
Nuclear Instruments and Methods in Physics Research B 488 (2021) 23–29

Available online 18 December 2020
0168-583X/© 2020 Elsevier B.V. All rights reserved.

Effect of pulsed electron beam treatment on microstructure and functional 
properties of Al-5.4Si-1.3Cu alloy 

Dmitrii Zaguliaev a,b, Yurii Ivanov c, Sergey Konovalov a,d,*,1, Vitalii Shlyarov b, 
Damir Yakupov b, Andrey Leonov c 

a Wenzhou University Institute of Laser and Optoelectronic Intelligent Manufacturing, Wenzhou 325024, China 
b Siberian State Industrial University, Novokuznetsk 654007, Russia 
c Institute of High Current Electronics of the Siberian Branch of the RAS, Tomsk 634055, Russia 
d Samara National Research University, Samara 443086, Russia   

A R T I C L E  I N F O   

Keywords: 
Al-5.4Si-1.3Cu alloy 
Pulsed electron beam 
Functional properties 
Wear resistance 
Microhardness 
Microstructure 

A B S T R A C T   

The effect of pulsed electron beam treatment (density of energy 10, 30, and 50 J/cm2 and pulse times 50 and 200 
µs) on the microstructure and functional properties of the Al-5.4Si-1.3Cu alloy is traced via exploring its 
microhardness, wear resistance and microstructure. The research pointed out the wear resistance of the alloy 
irradiated with pulsed electron beam to be 197% higher than the same characteristic of the untreated material. A 
maximal microhardness increase was recorded for following electron beam treatment parameters: 30 J/cm2, 200 
µs and 50 J/cm2, 50 µs; the values of microhardness were as high as 860 MPa and 950 MPa, respectively. Key 
factors responsible for better wear resistance and higher microhardness in the samples treated with a pulsed 
electron beam were suggested to be silicon and intermetallic compounds, dissolving in the molten surface, a 
cellular nano-dimensional structure, resulting from rapid solidification, and nano-dimensional particles of silicon 
and multi-element compounds.   

1. Introduction 

Aluminum, to be more precise, an alloy on its base was synthesized 
by a Danish physicist Hans Christian Ersted in 1825; but its factory 
production and use were first mentioned in 1886. To date, aluminum 
alloys represent the next broadly used metallic constructional materials 
after iron and steel. These alloys are applied in aircraft, space, motor 
vehicle, navy and gun industries due to their unique properties, such as 
low density, high specific strength and sufficient corrosion resistance 
[1–5]. Each aluminum-based alloy irrespectively to its grade is distin
guished with a quite broad application scope. In particular, the Al-5.4Si- 
1.3Cu alloy under study is a material used in machine elements and 
mechanisms of civil aircraft and motor vehicle engineering, supports 
and fixtures of furniture production and in the manufacture of various 
components for household appliances, etc. [6,7]. 

Recently, machine parts are manufactured of aluminum using 
traditional techniques, e.g. casting, forging, stamping, and powder 
metallurgy [8,9]. Despite a broad use, the manufacture and 

consumption of these goods have been experiencing certain problems. 
For instance, a low speed of cooling in casting is the reason for rough 
microstructure and numerous defects, e.g. displacement damages, 
shrinkage porosity, slag inclusions and segregation of elements in cast 
alloys, as a consequence mechanical properties of machine parts 
degrade [10–14]. Industrial conglomerates introducing stronger stan
dards for the structure and operation characteristics of machine parts 
made of aluminum and its alloys make the situation even more difficult. 
To illustrate, materials with a lattice or cell structure, the production of 
which represents a complex and science intensive issue, are needed to 
satisfy technical requirements for high heat conductivity, a light weight, 
and high specific strength of heat protection systems in airspace vehicle 
engines. In the integrated manufacturing process of complex structure 
elements it is possible to reduce a time and a number of tools while 
producing and assembling small and middle-sized components, to 
decrease their weight, make less concentrated stresses arising in welding 
or mounting machine parts [15–19]. The principal aim of future 
research and development is suggested to be the advancement of 
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technologies to produce alloys with specified properties. Nevertheless 
certain attempts have been already made to modify materials through 
surface treatment with concentrated energy flows [20–23]. Laser and 
electron beam treatment are important surface processing methods. 
Laser processing has a positive effect on Al and its alloys, slows down a 
propagation rate of the fatigue crack growth [22], enhances corrosion 
resistance [24], changes the surface morphology; furthermore, micro
structural transformations improve the welding of aluminum products 
[25] and their mechanical properties [26,27]. 

Besides laser processing, electron beam treatment represents one of 
the promising surface treatment techniques intended to advance phys
ical and technical characteristics of a product and form a unique struc
ture of metals and alloys [28–30]. Electron beam melting technologies 
are known to be a surface processing method of Al-Si alloys and a self- 
sufficient production process of these alloys [31]. The study demon
strated an ultrafine grained structure with better functional properties to 
evolve in electron beam melting. The electron beam treatment of Al-Si 
alloys led to the surface remelting and changed the element and phase 
composition as a consequence. Several works [32–34] reported on close 
to the total dissolution of primary Si crystals in the modified layer in 
electron beam melting and disclosed transformations of the Al crystal 
lattice parameter for the oversaturated solid solution of aluminum was 
formed in the molten layer. Tribological tests made it possible to claim 
the wear resistance of processed alloys to be considerably better than 
this characteristic of untreated Al-Si compounds [31–37]. A number of 
works have examined the effect of various treatment processes on the 
structuring and behavior of mechanical properties in Al-5Si alloys. 
Several studies paid particular attention to the role of laser in surface 
processing or for the total remelting of Al-5Si alloys [38,39]. The re
searchers argued that laser processing improves the functional proper
ties, refines the microstructure and changes the element and phase 
composition. The explorations we present in this paper are unique for 
the alloy with the given chemical composition. This study aimed to 
analyze the behavior of functional properties (wear resistance and 

microhardness) of Al-5.4Si-1.3Cu alloy surface irradiated with a pulsed 
electron beam in different modes and reveal why they changed. The 
outcomes of the research may be of crucial importance to the machine 
building industry as a post-processing procedure to advance technical 
characteristics. 

2. Material and methods of research 

For the purpose of research, we used the Al-5.4Si-1.3Cu alloy; its 
chemical composition determined relying on the X-ray analysis data is 
given in Fig. 1a. When manufacturing, the alloy was poured into moulds 
in liquid form under the gravitation force and made solidify at an 
ambient temperature. Prepared samples were squares (dimensions – 15 
× 15 × 5 mm3) (Fig. 1b). 

The irradiation of samples with an intensive electron beam was 
performed using the “SOLO” laboratory unit [40]. It encompasses a 
pulsed electron source based on a plasma cathode with grid stabilization 
of a plasma edge, a power supply of the electron source, a vacuum 
processing chamber with an inspection opening and a two-dimensional 
manipulator table, where a plasma source and samples to be irradiated 
are placed, as well as systems to control and test the parameters of an 
electron source and a beam [41]. 

An electron beam was directed along the normal line to a sample side 
with dimensions of 15 × 15 mm2, and a beam diameter was set to cover a 
sample surface totally (Fig. 1d). 

The electron beam parameters were as follows: energy of accelerated 
electrons 17 keV, energy density of the electron beam (10, 30, 50) J/ 
cm2, pulse time (50 and 200) µs, number of pulses 3, pulse frequency 0.3 
s− 1; residual gas (argon) pressure in the processing chamber 2⋅10− 2 Pa. 

For selecting maximal processing parameters (50 J/cm2, 200 µs) it 
was important to melt the surface layer without boiling the material 
affected with an electron beam. 

The wear resistance of the material was examined relying on the 
wear parameter (k), a reciprocal of wear resistance, using a TRIBOtester 

Fig. 1. X-ray analysis data of the material under study (a), geometry of samples (b), a sample oriented to an electron beam (c).  
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in the Pin-On-Disc scheme. The tests were carried out in dry friction 
conditions for the parameters: normal loading – 2 N; rotation speed of a 
sample – 25 mm/s, distance recorded – 100 m; track radius – 2 mm; 
counterbody – a hard BК7alloy ball with a diameter of 6 mm. 

To determine hardness we measured microhardness of the irradiated 
surface using the Vickers method and following the internationally 
accepted standard ISO 6507: 2005; an indenter was loaded by 1 N (a 
microhardness measuring device HVS-1000). The time of loading was 
set 10 s, and the unloading took 5 s (an average microhardness value was 
detected with respect to 10 impressions made at least on 3 samples in 
each mode). 

The structure and its components in the material surface were 
investigated using the methods of scanning electron microscopy (SEM) 
with Philips SEM-515 equipped with a micro-analyzer EDAX ECON IV, 
transmission electron microscopy (TEM) in the diffraction mode and 
scanning transmission electron microscopy (STEM) in a scanning mode 
with JEM 2100F, JEOL. 

The methods of STEM and TEM complement each other, and their 
combination within one study provides the comprehensive under
standing of the material structure because STEM is intended to analyze 
the structure of a material surface and TEM is developed to explore the 
structure of a material volume. 

The foils to explore a structure-phase state of the material by trans
mission electron microscopy in the diffraction mode were prepared via 
ion thinning (Ion Slicer EM-09100IS) of plates. Plates with the 100 µm 
thickness were cut out of a sample using the electrical discharge process. 
The mode of cutting was selected to avoid unnecessary deformation; 
therefore a structure of samples remained unaffected. In each mode we 
examined minimum 5 samples. Further we present the most typical 
microphotographs to show the material structure. 

3. Results 

Fig. 2 displays the tribological test findings and data on microhard
ness of Al-5.4Si-1.3Cu alloy samples irradiated with an intensive elec
tron beam (red and blue bars). From the data it is apparent the wear 
parameter drops given the electron beam energy density increases when 
irradiating with a pulse time of 200 µs and demonstrates a trend to 
saturation (Fig. 2, red bars). Once the pulse time of electron beam 
processing is 50 µs (Fig. 2, blue bars), the wear resistance of the alloy is 
more sophisticated. In this case wear resistance decreases insignificantly 

for the beam energy density of 30 J/cm2 and rises if irradiated with the 
energy density of 50 J/cm2. Given that the alloy is treated with the 30 J/ 
cm2 electron beam, micropores are formed in the surface because of the 
material shrinkage in rapid crystallization conditions, the wear param
eter shows a slightly increasing tendency, worsening the wear resis
tance, as a consequence. However, this shortcoming can be eliminated 
via increasing the time of surface processing and the beam energy 
density. A maximal increase of wear resistance (k = 0.37⋅10− 3 mm3/ 
N⋅m) is 197% revealed for the treatment parameters: 50 J/cm2 200 µs. 

While analyzing the data on the microhardness behavior, some 
conclusions are formulated. Once the pulse time is set 50 µs (a solid line), 
the microhardness in the surface layer goes up together with the 
growing energy density of an electron beam, attaining its maximum of 
950 MPa for the beam energy density of 50 J/cm2; this value is 83% 
higher than the microhardness of the untreated material. Given that the 
pulse time is 200 µs (a dashed line), the microhardness of the surface is 
maximal (860 MPa) for the beam energy density of 30 J/cm2 exceeding 
the reference value by 65%. It is noteworthy that an increasing value of 
the beam energy density up to 50 J/cm2 makes microhardness somehow 
decrease; principal alloying elements melt and evaporate enormously 
from the treated surface in this processing mode. The research high
lighted the outcomes of electron beam treatment connected with the Si 
percentage: it is ~3.9 mass% for the beam energy density 50 J/cm2 and 
a pulse time of 200 µs, whereas it is ~4.1 mass% for the beam energy 
density 30 J/cm2. Therefore, an assumption is made a varying per
centage of main alloying elements is the reason less strengthening 
phases are formed, as a consequence, microhardness decreases. 
Conversely, values of microhardness in all processing conditions are far 
higher than this parameter of the untreated material. 

Comparing wear parameter data and microhardness values, their 
correlation is suggested, i.e. the rising electron beam energy density is 
associated with the decreasing wear parameter (as a result of better wear 
resistance) and increasing microhardness. Both facts present the evi
dence surface layers of the material get reinforced. 

Therefore, an analysis of wear resistance vs. energy density and pulse 
time of the electron beam established 50 J/cm2, 200 µs were the most 
effective parameters to perform electron beam treatment. The assess
ment of microhardness revealed the most efficient way of treatment to 
be in conditions: 50 J/cm2 and 50 µs. 

To find out factors influencing strength properties of the surface, the 
microstructure was explored using scanning and transmission electron 

Fig. 2. Wear parameter k and microhardness HV vs. energy density of an electron beam (10, 30 50 J/cm2) and pulse time (50 and 200 µs). k and HV of as cast alloy 
are 1.1⋅10− 3 mm3/N⋅m and 520 MPa, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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microscopy in the identified optimal modes. The structure of the as 
delivered alloy (Fig. 3) was examined with the aim to trace structural 
transformations observed while irradiating samples. Addressing to the 
microstructure presented in Fig. 3a, it is seen the alloy is a poly
crystalline aggregate with micropores (black inclusions) and inclusions 
of intermetallic compounds (white inclusions) with a variety of shapes 
(needles, globules, and far less frequently, chips) and sizes. In some cases 
the intermetallic compounds form hieroglyph-like agglomerates 
(Fig. 3a, b). 

An X-ray analysis detected a structure of the alloy was principally 
made of aluminum-based solid solution grains. The eutectic grains Al-Si 
(Fig. 3c) were found along the boundaries and in the boundary joints of 
aluminum grains. The intermetallic compounds represent additional 
phases of the material under study, one of which is a Fe2Al9Si2 phase 
(Fig. 3b, c). 

The aluminum grains vary in a range from 25 µm to 80 µm; the 
eutectic grains Al-Si are from 11 µm to 26 µm. The longitudinal sizes of 
the needle-shaped intermetallic compounds are often bigger than sizes 
of grains (Fig. 3c), probably, they were formed before aluminum grains. 

Particles of the intermetallic compounds with any morphology found 
in the alloy intensify its brittleness when mechanically loaded. 

A structure of the sample surface changed once the Al-5.4Si-1.3Cu 
alloy was irradiated with the intensive pulsed electron beam (50 J/ 
cm2 50 and 200 µs). Microcracks (Fig. 4a, c) were detected in the 
structure of the irradiated material surface. In most cases microcracks 
were observed along the grain boundaries. Zones surrounded by the 
microcracks are in a range from 280 µm to 380 µm. Microcracks might 
propagate owing to the tensile stresses evolving in the surface for the 
material cooled at a high speed from a molten state. A number of 
microcracks per a surface area unit of the alloy rose insignificantly if we 
shortened a pulse time (compare Fig. 4a, c). Apparently, it was caused by 
an increasing speed of cooling when we reduced a pulse time. 

Electron beam irradiation of the alloy in optimal conditions brought 
about the total dissolution of intermetallic compounds in the surface 
(Fig. 4). The structure of rapidly solidifying cells with dimensions of 
500–800 nm developed in a volume of grains (Fig. 4b, d). To get a deep 
insight into the structure of rapidly solidifying cells, it was researched by 
the method of transmission electron microscopy in the diffraction mode 
(STEM and TEM). The thickness of a layer with rapidly solidifying cells 
was assessed to be from 50 to 70 µm. 

An X-ray microanalysis revealed the cells contained an aluminum- 
based solid solution; a thin layer to separate the crystallization cells 
contained silicon, copper, and iron atoms (Fig. 5). The element 
composition of the foil section presented in Fig. 5a, included magnesium 
(0.85 mass%), silicon (2.83 mass%), manganese (0.25 mass%), iron 
(0.54 mass%), nickel (0.06 mass%) and copper (4.07 mass%) balanced 
by aluminum. 

Fig. 6 shows a typical cell crystallization structure obtained by TEM 
methods. The dark-field images were made on the zone shown by a se
lective diaphragm on the sample of interest (circle in Fig. 6a). Then we 
switched to the electron diffraction micro-pattern mode and obtained a 
diffraction pattern for the selected zone of a foil (Fig. 6b). 

A dark-field analysis demonstrated the cells were principally made of 
the aluminum-based solid solution (Fig. 6c). The cells are separated by 
thin second phase layers with crystallites ranging from 10 to 20 nm 
(Fig. 6d). The cell formation mechanism was analyzed in details in the 
study [42]. 

A diffraction microanalysis pointed out these crystallites represented 
principally silicon, although particles containing copper, iron and 
aluminum were also found. 

Therefore, one of the reasons for significantly increasing functional 
properties of the Al-5.4Si-1.3Cu alloy irradiated with the pulsed electron 
beam (the energy density of 50 J/cm2) is suggested to be the total 
dissolution of intermetallic compounds (found in the structure of the as 
delivered alloy) in the molten layer of aluminum and the subsequent 
development of a structure with rapidly solidifying cells reinforced by 
nano-dimensional silicon and multi-element inclusions. 

4. Discussion 

To sum up, the outcomes of the investigation show that there are two 
behavior types of hardness and wear resistance, which depend on the 
electron beam pulse time. 

Hardness and wear resistance tend to increase for a relatively short 
(50 µs) time of electron beam impact. This phenomenon may result from 
the incomplete dissolution of micron inclusions (needle-shaped in
clusions are observed to dissolve partially), which are found in the un
treated material and cause its over-brittleness under friction (the initial 
state). Nano-dimensional second-phase particles forming in the process 
of the rapid melt solidification reinforce the material and improve its 

Fig. 3. Structure of destructed surface in the untreated alloy Al-5.4Si-1.3Cu sample (prior the irradiation with a pulsed electron beam).  
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hardness. 
The hardness and wear resistance of the modified layer in the ma

terial demonstrate a simultaneous increase once irradiated for 200 µs 
(30 J/cm2). As mentioned above, it may be associated with the incom
plete dissolution of needle-shaped micron inclusions existing in the as 
delivered material and making it extremely brittle under friction. Nano- 

dimensional second-phase particles formed due to rapidly crystallizing 
melt make the material stronger and harder. 

The electron beam irradiation of the Al-5.4Si-1.3Cu alloy with en
ergy density of 50 J/cm2 enhances wear resistance and causes a drop of 
the material microhardness. We conclude a relatively slow energy input 
(200 µs) furthers the total dissolution of inclusions found in the as 

Fig. 4. Surface structure of the alloy Al-5.4Si-1.3Cu irradiated with an electron beam: 50 J/cm2 200 µs (a, b); 50 J/cm2 50 µs (c, d). SEM data.  

Fig. 5. STEM view of the alloy Al-5.4Si-1.3Cu structure, irradiated with a pulsed electron beam (50 J/cm2, 50 µs) (a) and a view of this layer obtained in char
acteristic X-ray radiation of silicon (b), copper (c), and iron (d) atoms. A layer of interest is at a depth of ≈30 µm below the irradiated surface. 
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delivered state and they make no contribution to the material 
reinforcement. 

5. Conclusion 

To summarize, the irradiation of the Al-5.4Si-1.3Cu alloy with an 
intensive pulsed electron beam in various modes improved its tribo
logical properties; that is, the wear parameter (a reciprocal of wear 
resistance) decreased. The wear resistance of the Al-5.4Si-1.3Cu alloy 
(the irradiation parameters 50 J/cm2, 200 µs) was detected to be 197% 
higher than that of the untreated material. A maximal increase in 
microhardness was 83% as compared with the as delivered alloy and 
observed for the parameters of the electron beam: 50 J/cm2 and 50 µs. 
The electron beam treatment carried out in conditions as follows: the 
energy density 30 J/cm2 and a pulse time 50 µs causes the formation of 
micro-pores on the material surface, resulting in the deteriorating wear 
resistance of the material. Once the treatment parameters are set 50 J/ 
cm2 and 200 µs, main alloying elements evaporate form the treated 
material surface, and a value of microhardness shows a declining trend. 
Nevertheless, the parameters of interest in all treatment conditions are 
far higher than the similar characteristics of the untreated alloy. 
Considering the beam energy density in all treatment modes a conclu
sion is made that the wear resistance and microhardness of the Al-5.4Si- 
1.3Cu alloy improve due to the increasing beam energy density. The 
changing functional properties indicate strengthening of the material 
surface. The most effective irradiation parameters to further the 
maximal reinforcement were 50 J/cm2, 50 and 200 µs. 

Using the methods of scanning and transmission electron micro
scopy, it was revealed a layer of the material with a thickness of 50–70 
µm was an irradiation product of the Al-5.4Si-1.3Cu alloy carried out in 
the most effective modes. No intermetallic compounds making the ma
terial brittle were detected in this layer. A structure with rapidly solid
ifying cells was formed in the volume of grains. This structure reinforced 

by nano-dimensional silicon and multi-element inclusions varied from 
500 to 800 nm. The thin second-phase layer with crystallites of 10–20 
nm surrounded cells. Nano-dimensional structures developing in the 
material surface had a positive effect on its strength characteristics. 

To conclude, all structural changes in the alloy of interest observed 
after the intensive pulsed electron beam irradiation, contributed to the 
improvement of its functional properties (wear resistance and 
microhardness). 
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