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A B S T R A C T

The paper investigates micro-hardness behavior, element and phase composition of Al–11%Si compound sub-
jected to electron-plasma alloying (EPA). Essentially, EPA is an electrical explosion of a Ti conductor and a
weighted Y2O3 powder sample with further high-speed heating created by an intense pulse electron beam. The
work has established a considerable increase in micro-hardness in surface layers of the material. A penetration
depth of alloying elements, being a thickness characteristic of the modified layer, is reported to be ˜ 170 μm. A
maximal micro-hardness (155 ± 15.5 HV) is detected in a layer to be as close as possible (5 μm) to the surface of
modification. Micro-hardness drops gradually at a depth of 110 μm, reaching its initial value 85.9 ± 8 HV at a
depth of 170 μm. The research data collected by the methods of X-ray microanalysis and transmission electron
diffraction microscopy demonstrate that the structure of EPA-treated composite 5 μm below the surface com-
prises nano-dimensional (1–100 nm) crystallites composed mainly of aluminum. The study has revealed that in
some crystallites and their joining points there are inclusions formed by particles of Ti and Y aluminides (Al3Ti
and Y3Al2) and Ti silicides (TiSi2). The structure of alloy≈70 μm below the treated surface is made of high-speed
crystallization cells ranging 0.5 μm–0.6 μm. The crystallization cells are shown to be formed by a solid Al-based
solution and surrounded by second phase layers containing Si and Cu2.7Fe6.3Si; cross dimensions of which vary
50–70 nm. A comparison of micro-hardness behavior and concentration of alloying elements in the surface layer
of the composite has highlighted a boost of micro-hardness caused by Ti and Y in the modified layer, and
multiphase sub-micro-and nano-dimensional structure made of crystallites with dimensions within a range of
several units to hundreds of nanometers.

1. Introduction

To date, there is a large volume of published theoretical and ex-
perimental studies describing aluminum alloys due to their technolo-
gical and industrial significance. Casting alloys are the most essential
ones in industry, i.e. a percentage of alloys Al–Si in a total number of
castings is above 90% [1]. This fact is purely caused by their out-
standing casting characteristics, cracking resistance and good proces-
sing parameters nearly for all casting techniques. However, a low
strength hardly furthers their wider industrial application. As a con-
sequence, new manufacturing processes of alloys with better mechan-
ical properties have been developed. Powder metallurgy [2], the use of
different external fields in the process of crystallization [3,4] and high

plastic deformations [5] are thought to be new manufacturing methods
of high strength aluminum alloys. The works [6,7] research the effect of
thermal treatment and introduction of alloying elements on the micro-
structure and mechanical properties of Al–Si–Cu and Al–Si–Mg com-
posite. The studies have established that introduction of alloying ele-
ments and thermal treatment carried out simultaneously dissolve in-
termetallic phases, make distribution of alloying elements in the matrix
more homogenous and improve strength characteristics of composites.
Mostly, a comprehensive hardening of the material is not needed, and it
is sufficient to modify thin layers (around 200 μm) only, which have to
resist to different stresses. Modification of surface layers without any
changes in structure and chemical composition of the material includes
plasma deposition of wear resistant coatings [8], electron or laser
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irradiation [9–11], and a combination of these methods as well [12]. In
certain circumstances, e.g. in high-duty machine parts and equipment
components a surface of material with high-grade performance char-
acteristics is to be formed. As traditional methods of strengthening can't
solve this problem, researchers have to look for new approaches to
improve structure and properties. A combination of several modifica-
tion procedures is a prospective field in this case, for instance, electron-
plasma alloying (EPA) combining electrical explosion, followed by
treatment with an intense pulsed electron beam. In our opinion, a more
uniform overlayer with much improved performance characteristics
can be deposited due to better melting of the material surface provided
that coatings deposited in electrical explosion are treated by intense
electron beams [13,14].

A hypoeutectic Al–11%Si alloy is one of the most common casting
aluminum composites to contain additional alloying elements Cu, Mg
and Ni and applied in motor-car industry for manufacturing pistons. In
operation of the internal combustion engine pistons move in sliding
friction conditions, i.e. a piston skirt rubs against a cylinder made
normally of a stronger material. Unavoidably, this process causes wear
of the piston skirt with further formation of scratch marks on its surface.
So, in this case a surface treatment is thought to be quite suitable, since
an entire modification of the alloy is not required. Ti is considered to be
a future material for the surface treatment because its strength char-
acteristics are far better than strength of Al–11%Si alloy. Titanium-
based alloys have been in the focus of researchers so far, it has been
found that titanium coatings deposited on aluminum base improves its
strength enormously [15,16].

This work aims at investigating structure and micro-hardness of
Al–11%Si composite alloy subjected to electron-plasma alloying and
revealing regularities of these processes.

2. Material and methods

Casting alloy Al–11%Si was used for the purpose of research. Its
chemical composition was determined by means of X-ray microanalysis
(wt %): Al – 84.88, Si – 11.10, Cu – 2.19, Ni – 0.92, Mg – 0.58, Fe –
0.25, Ti – 0.05, Mn – 0.02, Cr – 0.01. The surface layer was modified via
electric current explosion (discharge voltage 2.6 kV) [17] of Ti con-
ductor (58.9 mg) and adding a weighted powder portion Y2O3

(88.3 mg) to a plasma jet.
When a storage capacitor discharges, a high-density electrical cur-

rent flows in electrodes through a conductor to be exploded (Ti foil),
causing its explosion this way. Explosion products are forced into a
vacuum processing chamber (a residual pressure of 100 Pa), carrying
particles of Y2O3 powder weighted portion. A sample is placed into a
vacuum processing chamber at various distances from the nozzle and
fixed by a sample holder. The products of electrical explosion are a
multiphase system composed of a plasma component (Al) and con-
densed particles of different dispersion (Y2O3), which precipitate on the
surface of an item to be treated, so a multi-component coating is
formed. A flowing onto the surface and returning supersonic front of the
jet causes the formation of a shocked layer with high temperature and
pressure. So, the surface is heated up to and above the temperature of
melting in a short exposure period to pulsed plasma.

A coating obtained as a result of explosion was heated by intense
electron beam (energy of accelerated electrons – 17 keV, electron beam
pulse duration – 150 μs, number of pulses – 3, density of electron beam
energy – 35 J/cm2) at a high speed [18]. Electron-plasma alloying
(EPA) is a combination of high energy treatments.

For the purpose of research five plates of a size 20×20×10mm3

were used. A plane 20×20mm2 of samples was oriented perpendicular
to the axis of a plasma jet generated in electrical explosion. A beam of
electrons was applied along the normal to the same plane. The pattern
of main alloying elements was assessed 5 times for each depth.

Optimal parameters of electric explosion and electron beam treat-
ment to form unique gradient, multi-element, multiphase, nano-

structural states in the modified layer were previously determined for
each type of energy deposition [17,18].

Element and phase composition, state of the defect substructure was
studied using transmission electron microscopy (device JEM 2100F)
and X-ray diffraction analysis (Shimadzu XRD 6000 X-ray dif-
fractometer) [20–22].

Foils to explore structural and phase states of the material were cut
near the treated surface via electro-spark method. At least three foils
were used at each distance from the surface under study (5 μm and

Fig. 1. Main alloying elements (wt. %) and microhardness (HV) in layers of
Al–11%Si composite at different depths (Х, μm) from EPA-modified surface.

Fig. 2. Electron-microscopic (bright field) image of the modified layer structure
in Al–11%Si composite to be adjacent to the EPA-treated surface (а); b-d –
images of foil sections taken in a characteristic X-ray emission.
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70 μm) for five samples. The most characteristic electron microscopic
images are presented in (Figs. 2–5). Selecting a cutting mode, it was
necessary to avoid extra deformation, preventing from damaging a
structure of the sample. So, plates with a thickness of 100 μm were
thinned in ion etching (device IonSlicer EM-09100IS). Samples for
IonSlicer were prepared as a parallelepiped 2.8×0.5×0.1 mm, then
covered with a special protecting tape and thinned by argon ion beam.
Energy of the beam was below 8 kW and an angle of incidence was
varied 00 to 60 towards the largest facet of the sample. It minimizes
irradiation-related damage and preserves original structure and phase
composition of the sample for further studies by transmission electron

microscopy methods.
Vickers micro-hardness of samples was measured according to the

technique given in International Standard ISO 6507:2005 by a HVS-
1000 micro-hardness tester using a four-sided diamond pyramid with a
square base, in conditions: indenter load 0.5 N, time of loading and
retention 10 s, unloading time 5 s.

3. Results and discussion

Fig. 1 shows an average distribution pattern of main alloying ele-
ments developed according to data of X-ray diffraction analysis

Fig. 3. Electron-microscopic (bright field) image of the modified layer structure in Al–11%Si alloy to be adjacent to the EPA-treated surface; а –bright field image; b –
SAED; c-f – dark fields obtained in reflexes [004]TiSi2, [002]Y3Al2, [111]Al, [118]Al3Ti; arrows indicate: (а) – a surface of modification, (b) – reflexes, where dark
fields are obtained.
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obtained in the study of three samples and micro-hardness behavior
with regard to a depth from the EPA-treated surface.

A thickness of the alloyed layer, i.e. layer with detected alloying
elements not to be found in as cast silumin (titanium, yttrium) is seen to
be around 110 μm. It stands to mention that Ti is a prevalent alloying
element in the modified layer. An amount of Ti ranges 19 wt% at a
depth of 110 μm to 38.24 wt.% at a depth of 40 μm, there are no al-
loying elements of plasma jet (Ti, Y) detected below 110 μm. A con-
centration of Y drops in a monotonous way, being zero at depths below
110 μm. Si concentration doesn't exceed 5 wt.% 5–70 μm below the
surface, increasing, however, to 11 wt.% being similar to chemical
composition of as cast alloy if measured below this depth. The relation
between a sum concentration of other alloying elements (Cu, Ni, Mg,
Fe, Mn, Cr) and distance to the surface to be modified is non-mono-
tonous. Analyzing deeper in the matter, the concentration drops in a
range of 0–30 μm. It increase at distances ranging 30–170 μm with a
subsequent decrease, being maximal at a depth of 70 μm. No significant
change in concentration of other alloying elements is registered in the
composite, since it ranges max 5wt. %.

Analyzing micro-hardness with regard to the depth from the mod-
ified surface we found its maximal value (155 ± 15.5 HV) in the
nearest layer to the surface, 5 μm. At depths above 30 μm a monotonous
decline of micro-hardness is detected, a slight rise of micro-hardness
(150 ± 14.9 HV) is revealed at a depth of 40 μm, then, it falls to
85.9 ± 8 HV at a depth of 170 μm, being typical for as cast Al–11%Si
alloy.

Comparing micro-hardness behavior vs. depth from the modified
surface and concentration of alloying elements we concluded that
micro-hardness increases due to Ti and Y in the modified layer, because
micro-hardness at a depth 170 μm, where alloying elements mentioned
above are not found, is similar to micro-hardness of as cast alloy.
Interestingly, Ti concentration vs. depth from the modified layer cor-
relates with the micro-hardness behavior.

Since a maximal micro-hardness (155 ± 15.5 HV) is found in a
layer at a depth of 5 μm, and a sharp drop of micro-hardness and
concentration of alloying elements is detected at a depth of 70 μm and
deeper, these zones of the alloy were subjected to transmission electron

microscopic analysis [19,20] and X-ray microanalysis based on map-
ping [23].

X-ray microanalysis, namely, mapping procedure makes it possible
to visualize a pattern of chemical elements in the modified layer of
Al–11%Si alloy. Fig. 2 demonstrates research data on distribution of Ti,
Si and Y atoms in the layer adjacent to the EPA-modified surface. A
closer inspection of images shows inhomogeneous distribution of ele-
ments above, and inclusions of various shapes and dimensions. It is
noteworthy that such structure is registered in a layer above 40 μm.

Fig. 3 provides results of micro-diffraction electron-microscopic
study on the surface layer in alloy under consideration (a surface to be
modified is indicated with an arrow in Fig. 3а). It is clear that dimen-
sions of crystallites in the layer to be studied range from units to
hundreds of nanometers; so, the modified layer is a sub-micro nano-
crystalline material. Dark-field analysis data on phase composition in
the layer are given in Fig. 3c–d. As seen in electron-diffraction micro-
patterns, sub-micron crystallites are made of solid aluminum-based
solution (Fig. 3e). Nano-dimensional inclusions are formed by particles
of Ti and Y aluminides (Al3Ti and Y3Al2) (Fig. 3d, f), as well as by Ti
silicides (TiSi2) (Fig. 3c).

According to outcomes of X-ray microanalysis a layer of material
with a cellular crystallization structure saturated with Al and Ti atoms
is found 70 μm below the treated surface (Fig. 4a, c). Crystallization
cells are surrounded by second phase layers saturated with Y atoms
(Fig. 4d). A homogenous pattern of Si is detected in the material
(Fig. 4c).

Fig. 5 demonstrates data on micro-diffraction electron-microscopic
study on a layer ≈70 μm below the treated surface. A closer inspection
of the Figure indicates cells of high-speed crystallization. Dimensions of
the cells are in a range 0.5–0.6 μm. The electron diffraction micro-
pattern (Fig. 5c) shows that crystallization cells are formed by a solid
aluminum-based solution (Fig. 5d). The cells are separated by second
phase layers containing Si and Cu2,7Fe6,3Si (Fig. 5e–f), the cross sizes of
which are in a range 50–70 nm.

4. Conclusions

To sum up, using transmission electron diffraction microscopy of
thin foils we investigated element and phase composition of Al–11%Si
composite to be EPA-modified. The point of EPA is an electric explosion
with a weighted powder portion and subsequent heating by intense
pulse electron beam. A thickness of the modified layer, i.e. a layer with
alloying elements (Ti, Y) was determined to be ˜ 170 μm. The modified
layer is distinguished by higher micro-hardness, with its maximum
(155 ± 15.5 HV) being in the nearest layer to the surface (5 μm).
Comparing micro-hardness behavior vs. depth from the modified sur-
face and concentration of alloying elements we concluded that micro-
hardness increases due to Ti and Y in the modified layer, because micro-
hardness at a depth of 170 μm, where alloying elements mentioned
above are not found, is similar to micro-hardness of as cast alloy. The
study highlighted that, as a result of EPA, a multiphase sub-micro nano-
dimensional state is formed in the surface layer of the material under
consideration, and its crystallites vary in a range from units to hundreds
of nanometers, being an additional factor to explain the increase in
micro-hardness.

Data availability statement
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