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The modification of Al–5 wt%Si alloy surface by electron beam in the regimes being different in the
energy density of electron beam (10, 20, 30, 40 and 50 J/cm2) and the pulse duration (50 and 200 ls)
was performed in the research. It was established that the maximum increase in microhardness was
observed at electron beam parameters of 30 J/cm2, 200 ls and 50 J/cm2, 50 ls; and microhardness values
for each regime amounted to 860 MPa and 950 MPa, respectively. The microhardness value of the cast
alloy equals to 520 MPa. The irradiation surface morphology at beam parameters of 30 J/cm2, 200 ls is
characterised by numerous micropores and microcracks. The irradiation regime of 50 J/cm2, 50 ls leads
to complete dissolution of intermetallide and silicon particles in surface layer; the crack density per unit
of sample surface decreases in comparison with the regime of 30 J/cm2, 200 ls. The surface layer is char-
acterised by the high-speed cellular crystallization structure with dimensions from 500 to 800 nm
formed in grain volume that may be the reason for the increase in strength properties of the material.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Due to the extensive application of internal combustion engines
the technical progress leads to their steady improvement directed
to the decrease in fuel consumption and toxic exhaust emissions
with simultaneous increase in power and ecological safety. All nov-
elties in engine-building rest mainly on new materials.

Nowadays one can hardly imagine the production of internal
combustion engines without the use of aluminium alloys [1].
Moreover, both the external parts of engines such as the heads of
cylinder block, the blocks themselves, valve caps, bodies of
attached implements and the internal high loaded parts such as
pistons [2] are manufactured from aluminium and Al-based alloys.
Every year more and more aluminium and Al-based alloys are used
in the process of engine creation. Primarily, it is connected with the
combination of its unique properties such as the low density (as a
consequence – a small weight of product) and the coefficient of
thermal expansion, excellent wear resistance and ability to casting,
high strength and thermal resistance [3,4].
It is known that the inclusions of silicon and intermatallides of
different shapes being formed in the structure of aluminium with
silicon as well as porosity affect adversely the strength and plastic-
ity of a finished product [5–8]. In this connection, many scientists
work in the direction of eutectic refinement and the decrease in
porosity of alloy structure [9,10]. A perspective method of
aluminium-silicon alloy modification is the pulse electron beam
processing in the melting mode [11–13]. The melting of surface
layers by electron beam followed by crystallization is accompanied
by a more careful mixing of aluminium with silicon and the filling
the pores with a melt that results in the decrease in degree of inho-
mogeneity in distribution of chemical elements and phases in
material surface layers.

In this context, the purpose of the research is to analyse the
morphological changes and microhardness of Al–5 wt%Si alloy sur-
face layer subjected to intense pulsed electron beam irradiation of
various duration and the value of beam energy density.

2. Materials and methods

Hypoeutectic alloy of Al–5 wt%Si was used as the material
under study. Its elemental composition, determined as a result of
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Table 1
X-ray spectral analysis results of the alloy (mass %; Al – the balance).

Si Cu Fe Mn Mg Ni Ti Cr Zn Pb

5.39 1.33 0.64 0.24 0.64 0.07 0.03 0.03 1.07 0.04

Fig. 2. Dependence of irradiation surface microhardness of Al–5 wt%Si alloy on
energy density of electron beam. Initial state microhardness is designated by dotted
line.
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X-ray spectral analysis of the alloy in the cast state, is shown in
Table 1.

The material irradiation by intense pulsed electron beam was
performed on setup SOLO whose general view is presented in
Fig. 1a. [14].

The electron beam parameters being used in the research are
the following: the energy of accelerated electrons – 17 kV, the
energy density of electron beam – 10, 20, 30, 40 and 50 J/cm2,
the pulse duration 50 and 200 ls, the pulse number 3, the pulse
repetition rate – 0,3 s�1; the residual gas (argon) pressure in the
working chamber of the setup � 2 � 10-2 Pa.

The samples were in the shape of parallelepiped with
15 � 15 � 15 mm3 dimensions. The electron beam was perpendic-
ular oriented to sample surface 15 � 15 mm2 in sizes, the beam
diameter was selected with the conditions of covering the whole
area of sample surface (Fig. 1b).

The morphology and structural components of the surface layer
were determined by the methods of scanning electron microscopy
on the device Philips SEM-515 with microanalyzer EDAX ECON IV.

Microhardness was measured by the method of recovered
imprint (Vickers) immediately on the surface subjected to irradia-
tion in the accordance with the International Standard ISO
6507:2005, the indenter load amounted to 1 N (microhardometer
HVS-1000). The loading time was 10 s, and time of load removal
– 5 s (the average value of microhardness was determined using
10 imprints).
3. Results and discussion

The results of microhardness measurement for different values
of energy density of electron beam and pulse duration are shown
in Fig. 2.

When analysing the results presented in Fig. 2 it may be noted
that the microhardness value of alloy surface layer depends on
pulse duration of electron beam. At pulse duration of 50 ls the sur-
face layer microhardness increases with the growth of energy den-
sity of electron beam reaching the maximum value of 950 MPa. At
energy density of electron beam of 50 J/cm2 it exceeds the initial
material microhardness by 83%. At pulse duration of electron beam
of 200 ls the surface layer microhardness reaches the maximum
Fig. 1. External view of setup SOLO (a), dimensions and
value at energy density of electron beam of 30 J/cm2 and amounts
to 860 MPa that exceeds the initial material microhardness by 65%.
Therefore, on the basis of microhardness variation analysis
depending on energy density of electron beam and pulse duration
the optimal modes may be considered those of 50 J/cm2, 50 ls and
30 J/cm2, 200 ls. In this context, the surface morphology and its
structural analysis were carried out by the methods of scanning
electron microscopy for the denoted modes.

The alloy irradiation in the mode of 30 J/cm2, 200 ls results in
the formation of numerous micropores and dissolution of initial
intermetallide inclusions (Fig. 3 a, c) in the surface layer. The rea-
son for micropore formation may be the material shrinkage at its
speed crystallization. In some instances, the islands containing
the rounded-shape particles whose dimensions vary in the limits
of 2–3 lm are observed on the irradiated surface. In should be
noted that alloy irradiation by pulsed electron beam at energy den-
sity of electron beam of 30 J/cm2 is accompanied by the formation
of microcracks (Fig. 3 c) in surface layer. As a rule, microcracks
locate along grain boundaries. The dimensions of the areas limited
by microcracks vary in the limits from 100 lm to 200 lm. It may
be suggested that microcrack formation is caused by the formation
orientation of sample relative to electron beam (b).



Fig. 3. Structure of Al–5 wt%Si alloy surface subjected to pulsed electron beam irradiation at the following parameters: a,c – 30 J/cm2, 200 ls; b, d – 50 J/cm2, 50 ls.
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of tensile stresses in surface layer being the consequence of high
cooling rates of material surface layer from the molten state.

At energy density of electron beam of 50 J/cm2 the crack density
per unit of sample surface decreases and the areas limited by
cracks increase to 250–380 lm (Fig. 3 b), respectively. The latter
may be indicative of the tensile stress value decrease in compar-
ison with the samples irradiated at energy density of electron
beam of 30 J/cm2. The irradiation mode being considered results
in the complete dissolution of intermetallide particles (Fig. 3 b,
d) in the surface layer. In the bulk of grains the structure of high
speed cellular crystallization whose dimensions vary in the limits
of 500–800 nm (Fig. 3 d) is formed. It may be stated that the
detected changes in the structure are the factors leading to 83%
increase in microhardness.
4. Conclusions

It has been shown that microhardness value of Al–5 wt%Si alloy
surface layer is dependent on the irradiation parameters and at
30 J/cm2 and pulse duration of 200 ls reaches the value of
860 MPa that exceeds the initial material microhardness by 65%.
The morphology of irradiation surface is characterised by numer-
ous micropores and microcracks.

The maximum microhardness value (950 MPa) is observed at
pulse duration of 50 ls and energy density of electron beam of
50 J/cm2 that exceeds the initial material microhardness by 83%.
The irradiation mode results in the complete dissolution of inter-
metallide and silicon particles in the surface layer. In the bulk of
grains a structure of high-speed cellular crystallization whose
dimensions vary in the limits of 500–800 nm is formed that, in
our opinion, is the reason for the increase in the strength proper-
ties of the material layer.
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