 170
um; the crystallites’ sizes of the layer vary within the range from units to hundreds
of nanometers. Along with the atoms of the initial material (Al, Si, Cu, Ni, Fe), the
surface layer is enriched by the atoms of titanium, yttrium, oxygen. The inhomoge-
neous distribution of the alloying elements in the modified layer is determined by
the method of mapping. As found out, the modified layer has the structure of high-
velocity cellular crystallization and contains the inclusions of the faceted form,
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whose relative content decreases as moving away from the surface. The cells of
high-rate crystallization are enriched mainly with Al atoms; the interlayers separat-
ing the cells are mostly enriched with Si atoms; the inclusions of faceted form are
mostly enriched with Ti, Al, and Cu atoms; Y atoms form mainly the interlayers
over the boundaries of faceted-form inclusions. As detected, silicon interlayers lo-
cated over the boundaries and in the junctions of cell-crystallization boundaries
formed by the Al-based solid solution have a nanocrystalline structure with crystal-
lites’ sizes varying within the range of 10—20 nm. The complex surface processing
increases the wear resistance by 18—20 times with respect to the initial silumin, and
2.6-2.8 times with respect to the silumin after the electroexplosion alloying. The
friction coefficient increases by ~1.5 times with respect to the initial silumin.

Keywords: hypoeutectic silumin, electroexplosion alloying, titanium, yttrium, elec-
tron beam processing, structure, phase composition, wear resistance.

1. Introduction

The modification of the surface properties of light metals and alloys is
not only widely investigated but still a rather promising direction. The
operation efficiency of the surface hardened product is determined by
many factors the main of which are: strength and hardness of the
strengthened zone, homogeneity of structure and properties, high re-
sistance to failure, mainly, crack initiation. In recent years, the impact
of the studies in the field of physical material science is focused on the
clarification of the nature of the increase in the properties of metals and
alloys at the expense of the processing by the concentrated fluxes of
energy [1]. Among the variety of the methods of surface modification
(laser, plasma, ultrasonic processing, ion beams etc.) the electroexplo-
sion alloying (EEA) [2] and electron beam processing (EBP) hold the
special position [3, 4]. The important feature of EEA consists in the fact
that the source of the alloying elements is a multiphase jet of explosion
itself and the results are determined by the mutual action of the heat,
power and chemical factors of effect on the surface. It permits one to
perform the alloying both by simple metals and complex compounds —
carbides, oxides, borides etc., ensuring the high level of service proper-
ties of the surface [5—10]. The simultaneous occurrence of a series of
interconnected processes determining the formation of new structural
phase states and properties of the surface layers at EEA poses a problem
of full-scale determination of its possibilities and control of its results,
the development of specialized equipment with high level of mechaniza-
tion and automatization of the process [11].

In comparison with the other types of modifications of material’s
surface, the low-energy (<30 keV) electron beams are generated with a
substantially higher efficiency (<90%) in frequency-pulsed (up to =10
Hz) regime at a lesser (by an order of magnitude) accelerating voltage.
These beams require no a special radiation protection, because the ac-
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companying x-ray radiation is shielded by the walls of the working
vacuum chamber. The high-energy efficiency, higher homogeneity of
energy density by flux cross-section, good reproducibility of pulses and
high pulse repetition rate distinguish favourably the pulsed electron
beams from the pulsed fluxes of low-temperature plasma in the poten-
tial application of them in technological purposes as well. The EBP pos-
sesses the higher possibilities of the supplied energy control, the crea-
tion of large area of effect of concentrated energy flux on the processed
material, the small energy reflection coefficient, the high-energy con-
centration in the volume unit of the material. The EBP provides the
super-high speeds of heat (up to 106 K/s) of the surface layer, the for-
mation of the limiting by magnitude gradients of temperature (up to
10-108 K/m), and the cooling of the surface layer due to the heat re-
moval to the main volume of the material at speeds of 10*-10° K/s. As
a result, the conditions of the formation of nonequilibrium submicro-
and nanocrystalline and amorphous structural phase states [12—13] are
created in the surface layer.

At energy density of electron beam of <3 J/cm? the equilibrium fine
grained structure several micrometers thick is formed in eutectic and
hypereutectic silumin, the dissolution of silicon particles in aluminium
matrix is observed, the supersaturated solid solution in the molten lay-
er is formed [14—24]. The increase in the energy density of electron
beam to 10-35 J/cm? results in the more cardinal change in struc-
tural phase states and tribological properties of hypoeutectic silumin
[25—-29].

The EBP at energy density of 25—30 J/cm? results in the melting of
the surface layer, the dissolution of silicon inclusions and intermetal-
lides, the formation of the structure of high strength cellular crystal-
lization, the repeated precipitation of the second phase particles of sub-
micro—nanoscale ranges. The multiple changes in the mechanical and
tribological characteristics of the silumin surface layer irradiated by the
pulsed electron beam of this density have been found. It has been shown
that the friction coefficient decreases by 1.3 times, the parameter of
wear (the value reverse to wear resistance) — by 7 times, the microhard-
ness increases by 1.7 times. It has been suggested that the increase in
the wear resistance of silumin modified layer by 7 times with respect to
the cast state is caused by the formation of submicro—nanoscale mul-
tiphase structure of cellular crystallization free from usual inclusions
of silicon and intermetallides [25—29].

The EEA and EBP are well combined with each other, have the cor-
related values of pulse time, diameter of the irradiated surface, inten-
sity and depth of the effect zone. At the same time the electron beam
processing exerts no pressure on the surface. Resulting in its melting it
smooths the relief under the action of capillary forces. It is not the only
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reason attracting interest to the combined treatment uniting EEA fol-
lowed by the electron beam effect. That type of treatment results in the
change in the structural phase states and improvement of surface layer
properties [30—34].

In Ref. [34] the studies of Ti—Y alloy structure being formed in the
substantially nonequilibrium conditions of high velocity crystallization
realized upon combined treatment uniting the electroexplosion alloying
of titanium by yttrium and the subsequent irradiation of the modified
surface by the intense pulsed electron beam of microsecond duration of
effect have been carried out. The formation of the cellular crystalliza-
tion structure presented by yttrium grains of submicron (150—-300 nm)
sizes surrounded by titanium interlayers of nanodimensional (=100 nm)
thickness has been revealed in the surface layer of titanium. Based on
the performed examinations, it has been suggested that the formation
of submicro—nanoscale structure is caused by the combined action of
two factors: the high speed of cooling of the melt and the presence of
the elements practically insoluble in each other in the solid state [34].
Titanium and yttrium were used as the alloying elements in this re-
search. The Ti—Y system belongs to the binary system with the restrict-
ed solubility having no intermetallic compounds [35, 36]. According to
the equilibrium diagram, yttrium and titanium are completely mixed in
the liquid state, but on solidification, they form the eutectic mixture of
two restricted solid solutions [35, 36]. In the solid state (lower than
temperature of 875 °C), the material is presented by the mixture of two
phases: a-Ti and a-Y.

The goal of the present study is to analyse the results and to reveal
the regularities of evolution of the elemental and phase composition,
the state of the defect substructure of hypoeutectic AK10M2H-type si-
lumin subjected to the combined treatment. The treatment consists in
two stages: the first stage includes the electroexplosion alloying of the
material’s surface, and at the second one — the irradiation of the al-
loyed layer by intense pulsed electron beam.

2. Material and Study Methods

The AK10M2H-grade silumin in the cast state (permanent-mould cast-
ing) was used as the material under study. The chemical composition of
AK10M2H silumin is given in Table 1 [87]. The samples had the form
of plates with sizes of 20x20x15 mm?.

The surface modification of silumin samples was performed by the
combined method uniting the electroexplosion alloying (the first stage
of the processing [2]) and the irradiation by the intense pulsed electron
beam (the second stage of the processing [13]). The electroexplosion
alloying was carried out with yttrium oxide powder located on the VT1-0
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titanium foil (the regimes of electroexplosion alloying are given in
Table 2).

The irradiation of silumin sample by intense pulsed electron beam
was carried out at the SOLO plant [38]. The electron beam parameters:
the energy of accelerated electron U = 17 keV; the energy density of
electron beam E_ = 25 J/cm? and E, = 35 J/cm?; the pulse duration t =
=150 us; the pulse number n = 3; the pulse repetition rate f = 0.3 s;
the pressure of residual gas (argon) in the working chamber of the plant
p =2-102 Pa. The irradiation parameters chosen based on the results of
temperature field modelling formed at EBP [39-42].

Thus, the following four variants of the combined treatment of
AK10M2H silumin were realized: variant 1 — EEA (mode 1) + EBP (E =
= 25 J/cm?); variant 2 — EEA (mode 1) + EBP (E = 35 J/cm?); variant
3 — EEA (mode 2) + EBP (Eg = 25 J/cm?); variant 4 — EEA (mode 2) +
+ EBP (Eg = 35 J/cm?).

The studies of the elemental and phase composition, the state of
defect substructure were carried out by the methods of scanning elec-
tron microscopy (device Philips SEM-515), transmission electron dif-
fraction microscopy (device JEM-2100F) [43—45]. The foils manufac-
tured by the methods of ion thinning of plates cut out perpendicular to
the surface of irradiation were analysed. This location of foils enables
the structure and elemental composition of the material to be analysed
depending on the distance from the surface of modification. The ele-
mental composition of the material was studied by the methods of mi-
cro-x-ray spectral analysis. The tribological studies (the determination
of wear resistance and friction coefficient) were performed at tribome-
ter Pin on Disc and Oscillating TRIBOtester (TRIBOtechnic, France) at
the following parameters: the ball made of ball bearing steel 6 mm in

Table 1. Chemical composition of AK10M2H silumin according to the State
Standard (GOST) 30620-98 in percentage. Al acts as a base component

Fe, Si, Mn, Ni, Ti, Al, Cu, Pbh, Mg, Zn, Sn, Impu-

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, i3 0,
(] (] %o (] (9 (4 (9 (9 (] (4 (] rities 5 /0

<0.6| 9.5— |<0.05| 0.8— |<0.05|~84.28—|2-2.5(<0.05| 0.9— [<0.06|<0.01| total 0.7
10.5 1.2 86.1 1.2

Table 2. Electroexplosion alloying modes (regimes) for AK10M2 silumin

No. Mass of Ti foil, Mass of Y,0, powder, Discharge voltage,
of mode Moy, 8 Myo. 8 U, kV
1 0.0589 0.0589 2.8
2 0.0589 0.0883 2.6
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diameter, the track radius — 4 mm, the indenter load and track length
varied depending on the level of wear resistance of the material. The
degree of wear was determined by the results of profilometry of track
formed in tests.

3. Results and Discussion
3.1. Structure of AK10M2H Silumin in the Cast State

Al-Si alloy (hypoeutectic silumin), being the material under study, con-
tains a relatively large set of alloying and impurity elements (Table 1).
The presence of the alloying and impurity elements contributes to, on
the one hand, the increase in the strength properties of the material,
but, on the other hand, results in the decrease in crack resistance of
silumin that is caused by the formation of silicon and intermetallides of
lamellar morphology [13, 37, 38, 46]. The characteristic images of the
etched metallographic section structure of silumin under study obtained

a 100 pm ﬂ 20 um
Fig. 1. Silumin structure in the cast state observed via the scanning electron micro-
scopy (SEM).

Table 3. Results of micro-x-ray spectral analysis
of the surface areas of silumin sample.
The electron-microscopic image of the sample is presented in Fig. 2

Element (balance Al, wt.%)
Area

Si Ni Cu Fe Mn
1 0.6 13.5 13.3 0.0 0.0
2 8.7 0.3 2.2 0.0 0.0
3 1.7 11.8 14.0 0.0 0.0
4 0.5 0.2 1.3 0.0 0.0
5 22.5 1.1 1.6 1.2 0.0
6 1.1 14.8 15.8 0.5 0.0
7 2.3 17.2 5.2 2.7 0.6
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1 Fig. 2. SEM image of silumin structure,
where the designations show the areas
wherein the micro-x-ray spectral analysis
of elemental composition was made

by the methods of scanning electron
5 microscopy and demonstrating the
monophase, morphologically varied
character of the material are pre-
sented in Fig. 1.
6 ’7 The inclusions of the second
S phases have various shapes. Their
sizes vary within the limits of units — tens of micrometers. According
to the metallographic studies [46—49], using the methods of the selec-
tive etching, one can reveal in silumins as follows. The lamellar inclu-
sions of the light-grey colour — fB-phase Al.SiFe; the inclusions having
the shape of symmetrical polyhedron of the brown colour — oa-phase
Al,(FeMn),Si, with small quantity of iron particles’ shape similar to the
Chinese hieroglyphs; the grey-colour inclusions of the oval shape are
silicon particles.

The elemental composition of different areas in the cast silumin was
examined by the methods of micro-x-ray spectral analysis (Fig. 2). The
results of the examinations presented in Table 3 are indicative of the
fact that the chemical elements of the alloy are distributed rather non-
uniformly in the bulk of the material and they form the compounds be-
ing distinguished in the sizes, contrast, morphology and elemental com-
position. It is interesting to note that the relative content of copper and
nickel is higher in the grain of Al-Si (area 2 in Fig. 2) eutectic than in
aluminium grain (area 4 in Fig. 2).

Thus, the performed studies have revealed the formation of the
multiphase structure containing the inclusions of silicon and intermet-
allides of various shapes whose sizes reach tens of micrometers.

3.2. Structure of Silumin after the Combined Treatment
3.2.1. Variant 1: EEA (mode 1) + EBP (E,= 25 J/cm?)

The characteristic electron microscopic images of silumin surface struc-
ture subjected to the combined treatment are presented in Fig. 3. The
presence of a large number of microcraters (Fig. 3, a, b, microcraters are
designated by the arrows) and the particles of droplet fraction (Fig. 3, c,
where arrows designate the particles) is clearly seen. The formed sur-
face layer is separated into areas whose sizes are less than 1 um (Fig. 3,
d). The areas have a polycrystalline structure; the crystallites’ sizes
vary within the limits from 60 nm to 100 nm (Fig. 3, d, the inset).
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a] Ein 0 em] [c] 10 em]

1 um
Fig. 3. Surface structure of silumin sample subjected
to electroexplosion alloying followed by irradiation
5 with intense pulsed electron beam, where arrows (b, c)
m Hm designate craters (b) particles of droplet fraction (c)

2.2 + Element | wt. % | at. %
OK 13.64 | 39.31
1.7 L MgK 00.33 | 00.62

AIK 11.65 | 19.91
SiK 00.90 | 01.48

1.3 Fax TiK 00.90 | 00.86
FeK 00.24 | 00.20

0.9 | NiK 00.24 | 00.19
o v | CuK 00.22 | 00.16

0.4 L o Sk YK 71.88 | 37.27

ik NiK
oxs o UK R
MeK FeK

50 0 1 1 1 1 1
- hn 4.00 12.00 20.00 28.00 36.00

a b
Fig. 4. Structure (a) and energy spectra (b) obtained via the micro-x-ray spectral

analysis of microdroplet designated (+) in (a). Here, complex modification corre-
sponds to variant 1

YK

The elemental composition of silumin surface layer modified accord-
ing to variant 1 was studied by the methods of micro-x-ray spectral
analysis. The results of the performed studies have shown that the
average concentration of titanium atoms amounts to 17.6 wt.%, yt-
trium — 14.3 wt.%, oxygen — 6.7 wt.% in the surface layer. The con-
centration of yttrium and oxygen atoms in the particles of droplet frac-
tion is substantially higher (Fig. 4).

The structure and elemental composition of the surface layer of the
modified silumin were studied by examination of transverse metallo-
graphic sections. Analysing results in Fig. 5, we can note that the thick-
ness of the modified layer varies within the range 50—-70 pum. The mod-
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ﬂ 50 pm ﬂ 10 pm
Fig. 5. Characteristic electron microscopic image for transverse metallographic sec-

tion of silumin subjected to combined treatment including electroexplosion alloying
and subsequent irradiation by intense pulsed electron beam

0 50 100 150 0 20 40 60 80
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-
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o° 0 0

20 40 60 X, um

Fig. 6. Dependence of distribution of relative content of elements on distance from
the silumin-modified layer (SEM method)

ified layer has a submicrocrystalline structure and is free from the
inclusions of silicon and intermetallides being present in the bulk of the
samples.

The studies on the atoms’ distribution of silumin chemical elements
in the thickness of the modified layer were carried out using the meth-
ods of micro-x-ray spectral analysis. The results in Fig. 6 show that the
maximum concentration of titanium, yttrium, and oxygen introduced
additionally into the alloy concentrated in the surface layer of the sam-
ple 70—-80 pm thick. When moving away from the surface of modifica-
tion, the concentration of these elements decreases. The modified layer
is characterised by the uniform distribution of the chemical elements.
Beyond this layer, the areas with the increased content of some elements
(e.g., silicon, nickel, iron and copper) (Fig. 6, a) are present. It should
be noted that titanium concentration in the modified layer is substan-
tially higher than that of yttrium as well.
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Fig. 7. Electron microscopic image of the
structure of silumin surface layer modi-
fied within the framework of variant 1

Thus, the complex treatment com-
bining the electroexplosion alloying
of silumin by titanium and yttrium
oxide and the subsequent irradia-
tion by intense pulsed electron beam
at energy density of electron beam
of 25 J/ecm? is accompanied with
the formation of the modified layer
up to 70 um thick enriched by atoms
of titanium, yttrium, and oxygen. The elemental and phase composi-
tion, the defect substructure of silumin subjected to the combined
surface treatment were studied by the methods of transmission electron
diffraction microscopy (TEDM). For this purpose, the foils making it
possible to analyse the change in the elemental composition and
structural phase state of the material depending on the distance from
the surface of modification were fabricated from the plates cut out
perpendicular to the surface of modification from the massive sample
by the methods ion thinning. The characteristic image of surface layer
structure obtained by scanning electron microscopy method is shown
in Fig. 7. As clearly seen, the modified layer is formed by the crys-
tallites of different morphology whose sizes vary in the submicro—nano-
scale range.

The results of the elemental composition study of silumin surface
layer subjected to the combined treatment are shown in Fig. 8. The size
of the foil volume under study were 9.5x9.5x0.3 um. Analysis of the
results presented in this figure shows that the thickness of silumin
layer alloyed with Y, O, and Ti amounts of 60-70 um. At the larger
distance from the surface of modification, the concentration of these
elements was negligibly small.

The elemental composition of the modified layer depends on the dis-
tance from the surface of treatment. The concentration of O and Y at-
oms decreases the most substantially with moving away from the sur-
face of treatment.

The main alloying element of the modified layer is titanium whose
concentration in the layer on the average amounts to ~11 at.% and var-
ies in the limits of 9-14.5 at.% showing the tendency to the increase
with moving away from the surface of alloying. The relative content of
yttrium and oxygen decreases monstrously with the growth of distance
from the surface of alloying.

2 ym
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Ti

i Si

10 20 30 40 50 60 10 20 30 40 50 60X, um
a b

Fig. 8. Concentration of chemical elements (excluding Al) in silumin subjected to
complex treatment (variant 1) vs. distance from surface of modification (SEM method)

Fig. 9. Electron microscopic image (a) of silumin sur-
face layer subjected to complex treatment; b—d — im-
ages of foil layer obtained through characteristic
m 2 pm x-ray irradiation of Si (b), Y (c¢), and Ti (d) atoms

The distribution of the alloying elements in the modified layer was
studied using the mapping methods [50]. The results of mapping of sur-
face layer 10 um thick are shown in Fig. 9. The results of the quantita-
tive analysis of the elemental composition of the layer are presented in
Table 4 (layer 0—10 um).

It is clearly seen that the main element of the layer under study is
aluminium. The principal elements alloying aluminium are titanium,
silicon, yttrium, oxygen, and copper. These elements are distributed
nonuniformly in this layer forming the inclusions of different shapes of
submicron sizes (Fig. 9, the inclusions are designated by arrows).
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a 2 pm ﬂ 2 um ﬂ 2 pm

Fig. 10. Electron microscopic image (a) of silumin lay-
er located at the distance of 60-70 um from the sur-
face of modification; b—d — images of foil layer ob-
5 tained through characteristic x-ray radiation of Al (b),
a MR si (¢), and Cu (d) atoms

The bulks of inclusions are enriched with Ti atoms, the atoms of Y
and Si form the envelope of these inclusions. In some cases, the atoms
of Cu are present in the envelope. The similar structure is revealed in
the layer of ~60 pum thick. At the larger distance from the modified
surface, the structure of high-velocity cellular crystallization whose
main alloying elements are Si and Cu (Fig. 10) is observed.

The cells’ volume is formed by the Al-based solid solution (Fig. 10,
b), the extended interlayers enriched by the Si and Cu atoms (Fig. 10, c,
d) are located at the boundaries of cells. The thickness of these interlay-
ers varies within the 50—-250 nm. At the larger distance from the sur-
face of modification, the structure characteristic of the cast silumin
detected the grains of solid solution based on aluminium, the eutectics,
and the inclusions of silicon and intermetallides of various elemental
compositions.

Table 4. Chemical composition (at.% ) of silumin layers located
at different distances (X) from the surface subjected to complex treatment

X, pm Al Si Y (6] Ti Cu Ni Fe

0-10 76.03 6.77 2.26 1.73 9.10 1.72 0.45 1.94
10-20 | 73.00 7.01 1.99 1.15 13.37 1.79 0.32 1.36
20-30 | 78.71 6.35 2.01 1.00 9.03 1.88 0.29 0.72
30-40 | 72.03 9.00 1.42 0.42 10.84 3.34 0.80 2.15
40-50 | 70.73 8.36 1.59 0.43 14.60 3.70 0.16 0.42
60-70 | 92.87 4.88 0.00 0.26 0.06 1.85 0.04 0.04
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ﬂ 0-5_Hm ﬂ 0.2 pm| ﬂ

0.2 pm 0.2 pm 0.2 pm
4] Le] 7]

Fig. 11. Electron microscopic image of surface layer structure of silumin subjected
to complex treatment under conditions of variant 1. Here, a, b — bright fields; ¢ —
microelectron diffraction pattern (the reflections in which dark fields were obtained
are designated by arrows: 1 — d, 2 — e, 3 — [); d—f — dark fields obtained in re-
flections [111]Si (d), [101]a-Ti (e), [040]SiY + [103]Cu,YSi, + [210]SiTi (f), respec-
tively. Selective diaphragm (b) marks out the foil area for which microelectron
diffraction pattern was observed

The phase composition of the modified layer has been analysed us-
ing the dark-field images of transmission electron-diffraction micros-
copy and the technique of interpretation of microelectron diffraction
patterns [43—45, 51, 52]. The electron microscopic bright-field image of
this layer is depicted in Fig. 11.

Microelectron diffraction pattern obtained from the foil’s area sin-
gled out by selective diaphragm (Fig. 11, b) contains a large number of
reflections of different intensity (Fig. 11, ¢). The interpretation of the
microelectron diffraction pattern enabled to find the reflections of the
following phases: silicon, a-titanium, SiY, SiTi, and Cu,YSi,. The re-
flections belonging to the crystal lattice of silicon form the diffraction
rings (Fig. 11, ¢, reflection 1) that is indicative of the small sizes of the
particles in this phase. Actually, the dark-field image obtained in the
reflection of ring [111]Si demonstrates the presence of nanoscale (10—
20 nm) particles (Fig. 11, d) in the structure of silumin. The most in-
tense reflection of microelectron diffraction pattern (Fig. 11, ¢, reflec-
tion 2) corresponds to [101]a-Ti. The dark-field image (Fig. 11, e) of
foil obtained in this reflection is indicative of the fact that the particles
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[a]

50 pm m 2 pm ﬂ 50 pm

Fig. 12. Structure of silumin sample subjected to electroexplosion alloying and sub-
sequent irradiation by intense pulsed electron beam: a, b — structure of irradiation
surface; ¢ — structure of transverse etched metallographic section. Dark and light
arrows designate films and droplets (a, b) located on the surface of the sample, re-
spectively, and modified layer (c)

with faceting are formed by a-titanium. The most complicated for inter-
pretation is the dark-field image obtained in closely located reflections
designated by 3 in Fig. 11, c¢. The microelectron-diffraction pattern
analysis enables one to suggest that these reflections belong to SiY,
Cu,YSi,, and SiTi phases, which judging by the dark-field image pre-
sented in Fig. 11, f form the envelope of a-titanium particles.

It is evident that the revealed transformation of silumin surface
layer should have a substantial effect on the tribological properties of
the material. Actually, the performed tests have shown that the com-
plex surface treatment of silumin leads to the multiple increases (by
~19.6 times) of the wear resistance of the modified layer and the de-
crease (by ~1.5 times) of the friction coefficient caused by the formation
of multiphase submicro—nanocrystalline state.

3.2.2. Variant 2: EEA (mode 2) + EBP (E,= 25 J/cm?)

The characteristic electron microscopic images of silumin surface struc-
ture subjected to the complex treatment according to this mode are
shown in Fig. 12, a, b. It is clearly seen that as a result of the treatment
the surface containing the microcraters, microdroplets and the forma-
tions of film shape are formed (Fig. 12, a). The formed surface layer
has a submicrocrystalline structure; the crystallites are less than 1 um
(Fig. 12, b). The structure analysis of the etched transverse metallo-
graphic sections has shown that the thickness of the layer modified as a
result of the complex treatment amounts to 70-80 um (Fig. 12, ¢).

The elemental composition, phase morphology, state of silumin de-
fect structure at different distance from the surface of treatment were
studied by TEDM methods. The analysis of the images presented in
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a 0.5_um b 0.5_um c 0.5_um
Fig. 13. Structure of silumin subjected to complex
modification, where the layers located on 20 pm (a),
0.5 pm 40 pum (b), 65 um (c¢), and 80 pum (d) from the surface
a = of treatment are shown

@ [zl [Zewlfe] [Zew [ [Zevfe] [Ze

Fig. 14. Electron microscopic image of surface layer structure of modified silumin
(a) and images of this layer obtained through characteristic x-ray radiation of Si (c),
Y (d), and Ti (e) atoms. Image (b) obtained by superposition of images (c—e)

Fig. 13 shows that in the layer up to 80 um thick the structure of cel-
lular crystallization is formed. The cells’ size varies within the limits
from 0.8 um to 1.3 um. The cells are separated by the interlayers of the
second phase. The thickness of the interlayers varies within the limits
of 50-75 nm. The inclusions of the second phase having the faceted
shape in the form of cuboid or four-petal rosettes are located princi-
pally in the triple junction of the cell’s boundaries. The sizes of these
inclusions vary within the limits of 0.5-0.7 um. Thus, the complex

648 ISSN 1608-1021. Prog. Phys. Met., 2019, Vol. 20, No. 4



Hypoeutectic Silumin Subjected to Complex Electron—Ion-Plasma Processing

treatment according to the second variant results in the formation of
the surface layer whose second phase inclusions are repeatedly less (by
tens—hundreds of times) than the inclusions being present in silumin of
cast state.

The distribution of chemical elements in the modified layer was
studied by the methods of micro-x-ray spectral analysis of thin foils.
The results of elemental analysis (method of mapping [50]) of the layer
adjoining to the surface of modification are shown in Fig. 14. As clear-
ly seen, the interlayers located at the boundaries of high-velocity crys-
tallization cells are enriched by silicon and yttrium atoms. Titanium
atoms are enriched by the particles of the faceted shape. The yttrium
atoms form the thin films and droplets located on the surface of sam-
ple’s modification.

In a quantitative ratio the elemental composition of the surface
layer whose image is presented in Fig. 14, a, is listed in Table 5. Analys-
ing the results of the table, we can noted that the principal chemical
element of the layer under study is aluminium the mass fraction of
which is more than 75%. The concentration of the revealed alloying
elements varies within the limits from 1 to 5 mas.%.

The elemental composition of the modified layer detected by the
methods of electron microscopy of thin foils depends on the distance
from the surface of treatment as follows from the results presented in
Fig. 15. The concentration of O and Ti atoms decreases the most sub-
stantially with move away from the surface of treatment.

Using the dark-field images and the technique of microelectron-
diffraction pattern interpretation [43—-45, 51, 52] by the methods of

Table 5. Chemical composition of silumin surface layer (see image in Fig. 14, a)
subjected to complex treatment according to variant 2

Thin film | Standardless Standardless Quantitative analysis
Fitting coefficient: 0.1703
counts error, % at.%
Element keV mas. %
(0] 0.525 2.30 10875.08 0.11 4.17
Mg 1.253 1.13 9213.72 0.20 1.35
Al 1.486 75.76 626449.69 0.00 81.60
Si 1.739 5.01 43060.93 0.05 5.18
Ti 4.508 5.14 33403.07 0.06 3.12
Fe 6.398 2.49 13508.27 0.16 1.30
Ni 7.471 1.07 5163.90 0.48 0.53
Cu 8.040 3.33 14151.06 0.19 1.52
Y 1.922 3.78 8101.01 0.34 1.23
Total 100.00 100.00

ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 4 649



Yu.F. Ivanov, V.E. Gromov, D.V. Zagulyaev, S.V. Konovalov et al.

Fig. 15. Concentration of chemical ele-
ment (excluding Al) in silumin (subject-
ed to complex treatment (variant 2)
vs. distance from the surface of modifi-
cation

5, wt. %

S = DN W ks~ Ot O
T

transmission electron-diffraction
microscopy the analysis of phase
composition of the modified layer
10 20 30 40 50 60 70 8 was carried out. Figure 16, a shows
X, mm the electron microscopic bright-
field image of the surface layer of
modified silumin. The microelectron diffraction pattern obtained from
the foil’s part singled out by selective diaphragm (Fig. 16, b) contains
the diffraction halo corresponding to the amorphous state of the sub-
stance and the reflection forming the diffraction rings (Fig. 16, c). The
microelectron-diffraction pattern analysis enabled the reflections of sil-
icon and SiY yttrium silicide to be revealed. Following the results of
micro-x-ray spectral analysis of the foil’s part presented in Fig. 16, d,
it can be supposed that the amorphous phase is the region of sample’s
surface (film or droplet) enriched by yttrium. One of the phases possess-
ing a nanocrystalline structure and locating along droplet (main volume
of sample interface) is SiY yttrium silicide.

m 0-2_Hm ﬂ O.Z_p.m ﬂ

Fig. 16. Electron microscopic image of the structure
of silumin surface layer subjected to complex treat-
ment (variant 2): a, b — bright fields; ¢ — microelec-
tron diffraction pattern (the reflection in which the
dark field was obtained is designated by the arrow);
d — dark field obtained in reflection [211]Si. Selec-
tive diaphragm (b) marks out the foil area for which

the microelectron diffraction pattern (¢) was ob-
0.2 pm .
d — tained
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Fig. 17. Electron microscopic image of cellular crys-
tallization structure of the surface layer of silumin
subjected to complex treatment (variant 2); a —
bright field; b —microelectron diffraction pattern,
where arrows designate reflection in which dark
fields were obtained (I — ¢, 2 — d); ¢ and d — dark
fields obtained through refection [111]Al (¢) and
d] 0.5 um|  1111]si (d)

a 0-2_Hm ﬂ O-Z_Mm ﬂ

Fig. 18. Electron microscopic image of the structure
of silumin surface layer subjected to complex treat-
ment (variant 2): a, b — bright fields; ¢ — microelec-
tron diffraction pattern, where arrow designates re-
0.9 um flection in which dark field was obtained; d — dark
m ey field obtained in reflection [104]a-Ti (d)

Electron microscopic image of cellular crystallization structure of
the modified layer is shown in Fig. 17. It is clearly seen that the volume
of high-velocity crystallization cells is formed by the solid solution based
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a 100 pm ﬂ 2 pm

Fig. 19. SEM images of modified surface of silumin processed within the framework
of conditions of variant 3

on an aluminium crystal lattice. The interlayers dividing the crystalli-
zation cells contain the particles of silicon.

Electron microscopic image of the particles having the four-petal
rosettes shape is presented in Fig. 18. By the methods of dark-field
analysis, it has been shown that these particles are o-titanium.

Thus, as a result of the performed studies, it has been shown that
the multielemental multiphase layer ~80 pum thick having submicro—
nanocrystalline structure is formed as a result of silumin complex treat-
ment. The presence of the droplets enriched by yttrium atoms being in
the amorphous state has been detected on the surface of modification.
As shown, the high-velocity crystallization of the alloyed surface layer
is accompanied by the formation of a-titanium particles in the shape of
cuboids and four-petal rosettes.

3.2.3. Variant 3: EEA (mode 1) + EBP (E,= 35 J/cm?)

The characteristic electron microscopic image of silumin surface struc-
ture subjected to the combined treatment is presented in Fig. 19. It is
clearly seen that the relief surface containing the regions being distin-
guished by contrast (Fig. 19, a) is formed as a result of complex treat-
ment. The latter may be indicative of the heterogeneity of the elemental
composition of the material’s surface layer. The formed surface layer
has the submicrocrystalline structure with crystallites’ sizes less than
1 um (Fig. 19, b).

The results of the studies carried by the methods of micro-x-ray
spectral analysis have shown that in the surface layer of silumin, the
average concentration of yttrium is 8.3 wt.% (Fig. 20).

Analysing the results of transverse metallographic sections present-
ed in Fig. 21, we have to note that the thickness of the modified layer
varies within the range of 45—80 um. The modified layer has submicro—
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Element | wt. % | at. %
OK 05.12 | 09.36
MgK 01.15 | 01.38
AIK 70.08 | 76.00
SiK 04.45 | 04.64
TiK 04.39 | 02.68
FeK 01.71 | 00.90
NiK 01.71 | 00.87
CuK 03.38 | 01.56
YK 07.99 | 02.63
FeK CuK
TK NiK
NiK YK
FeK YK
1 1 1 1 1

4.00 8.00 12.00 16.00 20.00 24.00

b

Fig. 20. Structure (a) and corresponding energy spectra (b) obtained by micro-x-ray

spectral analysis

m 50 um ﬂ

20 pm

Fig. 21. Characteristic electron microscopic image of transverse metallographic sec-
tion structure subjected to combined treatment (variant 3)

Fig. 22. Thickness distribution of relative
content of Y atoms in the modified layer of
silumin. The results are obtained via averag-
ing of data detected by three tracks of ele-
mental analysis

5, wt. %

S H DN WK Ot I

20 40 60 80 100120
X, pm

nanocrystalline structure and is free from the inclusions of silicon and
intermetallides being present in silumin under study.

Results of yttrium atoms’ distribution over thickness of the modi-
fied layer are presented in Fig. 22. They show that concentration profile
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a 1 um ﬂ 0.5 pm

Fig. 23. TEDM image of the structure of silumin subjected to complex processing
(variant 3); a — surface layer structure; b — structure of the layer located at a
depth of 20—-30 um
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Fig. 24. Energy spectra obtained by the method of micro-x-ray
spectral analysis of silumin surface layer

has a maximum, the position of which depends on the sample’s region
being analysed at the performed combined treatment.

Analysis of concentration profiles presented in Fig. 22 is indicative
of the fact that the inhomogeneity of yttrium atoms’ distribution is
detected in both the transverse and the longitudinal cross-section of the
material, i.e. it has the bulk character.

The application of the methods of transmission electron-diffraction
microscopy enabled one to detect the formation of gradient submicro—
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d lim\z‘ lim\z‘ 1im

Fig. 25. Electron microscopic image of the structure of alloyed silumin layer (a),
where images b—f are obtained through characteristic x-ray radiation of Al (b), Si
(¢), Ti (d), Y (e), and Cu (f) atoms

Table 6. Micro-x-ray spectral analysis results of elemental composition
of silumin surface layer according to energy spectra data in Fig. 24

Thin film Standardless | Standardless Quantitative analysis
Fitting coefficient: 0.1562
counts error, % at.%

Element:,, keV mas. %
spectral line
C, K
0, K 0.525 0.58 2635.55 0.43 1.04
Al K 1.486 79.97 638973.88 0.00 85.77
Si, K 1.739 7.29 60603.17 0.04 7.52
Ti, K 4.508 3.77 23689.20 0.09 2.28
Cr, K 5.411 0.11 640.12 3.62 0.06
Fe, K 6.398 0.61 3193.95 0.68 0.32
Ni, K 7.471 0.75 3484.12 0.69 0.37
Cu, K 8.040 3.41 13998.93 0.18 1.55
Y, L 1.922 2.64 5471.45 0.49 0.86
Ag, L 2.984 0.88 1959.87 1.02 0.24
Total 100.00 100.00
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a 100_nm @ @ 100_nm

Fig. 26. Electron microscopic image of silumin sur-
face layer subjected to complex treatment (variant 3);
a — bright field (foil’s region restricted by selective
diaphragm); b — microelectron diffraction pattern
corresponding to bright field; ¢, d — dark fields ob-
tained in reflections [200]Al,CuTi, and [300]AICuY,
’m respectively. Arrows (b) designate reflections in which
— the dark fields were obtained: 1 (¢) and 2 (d)

d]

nanoscale structure, the characteristic image of which is presented in
Fig. 23 in the modified layer.

It has been determined that the modified layer up to 70 um thick
has the high-velocity cellular crystallization structure. The cells’ sizes
vary within the range 0.5—1.2 um. The cells are separated by the inter-
layers of the second phase (Fig. 23, b). The inclusions of the faceted
shape (Fig. 23, a, dark colour inclusions), whose sizes vary within the
range 0.4-0.8 um are present in the surface layer structure. The rela-
tive content of such inclusions decreases as we move away from the
surface of modification.

Energy spectra obtained by the methods of micro-x-ray spectral
analysis of thin foils from the surface modified layer are shown in
Fig. 24. The results of the quantitative analysis of elemental composi-
tion are listed in Table 6.

The analysis of the results in Table 6 show that silumin surface
layer is a multicomponent and, along with the atoms of the initial mate-
rial (aluminium, silicon, copper, nickel, chromium, iron), it is addition-
ally enriched with atoms of titanium, yttrium, and oxygen.

The method of mapping [560] enables one to analyse the distribution
of the alloying elements in the volume of the material under study. The
results of mapping of the surface layer of modified silumin are pre-
sented in Fig. 25.

As seen, the high-velocity crystallization cells are enriched mainly
with aluminium atoms (Fig. 25, b). The interlayers enriched mainly
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o] 200 ym| [ 200 pm| f;

Fig. 27. Electron microscopic image of silumin sur-
face layer under the complex treatment (variant 3);
a, b — bright-fields; ¢ — microelectron diffraction
pattern obtained from the foil region restricted by se-
lective diaphragm (image of the region is shown in b);
d — dark field obtained in reflection [220]Si desig-
m 200_“m nated by arrow in c¢. Arrows (a) designate interlayers

with Si atoms (Fig. 25, c¢) separate the cells. The inclusions of faceted
shape (Fig. 25, a, inclusions of dark colour) are enriched, chiefly, by
atoms of titanium, aluminium, and copper (Fig. 25, ¢, d, f), the atoms
of yttrium form, principally, the interlayers at the boundaries of fac-
eted shape inclusions (Fig. 25, e).

Figure 26 presents the results of phase composition analysis of the
surface layer of foil’s region containing the faceted shape inclusions. The
techniques based on obtaining the dark-field images and the method of
microelectron diffraction pattern indexing [43—-45, 51, 52] were used.

The performed electron microscopic microdiffraction analysis shows
that faceted-shape inclusions are formed by Al.CuTi, phase (Fig. 26, c).
The interlayers of AICuY phase composition (Fig. 26, d) are detected
along the boundaries of these inclusions.

Figure 27 shows the characteristic image of silumin cellular crystal-
lization structure. Microelectron diffraction pattern obtained from the
given foil’s region contains the separately located point reflections and
the reflections forming the rings (Fig. 27, ¢). Indexing of microelectron
diffraction pattern has shown that the reflections forming the diffrac-
tion rings belong to the crystal lattice of silicon. The dark-field image
of silumin surface layer structure obtained in the reflection of diffrac-
tion ring (Fig. 27, c, reflections are designated by arrows) is shown in
Fig. 27, d. When analysing the results presented in Fig. 27, d, it may
be noted that silicon interlayers being located along the boundaries and
boundary junction of crystallization cells formed by the solid solution
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based on aluminium have a nanocrystalline structure with crystallite
sizes varying within the limits of 10—-20 nm.

Thus, the complex treatment of silumin surface in the mode of
variant 3 resulted in the cardinal transformation of surface layer struc-
ture of the material 70 um thick consisting in the dissolution of silicon
inclusions and intermetallides characteristic of cast silumin and the
formation of gradient multielemental submicro—nanoscale structure. It
has been determined that the modified layer has the high-velocity cel-
lular crystallization structure and contains the faceted-shape inclusions
whose relative content decreases when moving away from the surface of
modification. By the methods of micro-x-ray spectral analysis, it has
been shown that silumin surface layer is a multielemental and, along
with the atoms of the initial material (Al, Si, Cu, Ni, Cr, Fe), it is ad-
ditionally enriched by Ti, Y, and O atoms. It has been established that
the high-velocity crystallization cells are mainly enriched with Al at-
oms. The interlayer separating cells are enriched mainly with Si atoms.
The faceted-shape inclusions are enriched chiefly with Ti, Al, and Cu
atoms. The Y atoms form principally the interlayers along the bounda-
ries of the faceted-shape inclusions. It has been identified that silicon
interlayers (located along the boundaries and boundary junctions of
crystallization cells formed by the Al-based solid solution) have the na-
nocrystalline structure with crystallite’s sizes varying within the range
of 10-20 nm.

3.2.4. Variant 4: EEA (mode 2) + EBP (E,= 35 J/cm?)

The characteristic electron microscopic image of silumin surface
structure subjected to the combined treatment according to variant 4 is
shown in Fig. 28. The fragmentation of the surface layer by microcracks
is observed, the micropores, microcraters, burrs of the material are
detected on the modified surface (Fig. 28, a). The surface layer micro-
structure is formed by the crystallites with size of 0.4-0.7 um (Fig. 28, b).

The results of the studies performed by the methods of micro-x-ray
spectral analysis have shown that the average concentrations of Y, Ti,
and O atoms are 17.9, 22.5, and 6.3 wt.%, respectively.

Analysing the results of the transverse metallographic section stud-
ies presented in Fig. 29, a, we have to note that the thickness of the
modified layer varies within the range 45—-80 um. The modified layer
has a submicro—nanocrystalline structure and is free from the silicon
inclusions and intermetallides present in the cast silumin (Fig. 29, b).

The studies of yttrium distribution over the thickness of the modi-
fied layer were carried out by the methods of micro-x-ray spectral anal-
ysis. The results (presented in Fig. 30) show that two maximums of
yttrium distribution in the bulk of the modified layer are revealed. The
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4] 100 pm| (3| 2 um

Fig. 28. SEM image of the modified surface of silumin

o 50 5] 20|

Fig. 29. Characteristic electron microscopic image of the structure of transverse
metallographic section of silumin subjected to combined treatment

second maximum is often corresponds to the ‘interface’ between the
modified layer and bulk of the silumin.

The concentration of yttrium depends on the region of the material
being analysed. The analysis of concentration profiles shown in Fig. 30
is indicative of the fact that inhomogeneity of yttrium distribution is
detected both in the transverse and longitudinal cross-section of the
material, i.e. it indicates a bulk character.

The results of micro-x-ray spectral analysis of the elemental compo-
sition of silumin foil modified by the complex method are presented in
Fig. 31. It is clearly seen that the thickness of the alloyed layer that is
the layer wherein the presence of the alloying elements (titanium, yt-
trium, oxygen) are detected is less than 170 um. The principal elements
of the layer are aluminium and titanium. The concentration of other
elements varies within the range 1-5 wt.% . As the distance from the
surface of modification increases, the relative content of titanium and
yttrium decreases, the concentration of aluminium and silicon atoms
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Fig. 30. Distribution of relative content of Y atoms in the thickness of silumin
modified layer. The results are obtained for three tracks of elemental analysis

Fig. 31. Dependence of relative content of chemical elements on distance from sur-
face of modification of AK10M2H-type silumin

a oin a g
Fig. 32. Electron microscopic (bright field) image of the modified silumin layer ad-
joining to surface of treatment (a), where upper part of image corresponds to sur-

face of modification); b—d — images of the given foil area obtained in the charac-
teristic x-ray radiation of Ti (b), Si (¢), and Y (d) atoms

increases reaching the values typical for silumin chemical composition,
the concentration of other alloying elements varies insignificantly.

The micro-x-ray spectral analysis, namely, the method of mapping
[50] enables one to visualize the distribution of the chemical elements of
the modified layer of silumin sample. Figure 32 shows the results of the
investigation into the distribution of titanium, silicon and yttrium at-
oms in the layer 10 um thick adjoining to the surface of the complex
treatment. As seen, the atoms of these elements are distributed nonuni-
formly in the surface layer forming the inclusions of different shapes
and sizes. It should be stressed that the similar structure is observed up
to 40 um thick in the layer.

The quantitative analysis data of elemental composition of foil’s
region shown in Fig. 32, a, are listed in Table 7.

The layer of the material containing the particles of spherical shape
enriched by Y and O atoms (Fig. 33, the particles are designated by the
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0 in a ]
Fig. 33. Electron microscopic bright-field image of silumin layer located at distance
of 40—-50 um from surface of complex treatment (variant 4) (a); b—d — images of

the foil region obtained in characteristic x-ray radiation of Al (b), Y (¢), and O (d)
atoms. Arrows designate yttrium oxide particles

arrows) is revealed at a distance of 40-50 um from the surface of the
complex treatment. The shape of the particles and their elemental com-
position enable to suggest that these particles are those of yttrium oxide
powder being non-destructive on electroexplosion alloying. The particle
sizes vary in the range 50—1.2 um. The results of micro-x-ray spectral
quantitative analysis of this foil’s region are contained in Table 8.
Figure 34 shows the results of microdiffraction electron microscopic
analysis of silumin surface layer (the surface of modification is desig-
nated by the arrow in Fig. 34, a). It is seen that the sizes of crystallites
forming the layer of the material under study vary within the ranges
from units to hundreds of nanometers, i.e. the modified layer is a sub-
micro—nanocrystalline material. The micro-x-ray spectral analysis of

Table 7. Micro-x-ray spectral analysis data for foil’s area in Fig. 32, a

Thin film | Standardless Standardless Quantitative analysis
Fitting coefficient: 0.1562
Element counts error, % at. %
spectral li’ne keV mas. %

0, K* 0.525 0.83 4759.30 0.21 1.76
Al, K* 1.486 52.18 522644.22 0.00 65.51
Si, K 1.739 4.87 50679.33 0.04 5.87
Ti, K* 4.508 28.13 221575.55 0.01 19.89
Cr, K~ 5.411 0.26 1928.45 1.07 0.17
Fe, K~ 6.398 2.76 18118.30 0.11 1.67
Ni, K* 7.471 0.94 5498.00 0.39 0.54
Cu, K 8.040 5.04 25938.31 0.09 2.68
Y, L* 1.922 4.99 12964.07 0.19 1.90
Total 100.00 100.00
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Fig. 34. Electron microscopic image of the layer adjoining to the modified silumin
surface: a — bright field; b — microelectron diffraction pattern; ¢ —f — dark fields
obtained in reflections [004]TiSi, (c) [002]Y,Al, (d), [111]Al (e), and [118]JALTi (f).
Arrows designate surface of modification (a) and reflections in which dark fields
were obtained (b): I — ¢, 2 —d,3 —e, 4 — f

Table 8. Results of micro-x-ray spectral analysis
of foil’s region presented in Fig. 33, a

Thin film Standardless | Standardless Quantitative analysis
Fitting coefficient: 0.1562
il counts error, % at.%
ement., keV mas. %
spectral line
0, K 0.525 0.87 2498.31 0.23 1.91
Al K 1.486 45.17 227359.34 0.00 59.15
Si, K 1.739 3.34 17460.58 0.06 4.20
Ti, K 4.508 38.24 151318.00 0.01 28.20
Cr, K 5.411 0.29 1058.59 1.12 0.20
Fe, K 6.398 2.36 7804.34 0.14 1.50
Ni, K 7.471 0.82 2406.36 0.51 0.49
Cu, K 8.040 5.10 13192.37 0.10 2.83
Y, L 1.922 3.82 4985.79 0.28 1.52
Total 100.00 100.00
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a O.Z_um ﬂ O.Z_Hm‘ ﬂ

a 0.2_um a O.2_um ﬂ O.2_um

Fig. 35. Electron microscopic image of the layer located at a distance of ~70 um
from the modified surface: a, b — bright fields; ¢ — microelectron diffraction pat-
tern; d—f — dark fields obtained in reflections [111]Al + [302]Si (d), [111]Si (e),
[111]Cu, Fe, ;Si (f). Arrows (c) designate reflections in which dark fields were ob-
tained 1 — d,2 —e, 3 — f

the surface layer of the modified material has shown that the principal
chemical elements of the layer Al, Ti, Si, Cu, and Y (Fig. 32, Table 7)
are contained in a substantially lesser amount. The results of the dark-
field analysis of phase composition of this layer are presented in Fig.
34, c—f. The microelectron-diffraction pattern analysis shows that the
crystallites of submicron sizes are formed by the Al-based solid solution
(Fig. 34, e). The inclusions of nanoscale range are formed by the parti-
cles of titanium and yttrium aluminides (Al,Ti and Y,Al,) as well as ti-
tanium silicides (TiSi,).

The results of microdiffraction electron microscopic analysis of the
layer located at a distance of 70 um are presented in Fig. 35.

It is clearly seen that at the given distance from the surface of
modification the silumin structure is presented by the cells of high-ve-
locity crystallization. The cells’ sizes vary within the range of 0.5-0.6
pum. The microelectron diffraction-pattern analysis (Fig. 35, ¢) shows
that the cells of crystallization are formed by the Al-based solid solution
(Fig. 35, d). The cells are separated by the interlayers of the second
phase, the transverse sizes of which vary from of 50 to 70 nm. The
microdiffraction analysis with the usage of the dark-field image tech-
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n Lym | 3] <
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Fig. 36. Electron microscopic bright-field image of silumin layer located at a
distance of ~70 pm from the surface of complex treatment (a); b—f — images of
the foil area obtained through characteristic x-ray of Fe (b), Cu (¢), Y (d), Si (e), and
Ti (f) atoms

PN = Fig. 37. Friction coefficient, p, (cur-
3 E 50 g ve I) and wear resistance parameter,
5z 40 F ok, (curve 2) vs. the state of silumin
E ;< : samples: 1 — cast state, 2 —state af-
§ g 30 .c_onb ter irradiation by EBP, 3-6 — states
5 20 E‘ after treatment combining the electro-
§ S 10 cg' explosion alloying and irradiation by in-
0 & tense pulsed electron beam (3 — vari-

1 2 3 4 5 6 = ant 1, 4 — variant 2, 5 — variant 3,

State of material and 6 — variant 4)

nique shows that the particles of silicon (Fig. 35, d, ¢) and the particles
of Cu, Fe,;Si compound (Fig. 35, f) are located at the boundaries of
crystallization cells. The results of micro-x-ray spectrum analysis pre-
sented in Fig. 36 support the possibility of interlayer’s formation of the
given elemental composition.

Thus, the studies carried out by the methods of scanning and
transmission electron diffraction microscopy show that the thickness of
the alloyed layer, i.e. the layer wherein the presence of the alloying
elements (Ti, Y, O) is detected, reaches 170 um. The main elements of
the alloyed layer are Al and Ti. By the method of mapping, the inhomo-
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geneous distribution of alloying atoms in the modified layer has been
identified. As shown, the electroexplosion processing is accompanied
with both the alloying of the surface layer with elements of plasma and
the penetration of initial powder particles of yttrium oxide into the
surface layer. As established, the complex treatment results in the for-
mation of the multiphase submicro—nanoscale state, where the sizes of
crystallites vary from several to hundreds of nanometers in silumin
surface layer.

3.3. Wear Resistance

The detected transformations of silumin surface layer should have a
substantial effect on the tribological properties of the material. The
performed tests, the results of which are presented in Fig. 37, showed
that the complex surface treatment of silumin results in multiple in-
crease in wear resistance of the modified layer and decrease in friction
coefficient, i.e. caused by the formation of the multiphase submicro—
nanocrystalline state.

Wear parameter (the value inverse to wear resistance of the mate-
rial) depends strongly on the variant of the combined treatment. With
respect to the initial silumin, the 18—-20-fold increase of the wear resist-
ance was detected; in relation to silumin irradiated by intense pulsed
electron beam, the 2.6—2.8-fold increase of the wear resistance was de-
termined. The friction coefficient is lesser pronounced: it decreases by
~1.5 times at the combined treatments (variants 1-3) with respect to
the initial silumin and by ~1.3 times with respect to silumin irradiated
by intense pulsed electron beam. In case of the 4-th variant of the com-
bined treatment, the friction coefficient increases and reaches the value
close to that for the initial silumin.

4. Conclusion

The complex treatment of hypoeutectic silumin surface combining the
electroexplosion alloying with titanium and yttrium oxide and the sub-
sequent irradiation by intense pulsed electron beam was realized. The
investigations carried out by the methods of state-of-the-art physical
materials science have revealed the formation of the extended surface
layer wherein the concentration of titanium and yttrium depends on the
regime (mode) of electroexplosion alloying and on the distance to the
surface modification. By the method of mapping, the inhomogeneous
distribution of alloying atoms in the modified layer was detected. As
established, the electroexplosion processing is accompanied with both
the alloying of the surface layer with elements of plasma and the pene-
tration of the initial powder particles of yttrium oxide into the surface
layer. It was determined that the combined treatment results in the for-
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mation of the multiphase submicro—nanoscale state, where the sizes of
crystallites vary several to hundreds of nanometers in silumin surface
layer. As shown, the wear resistance of the material depends on the
variant of the combined treatment. With respect to the initial silumin,
the wear resistance is 18—20-fold increased; in relation to silumin irra-
diated by intense pulsed electron beam, the wear resistance is increased
by 2.6—2.8 times. The friction coefficient varies less pronouncedly: it
decreases by ~1.5 times and corresponds to variants 1-3 of the com-
bined treatment with respect to the initial silumin, and it decreases by
~1.3 times with respect to the silumin irradiated by intense pulsed elec-
tron beam. Under the condition of combined treatment, with corresponds
to variant 4, the friction coefficient of the modified layer is close to the
value found for the silumin before the processing, i.e. in its initial state.
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THCTUTYT CUIBHOCTPYMOBOI esekTponiku CB PAH,
npocu. Akagemiunuii, 2/3, 634055 TomceK, Pocia

2 CubipchbKuil nepKaBHUN iHAyCTpiaIbHUN yHiBEpCHUTET,
ByJa. Kiposa, 42, 654007 HoBokysHenbk, Pocisa

3 CaMmapChKUil HAIIOHAJBHUN AOCiJHUIBKUI YHIBEPCUTET
imeni akagemirka C.II. KopoaboBa,
Mockogcbke moce, 34, 443086 Camapa, Pocia

CTPYKTVPA TA BJIACTUBOCTI JOEBTEKTUYHOI'O CUJIVYMIHY,
IIITAHOMY KOMIIJIEKCHOMY EJIEKTPOHHO-MIOHHOMY
IIJIASMOBOMY OBPOBJIEHHIO

Metogamu cyuacHOro (h)isMYHOrO MaTepiaslo3HaBCTBA IIPOBEAEHO IIOIIAPOBY aHATI3y
CTPYKTYPHO-()a30BUX CTaHIB i TPUOOIOTIUHUX BJIACTUBOCTEN JOEBTEKTUUYHOTO CUJIYMi-
ny mapku AK10M2H nma ramnbuni mo 170 MKM micisa KOMILJIEKCHOTO OOpOOJIEHHA.
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Bono nmosgarano B eJIeKTPONiAPUBHOMY JIeI'yBaHHI TUTAHOM i IIOPOIIKOM OKCHUAY iTpiio
B PiBHUX CHiBBIZHOIIEHHAX 3 MOAJBIINM €JIeKTPOHHO-IYYKOBUM 00poGieHHAM. Bu-
0ip TuTaHy # iTpifo B AKOCTi JIeIyBaJIbHUX €JIEMEHTiB 3yMOBJIEHO THM, II[0 IIPU TBEP-
IiHHI BOHU YTBOPIOIOTH €BTEKTUUYHY CYMiIlll JBOX OOMEKE€HUX TBEPAMX PO3UMHiB. B
po6oTi peasii3oBaHO YOTHPU BapiAHTU KOMOIHOBAHOrO OOpPOOJIEHHS IIOBEPXHi: Macu
nigpuBHEX Qouii TuTary Ta mopomky Y,0, cranoBuau o 58,9 mMr npu rycruHi eHeprii
oyuKa eaeKTpoHiB E, = 25 Iix/cm? i Hanpysi pospany U = 2,8 kB, a Takox 58,9 i
88,3 mr mpu E, = 35 [Ixx/cm? i U = 2,6 kB. BeranoBieHo, IO eJIeKTPOIigPUBHE 00-
pPOOJIEHHS CYIPOBOKYETHCA AK JEIYBAHHAM IIOBEPXHEBOTO IIapy eJIeMeHTaMU ILIas-
MU, TaK i BTiJIEHHAM y IIOBEPXHEBUU IIIap YACTHHOK BUXiTHOI'O IIOPOIIKY OKCHUIY
irpiro. KomniekcHe moBepxHeBe 00pOOIeHHA MTPUBOAUTE 10 PO3UNHEHHS BKJIIOYEHD Si
¥ iHTEepMeTaiIiB, XapaKTePHUX AJIA JUTOTO cTaHy. BOHO, 3a/Ie?KHO Bij pe:xumy, Gop-
Mye GaraToeJeMeHTHHUM O0araTo(asHUil Iap TOBIUHO 10 ~170 MKM, po3Mipu Kpuc-
TaJiTiB AKOTO 3MiHIOIOTHCA B MEXKaxX BiJ OOUMHUIL O cOTeHb HaHomeTpiB. Ilopan 3
aromamu BuxigHoro marepiany (Al, Si, Cu, Ni, Fe), moBepxHeBuii 1map sbaraueHo
aromamu Turany, Itpito, OKkcureny. MeTom0i0 KaTpUPyBaHHA BUSABJIEHO HEOSHOPI THMUH
PO3MOMiN JeryBaJbHUX eJIeMeHTiB y MoaudikoBanomy miapi. Buasmieno, 1mo monmdi-
KOBAaHUU IIIap Ma€ CTPYKTYPY BUMCOKOIIBUAKICHOI KOMIpKOBOI Kpucrajizaimii ta
MIiCTUTh BKJIIOUEHHS OrpaHOBaHOI (DOPMM, BiJHOCHUIM BMiCT AKUX IIOHMIKYETHCA B
Mipy BigmaneHHs Bix moBepxHi. KoMmipku BucokomBuaKicHOl Kpucrasiszarii sbaraue-
HO TiepeBa’KHO aToMamu Al; mpormapku, II[0 PO3AiMATL KOMipKH, 36aradueHo Iepe-
BaYKHO aToMaMu Si; BKJIIOUEHHS OrpaHOBaHOI (hopMu 36aravyeHoO ImepeBaskKHO aTOMaMU
Ti, Al i Cu; aromu Y mepeBakHO (JOPMYIOTH IIPOIITAPKU II0 MeyKaX BKJIOUEHb Orpa-
HOBaHOl (hopMu. BusaBieHO, 110 MpOIIapKu KPEMHiI0, PO3TAIIIOBAHI Y3A0BXK MeX 1 y
CTHMKAX Me)X KOMipOK Kpucrasiisalii, chopMOBaHNX TBEPAVUM DPO3UMHOM Ha OCHOBI aJIio-
MiHiI0, MaIOTh HAHOKPUCTAJIIYHY CTPYKTYPY 3 PO3MipOM KPUCTAJIITIB, 110 8MiHIOIOTHCA
y mesxxax 10—20 am. KomiuiexkcHe moBepxHeBe 00pO0JeHHs 30i/IbIITye 3HOCOCTINKiCTh
y 18-20 pasiB BigHOCHO BUXigHOTO cuiayminy Ta B 2,6—2,8 pasu 1o BiIHOIIIEHHIO IO
CUJIYMiHY Tic/Is eJeKTPOIiApUBHOTO JeryBaHHs. Koe(dillieHT TepTs HOHMIKYETHCA B
~1,5 pasu BiTHOCHO BUXiJHOTO CUJIYyMiHY.

KarouoBi ciioBa: 1oeBTeKTUUHUN CUIYMiH, eJIEKTPOIiAPUBHE JeI'yBaHHA, TUTAH, iTpil,
eJIeKTPOHHO-IIYYKOBe 00PO0JIeHHS, CTPYKTYpa, (had0BUil CKJIAM, 3HOCOCTIHKIiCTS.
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2 CubupCKUil rocyapCTBEeHHLIN NHAYCTPUAIBLHBII YHUBEPCUTET,
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CTPYKTYPA 11 CBOVICTBA MOSBTEKTHYECKOI'O CUJIYMIHA,
IIOABEPTHYTOI'O KOMIIJIEKCHOM SJIEKTPOHHO-MOHHO
I[IJIABMEHHOI OBPABOTKE

MeTomamMu cOBpeMeHHOTO (PU3UUECKOTO MaTepUaJoBeleHUsA MPOBEeAEH MOCTOMHbBIN aHa-
JIN3 CTPYKTYPHO-(DA30BBIX COCTOAHUU U TPUOOIOTUUECKUX CBOICTB JOIBTEKTUUECKOTO
cunymuHa mapku AK10M2H va riybuse mo 170 MKM mocse KOMILJIEKCHO# 00paboT-
ku. OHa 3aKJIOYATIAch B 9JI€KTPOB3PHLIBHOM JIETMPOBAHUM TUTAHOM U IOPOIIKOM OK-
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cuja UTTPUS B PA3HBIX COOTHOIIEHUAX C IOCJIEAYIOIIEH BJIeKTPOHHO-IIYYKOBOM 0o6pa-
60TKOI. BpIGOpD THMTaHA M UTTPUA B KAueCTBE JIETUPYIOIINX BJJEMEHTOB O0YCJIOBJIEH
TeM, UTO IPU 3aTBEPJEBAHUY OHU O0Pa3yIOT 9BTEKTUUECKYIO CMECh ABYX OTPAaHUYEH-
HBIX TBEDPIBIX PAacTBOPOB. B paboTe peaans3oBaHbI UETHIDE BapuaHTa KOMOWHUPOBaH-
HOI 00pabOTKM ITOBEPXHOCTU: MAacChl B3PBIBAEMBIX (DOJIBIH THTAaHA M Iopomka Y,0,
cocTaBIAay mo 58,9 Mr IpH IJIOTHOCTH SHEPTHH IIydYKa dIeKTpoHoB E = 25 ik /cm?
u HampsyKkeHuu paspazga U = 2,8 kB, a rakxe 58,9 u 88,3 mr npu E, = 35 [Iix/cM? u
U = 2,6 kB. YcraHOBJIeHO, YTO 3JIEKTPOB3PBIBHAA 00pabOTKA COIPOBOMKIAETCA Kak
JIETUPOBAHUEM ITOBEPXHOCTHOTO CJIOS 3JI€MEHTAMU ILJIa3Mbl, TaK W BHEJPEHWEM B IIO-
BEPXHOCTHBIHM CJIOM YACTUI[ MCXOJHOTO IIOPOINKA OKCHAa UTTpusa. KoMIIeKCHasa Imo-
BEPXHOCTHasA 00paboTKa MPUBOAUT K PACTBOPEHUIO BKJIOUEHUU Si M MHTEPMETAJIN-
OB, XapaKTEePHBIX [IJA JUTOTO cocToaHus. OHa, B 3aBUCUMOCTH OT DeXmuMa, Gop-
MUPYET MHOTOJJIEMEHTHBIN MHOTO(MAa3HBIH CJIOH TOMIIUHON A0 ~170 MKM, pasMepsl
KPUCTAJJINTOB KOTOPOTO M3MEHAIOTCA B IpeJeax OT €IUHUIL O COTEeH HAHOMETDOB.
Hapsany ¢ aromamu ucxoguoro marepuaia (Al, Si, Cu, Ni, Fe), moBepXHOCTHBIN CJIOH
oboraiés aroMaMu TUTaHa, UTTPUA, KUCI0poAa. MeTomoM KaTpUPOBAHUA BBHISBJIEHO
HEOJHOPOJHOE PACIpeesieHe JEeTUPYIOINNX 3JIEMEHTOB B MOAUMDUIIMPOBAHHOM CJIOE.
BrisgBiaeHo, 4TO MOAU(DUIITMPOBAHHBINA CJION MMEET CTPYKTYPY BBICOKOCKOPOCTHOM sSUe-
HUCTOH KPUCTALIUBAIUN U CONEPIKUT BKJIIOUEHNUA OTPAHEHHOM (DOPMBI, OTHOCUTEIHLHOE
coZeprKaHre KOTOPBIX CHUYKAETCS II0 Mepe YAAJeHUA OT IMoBepXHOoCTU. SIUuefiKu BBICO-
KOCKOPOCTHOI KPUCTAJLIN3aluy O0OralleHbl IpeuMyIlliecTBeHHO aromamu Al; mpo-
CJIOMKH, pa3fesdolnue sueiiky, 00oTaleHbl IPeNMYIIeCTBEHHO aToMaMu Si; BKJIOUe-
HUA OTPaHEHHOI (POPMBI oboraiieHsl mpeuMyInecTBeHHO aromamu Ti, Al u Cu; aTombl
Y nmpeumyirecTBeHHO (hDOPMUDPYIOT IIPOCJIONKYU I10 TPAHUIIAM BKJIIOUEHUN OIrpaHEHHOM
dopmel. BeIABIE€HO, UTO TMPOCIOMKYN KPEMHUA, PACIOJIATAIOINECA BAOJEL TPAHUI] U B
CTBIKaX TPaHUI] SUeeK KPUCTALIu3anuu, choOpMUPOBAHHBIX TBEPIABIM PACTBOPOM HAa
OCHOBE aJIIOMUHUA, UMEIOT HAHOKPHUCTAILINYECKYIO CTPYKTYPY C PA3MePOM KPUTAJLIU-
TOB, UdMeHsaomMMcsa B npeaenax 10—20 um. KommniekcHas moBepxHOCTHAs 00padoT-
Ka YBeJIMUMBAET M3HOCOCTOMKOCTL B 18—20 pas 1o OTHOIIIEHUIO K UCXOJHOMY CUJIYMU-
HY U B 2,6—2,8 pasa 0 OTHOIIEHUIO K CUJIYMUHY IIOCJE 9JIeKTPOB3PBIBHOTO JIETUPOBA-
Husa. KosddunumeHt TpeHus cHUKaeTca B ~1,5 pasa IO OTHOIIEHUIO K HCXOZHOMY
CUJIyMUHY.

KiaroueBsie ciioBa: HO9BTEKTUUECKUU CUJIYMUH, 3J€KTPOB3PHIBHOE JIETUPOBAHUE, TH-
TaH, UTTPUI, BJIEKTPOHHO-IYYKOBasg o0pabOTKa, CTPYKTypa, (hasoBBIM cocTaB, U3HO-
COCTOMKOCTB.
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