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A B S T R A C T

In the research the investigations into structure, elemental and phase composition, defect substructure of Al-
11Si-2Cu hypoeutectic alloy subjected to processing with ion-plasma jet consisting of titanium and yttrium oxide
with subsequent irradiation by high intensity pulsed electron beam with energy density of beam of 25 J/cm2

(two-stage processing) were carried out by methods of scanning and transmission electron diffraction micro-
scopy, micro-X-ray spectral analysis. It has been found that structure of Al-11Si-2Cu alloy in cast state de-
monstrates a polyphase morphologically varied character of the material. Microcraters, solid aluminium-based
compounds, intermetallide and eutectic compounds are present in it. It has been revealed that two-stage pro-
cessing of Al-11Si-2Cu alloy results in cardinal transformation of samples' surface layer structure and it is
manifested in dissolution of silicon inclusions and intermetallides of micron and submicro dimensions typical of
Al-11Si-2Cu cast alloy. It has been detected that ion-plasma jet effect on alloy surface is accompanied by both
alloying of surface layer by plasma elements and penetration of initial powder particles of yttrium oxide. Along
with atoms of initial material (Al, Si, Cu, Ni, Fe) the surface layer is enriched by atoms of titanium, yttrium,
oxygen. It has been shown that a multielemental polyphase layer ≈60–70 μm thick having a submicro-nano-
crystalline structure is formed as a result of two-stage processing.

1. Introduction

Aluminium alloys are considered to be leading materials among
non-ferrous metals by volumes of production and they are also widely
employed in many branches of industry due to unique features of alu-
minium: a good combination of mechanical and technological proper-
ties, low density, high corrosion properties, distribution of raw material
for its production in nature. It is known that 60% of aluminium castings
being produced in the world are manufactured from aluminium silicon
(AleSi) alloys [1]. Distribution of AleSi alloys is dictated first by re-
quirements of different manufacturers because they are used as modern
structural materials in automobile, aircraft and ship building industries,
in different workpieces and joints of railway transport and oil industry
as well as in building and other branches of industry [2,3].

Due to their technological and industrial importance aluminium
alloys are widely investigated experimentally and theoretically.
Nowadays many research teams try to improve physical and mechan-
ical characteristics of alloys. Polyphase composites based on AleSi

system [4] are being created. Problems of plastic deformation effect on
tribological characteristics of AlSi9Cu3 alloy are being studied [5]. In
research [6], the effect of alloying elements and rate of crystallization
on structure and mechanical properties of Al-11Si-2Cu eutectic alloy
was determined. One of widespread methods of Al-alloys' hardening is
surface layer modification to which such types of processing as plasma
spraying of wear-resistant coatings [7–9], electron beam processing
[10,11], laser irradiation [12–16] and magnetic treatment [17,18] be-
long. Main feature of methods mentioned is pulsed and local character
of surface effect that is a significant economical advantage of their
application compared with traditional methods of treatment as alloying
[19,20] thermal treatment [21,22] pressure shaping.

Investigations in the field of surface modification show that com-
bination of different methods of its treatment has a greater effect on
physico-mechanical properties and surface relief formation than a
single-stage treatment. However, if we compare one method of treat-
ment and different combination of methods then the most promising
one is seen to be the modification of products' surface by ion-plasma jet
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[23] followed by surface irradiation with high intensity pulsed electron
beam [24,25]. Processing with ion-plasma jet enables alloying to be
carried out by both simple metals and complex compounds - carbides,
oxides, borides etc., providing a high level of surface operational
properties [26,27].

Subsequent processing by high intensity pulsed electron beams en-
ables one to obtain a more homogeneous coating with improved phy-
sico-mechanical properties by means of melting of surface layers of a
material and subsequent high velocity crystallization [28,29]. More-
over, the modification method makes it possible to control and regulate
the quantity of energy supplied to surface being processed, to perform
processing locally only in the immediate regions of fracture in the
process of operation. The method possesses small coefficients of energy
reflection, superhigh rates of heating and cooling of surface layer.

The purpose of the research is to analyze changes in structure, de-
fect substructure, elemental and phase composition of surface layer of
Al-11Si-2Cu hypoeutectic alloy subjected to two-stage processing in-
cluding the effect on sample by ion-plasma jet followed by irradiation
with high intensity pulsed electron beam.

2. Material and methods

Hypoeutectic alloy Al-11Si-2Cu was used as material under study.
Chemical composition obtained according to results of X-ray spectral
analysis of samples is shown in Fig. 1, a. The research samples were
made in the form of plates and had dimensions 20х20х10 mm3 (Fig. 1,
b.).

Surface modification of Al-11Si-2Cu alloy samples was performed
by two-stage processing. Fist, Al-11Si-2Cu alloy samples were subjected
to ion-plasma jet processing consisting of Ti-Y2O3 system (titanium foil
mass, mTi - 58.9 mg; mass of Y2O3 powder, mY2O3

- 58.9 mg; discharge
voltage - U = 2.8 kV) and subsequent effect by high intensity pulsed
electron beam (energy density of electron beam - 25 J/cm2; energy of
accelerated electron - 17 keV; length of electron beam pulse - 150 μs;
number of pulses - 3). Electrodischarge unit EVU-60/10 was used for
ion-plasma jet processing. Spraying was carried out in vacuum ac-
cording to the following procedure: weighed sample of Y2O3 powder
was placed on titanium foil clamped between two coaxial electrodes.
Then, voltage was supplied to it through vacuum discharger and ex-
plosion took place under effect of electric current of great density.
Products of explosion consisting of plasma component and including Ti
and Y2O3 particles of different dispersion directed to sample along
technological chamber and deposited on sample with melting through
the surface layers of the material. Thus, a polyphase and multi-
component coating was formed on surface of the product being pro-
cessed. The next stage in processing became the irradiation of resultant
coating with high intensity pulsed electron beam. Irradiation was car-
ried out at unit ‘SOLO’ [30]. After processing with ion-plasma jet the
sample was placed in vacuum technological chamber of the unit and
oriented to electron beam by plane modified with jet.

Studies of elemental and phase composition, state of defect sub-
structure were carried out by methods of scanning electron microscopy
(device Philips SEM-515), transmission electron diffraction microscopy
(apparatus JEM-2100F) [31–33]. Foils manufactured by methods of ion
thinning of plates cut out perpendicular to surface of irradiation were
analyzed. Such location of foils enables one to perform the analysis of
structure and elemental composition of the material depending on
distance from modification surface. Elemental composition of material
was studied by methods of micro-X-ray spectral analysis.

3. Results and discussion

Structure of Al-11Si-2Cu alloy in cast state obtained by methods of
scanning electron microscopy demonstrates a multiphase, morpholo-
gically varied character of the material, typical images of structure of
alloy under study are presented in Fig. 2. Inclusions of the second
phases have different shapes. Dimensions of inclusions vary from units
to tens of micrometers. Solid compounds based on aluminium (Fig. 2,
region 1), intermetallide (Fig. 2, region 2) and eutectic (Fig. 2, region 3)
compounds are observed in alloy structure and presence of microcraters
(Fig. 2, region 4) is observed in some places.

Investigations into elemental composition of different regions of Al-
11Si-2Cu alloy in cast state were carried out by methods of X-ray
spectral analysis (Fig. 3). Results presented in the figure testify to in-
homogeneous distribution (in volume) of chemical elements that form
compounds being different in dimensions, contrast, morphology and
elemental composition.

When analyzing the graph shown in Fig. 3b, it can be noted that
compounds (regions 1,3,6,7 in Fig. 3, a) possess the increased content
of nickel and copper that is indicative of their belonging to inter-
metallide phase. In regions 2 and 5 the increased content of silicon
testifying to their belonging to eutectic phase is observed. Region 4
consisting of solid aluminium-based compounds possesses the chemical
composition close to that of initial material.

Characteristic electron microscopic images of surface structure of
Al-11Si-2Cu alloy processed by ion-plasma jet followed by irradiation
with high intensity pulsed electron beam are shown in Fig. 4. As a result
of two-stage processing the relief surface containing a large number of
microcraters (Fig. 4, a, microcraters are designated by white arrows)
and inclusions of rounded shape (Fig. 4, a, particles are designated by
black arrows) is formed. Surface layer being formed is divided into
regions whose dimensions are less than 1 μm (Fig. 4, b). A two-stage
processing of Al-11Si-2Cu alloy results in cardinal transformation of
structure of samples' surface layer. First of all, it is manifested in dis-
solution of silicon inclusions and intermetallides of micron and sub-
micron dimensions typical of Al-11Si-2Cu cast alloy.

Results of investigations into elemental composition of modified
surface layer of Al-11Si-2Cu alloy depending on distance to two-stage
processing surface are depicted in Fig. 5. When analyzing the results it
can be noted that thickness of the layer alloyed by titanium, oxygen and

Fig. 1. Results of X-ray spectral analysis of Al-11Si-2Cu alloy (a), geometrical dimensions of sample (b).
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yttrium amounts to 60–70 μm. When moving away from surface of
modification the concentration of the elements was negligible. Ele-
mental composition of modified layer depends on distance to surface of
processing. As the distance from surface of processing increases the
concentration of titanium, oxygen and yttrium atoms decreases the
most significantly.

Phase composition of the modified layer was analyzed by the
methods of transmission electron diffraction microscopy using dark-
field images and the technique of microelectron diffraction patterns'
interpretation [31–33]. Fig. 6a shows electron microscopic image of the
layer.

Selected area electron diffraction (SAED) contains a large number of
reflections of different intensities (Fig. 6, b). Interpretation of SAED
permitted the detection of reflections of the following phases: silicon, α-
titanium, SiY, SiTi, Cu2YSi2. Reflections belonging to silicon crystal
lattice form the diffraction rings (Fig. 6, reflection [111] Si), that is
indicative of small particles' dimensions of the phase (10–20 nm)

Fig. 2. Structure of Al-11Si-2Сu alloy in cast state.

Fig. 3. Electron microscopic image of Al-11Si-2Cu alloy structure. a - regions wherein micro-X-ray spectral analysis of material's elemental composition was per-
formed; b - results of micro-X-ray spectral analysis of sample's surface region.

Fig. 4. Structure of Al-11Si-2Cu alloy surface subjected to ion-plasma spraying and subsequent irradiation by high intensity pulsed electron beam. In (a) microcraters
are designated by white arrows, inclusions of rounded shape – by black arrows.

Fig. 5. Dependence of alloying elements' (at.%) concentration of Al-11Si-2Cu
alloy on distance from surface of the modification.
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(Fig. 6, c). The most intensive reflection of SAED (Fig. 6, b) corresponds
to [101] α-Ti. Dark-field image (Fig. 6, d) of foil obtained in the re-
flection testifies to the fact that particles with faceting are formed by α-
titanium. The most complex for interpretation is dark-field image ob-
tained in closely located reflections of [040] SiY + [103]
Cu2YSi2 + [210] SiTi. Analysis of microelectron diffraction pattern
enables us to suggest that the reflections belong to the phases of SiY,
Cu2YSi2 and SiTi that form the shell of α-titanium particle judging from
the image presented in Fig. 6, e.

4. Conclusion

The investigations into structure, elemental and phase composition,

defect substructure state of Al-11Si-2Cu alloy samples processed by ion-
plasma jet and high intensity pulsed electron beam have been per-
formed by the methods of scanning and transmission electron diffrac-
tion microscopy, micro-X-ray spectral analysis. The structure of Al-11Si-
2Cu alloy in cast state demonstrates a polyphase morphologically
varied character of the material wherein microcraters, solid aluminium-
based compounds, intermetallide and eutectic compounds are present.
As a result of two-stage processing the relief surface containing a large
number of craters and rounded-shape inclusions is formed. The surface
layer being formed is divided into regions whose dimensions are less
than 1 μm. A two-stage processing results in structural transformation
of samples' surface layer being manifested by dissolution of silicon in-
clusions and intermetallides of microns and submicron dimensions

Fig. 6. Electron microscopic image of surface layer structure of Al-11Si-2Cu alloy subjected to two-stage processing; a - bright field; b - selected area electron
diffraction (arrows designate reflections of obtaining the dark fields); c–e - dark fields obtained in reflections of [111] Si (c), [101] α-Ti (d), [040] SiY + [103]
Cu2YSi2 + [210] SiTi (e).
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typical of Al-11Si-2Cu cast alloy. By means of the transmission electron
diffraction microscopy and using the technique of microelectron dif-
fraction pattern interpretation it has been possible to reveal the re-
flections of the following phases: silicon, α-titanium, SiY, SiTi, Cu2YSi2.
It has been shown that the polyphase multielemental layer ≈60–70 μm
thick having a submicro-nanocrystalline structure is formed as a result
of two-stage processing.
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