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Abstract—The surface layer of AK5M2 alloy is modified with a Ti film by the vacuum-arc method. The mod-
ified samples are irradiated by the method of electron-beam processing using five modes. The dependences
of the crystal-lattice parameter and the phase composition of samples of the AK5M2 alloy with surface-mod-
ified Ti alloy on the beam energy density during electron-beam processing are determined. The defect sub-
structure of the samples is studied by scanning electron microscopy. The dependence of the coating thickness
on the energy density of the electron beam is revealed. The modes are determined, in which the electron-
beam energy density is insufficient for the formation of a homogeneous coating. The most rational mode of
electron-beam processing is established, in which a homogeneous layer with the least number of surface
defects is formed.
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INTRODUCTION
Increasing the strength properties of the surface

layers of light metals and alloys, such as silumin [1, 2],
is quite topical at present [3]. This is due to the wide
use of these alloys in the automotive [4–6] and aero-
space industries [7]. The operation of parts made of
metals and alloys implies a constant load on their sur-
face. It is known that the destruction of parts begins
with the formation of surface-layer defects (cracks,
microdepressions and other defects), which is the rea-
son for an increase in requirements for the properties
and characteristics of the surface layer. The character-
istics that determine the efficiency of the surface layer
of products are strength and hardness of the process-
ing surface, uniformity of the structure and properties,
high fracture resistance, and resistance to cracking [8].
Currently, in the field of condensed matter physics,
much attention is paid to improving the properties of
metals and alloys by the use of external energy effects
[9, 10]. Surface-modification methods are classified
according to the type of external impact: ion beams,
plasma, ultrasound etc. One of the most efficient and
environmentally friendly methods is electron-beam
processing [11–13]. The advantages of such processing
compared to other modification methods are a high
energy efficiency, higher energy-density uniformity
over the f low cross section, good pulse reproducibility
and high pulse-repetition rate.

The method of doping the surface layer by the
deposition of a thin film on the surface of the material
and subsequent remelting of the film with the surface
layer (substrate) as a result of electron-beam irradia-
tion is also applied [14]. On the basis of current
research, it was established [15–19] that the greatest
effect in modifying the surface layers of metals and
alloys can be achieved due to complex processing and
a combination of energy-impact methods. A variant of
complex processing is the combination of doping by
the deposition of a film on the surface of the material
under study by ion-plasma sputtering followed by
remelting of the modified layer by an electron beam.
The use of these innovative processing methods makes
it possible to increase the strength properties of the
surface of materials and alloys.

This work is topical, since its purpose is to study the
effect of the electron-beam irradiation of an AK5M2
alloy with a surface-modified Ti layer, namely, a
change in the elemental and phase composition, crys-
tal-lattice parameters and surface structure.

EXPERIMENTAL

AK5M2 Alloy was chosen as the material for study.
Samples with a size of 10 × 20 × 20 mm (Fig. 1) for
electron-beam processing, X-ray phase analysis and
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Fig. 1. Sample AK5M2 in the cast state (a) and surface-modified with Ti (b). All dimensions are in mm.
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scanning electron microscopy (SEM) were a system of
a substrate made of AK5M2 alloy and a Ti film.

The composite material was formed by the vac-
uum-arc method on a KVINTA automated vacuum
ion-plasma setup [20]. A titanium film 0.5 μm thick
(Fig. 1b) was deposited onto the samples of the
AK5M2 alloy using an arc evaporator with the follow-
ing process parameters: the samples were located
opposite the arc evaporator, deposition was carried out
without sample rotation, the current of the arc evapo-
rator was IA = 80 A (electrodynamic resistance cur-
rent), startup current was IS = 20 A, nominal current
was IN = 135 A, γ = 75%, bias voltage was Ubias = 35 V,
р = 0.3 Pa, and t = 10 min.

Irradiation with a pulsed electron beam was carried
out on a Solo setup [21]. During the experiment, the
parameters of the setup during irradiation were as fol-
lows: the energy of accelerated electrons was U = 17 keV,
the energy density of the electron beam ES was con-
trolled in five modes: no. 1, 10; no. 2, 20; no. 3, 30;
no. 4, 40; no. 5, 50 J/cm2. The pulse duration was τ =
200 μs, number of pulses was n = 3, pulse-repetition
rate was f = 0.3 s–1, and the residual gas pressure
(argon) in the working chamber of the setup was p =
2 × 10–2 Pa. The choice of modes of electron-beam
processing presented in the work is due to a wide range
of studies that have confirmed in practice the effec-
tiveness of these parameters in comparison with oth-
ers. The results of studies carried out on silumin mod-
ified with the Al–Y2O3 system indicate the high effi-
ciency of these parameters due to an increase in
microhardness and wear resistance [22].

The surface was studied by SEM methods [23–25]
using a Philips SEM-515 device with an EDAX ECON
IV microanalyzer. X-ray phase analysis [26] was per-
formed using a Shimadzu XRD 6000 diffractometer.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
MAIN RESULTS
Results of X-ray Phase Analysis

The qualitative and quantitative phase composition
shows a diverse distribution of elements on the surface
of the material, depending on the processing mode.
The main phases in the initial state of the AK5M2
alloy are a solid solution based on Al and Si, one of
which is a phase of the composition Si3N4.

The composition presented by Al, Si and Ti phases
is found in the X-ray phase analysis of the AK5M2
alloy with surface-modified Ti followed by electron-
beam irradiation in mode no. 1. In mode no. 2, the
phase composition is presented by Al and Ti; the Al3Ti
phase is additionally revealed. The Al and Al3Ti phases
are found when the energy density of the electron
beam increases in mode no. 3. With a further increase
in the energy density of the electron beam in mode no. 4,
the phase composition is represented exclusively by
the Al phase. When examining a sample after process-
ing in mode no. 5, the Al and Al3Ti phases are found
as well as the CuO phase. Thus, with an increase in the
energy of the electron beam due to high-speed, high-
temperature melting, the materials of the film and
substrate are mixed. As a result, the Si phase dissolves
in the aluminum solid solution and is not detected in
the X-ray phase analysis of the samples processed in
modes nos. 2–5. Mixing of the film and substrate
material also affects the detection of the CuO phase in
mode no. 5. Being initially in the composition of the
AK5M2 alloy, the CuO phase comes to the surface of
the formed system during high-temperature electron-
beam processing.

For the Al and Al3Ti phases, the crystal-lattice
parameters of the AK5M2 alloy with surface-modified
Ti followed by electron-beam irradiation are deter-
mined by X-ray phase analysis methods. The changes
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Fig. 2. Crystal-lattice parameters of Al (a) and Al3Ti (b) phases.
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were revealed in comparison with the initial cast state
of the AK5M2 alloy (Fig. 2). Figure 2a shows the
change in the crystal-lattice parameter of the alumi-
num phase depending on the processing mode. It can
be seen from the obtained data that, in the cast state,
the lattice parameter of the AK5M2 alloy is а = 4.0531 Å.
When processing is applied, the lattice constant
decreases in comparison with that of the initial state in
all modes. The smallest lattice constant is found in
mode no. 3 and it is а = 4.0392 Å. As a rule, with a
decrease in the crystal-lattice parameter, its compac-
tion occurs, which, in turn, can lead to changes in the
properties of the material under study.

Figure 2b shows the dynamics of the crystal-lattice
parameter of the Al3Ti phase, which is revealed only in
three of the five processing modes. As shown in the
diagram, the formation of the Al3Ti phase is facilitated
by processing modes with an electron-beam energy
density of ES = 20 (а = 3.8148 Å), 30 (а = 3.8054 Å)
and 50 J/cm2 (а = 3.6942 Å). As the ES value
increases, the lattice parameter of the Al3Ti phase
decreases. Presumably, the decrease in the crystal-lat-
tice parameters of the detected Al3Ti phase is associ-
ated with an increase in the interatomic binding
energy during an increase in the melting temperature
with an increase in the energy density of the electron
beam (Fig. 2b). Melting of the material at higher tem-
peratures leads to aging of the metal due to the release
of secondary phases. As a result, the crystal-lattice
parameter decreases, and dispersion strengthening of
the material occurs.

SEM Results
The SEM results made it possible to analyze the

surface structure of samples of the AK5M2 alloy sur-
face-modified with Ti. Characteristic images of the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
structure of transverse sections and the surface of the
alloy sample under study, which demonstrate the mor-
phologically diverse nature of the material, are shown
in Figs. 3–7. We take a closer look at the images for
each processing mode.

Figure 3 shows a SEM image of a transverse section
of an AK5M2 alloy sample surface-modified with Ti.
The samples were processed with an electron beam in
five modes with increasing electron-beam density: 10
(Fig. 3a), 20 (Fig. 3b), 30 (Fig. 3c), 40 (Fig. 3d), and
50 J/cm2 (Fig. 3e). When analyzing the image data, it
can be noted that with an increase in the density of the
electron energy beam, the structure of the sample
becomes more uniform (Figs. 3c, 3d). At lower elec-
tron-beam densities, a larger amount of intermetallic
compounds (Fig. 3b) and micropores (Fig. 3a) is
observed in the structure of the surface layer. The coat-
ing thickness changes in various processing modes.
During electron-beam processing in mode no. 1 (Fig. 3a)
the layer thickness is about 30 μm; in mode no. 2, 30–
40 μm (Fig. 3b); no. 3, 40–50 μm (Fig. 3c); mode
no. 4, 55–75 μm (Fig. 3d); and no. 5, 80–100 μm
(Fig. 3e). After analysis of the thickness of the modi-
fied layer, one can note that the thickness increases
with increasing energy density of the electron beam.

Figure 4 shows SEM images of the surface of the
Ti-modified AK5M2 alloy followed by electron-beam
irradiation with different densities in five established
modes. Figures 4a and 4b show the surface of a com-
posite material with light gray and white droplets as
well as microcraters. Energy dispersive analysis shows
that this is a film layer consisting of Ti atoms, which,
under the impact of electron-beam processing at 10
and 20 J/cm2, begins to dissolve gradually in the sub-
strate layer. Incomplete dissolution of the titanium
film on the substrate surface is due to the energy of the
electron beam, which is insufficient for high-tempera-
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Fig. 3. Changes in the structure of transverse sections of samples of the AK5M2 alloy surface-modified with Ti after electron-
beam processing with the electron-beam energy density: (a) 10; (b) 20; (c) 30; (d) 40; (e) 50 J/cm2.
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ture remelting of the entire volume of the deposited
titanium film. Figure 4c shows the surface after irradi-
ation with an electron beam with an energy density of
30 J/cm2; one can note the absence of a Ti droplet
fraction on the surface and the fact that the structure
became uniform. Figure 4d and 4e shows the state of
the surface of the composite material after electron-
beam processing with a beam density of 40 and
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Microanalysis of a titanium droplet

Element wt % at %

AlK 14.26 22.68
SiK 01.38 02.10
TiK 82.25 73.70
FeK 00.98 00.75
CuK 01.13 00.76

Matrix Correction ZAF
50 J/cm2. It is possible to detect large cracks, the ori-
gin of which can be strong remelting of the material
due to heating to a high temperature during process-
ing, as well as drastic cooling of the material after it.

Figure 5 shows the Ti-modified surface of AK5M2
silumin irradiated by an electron beam with an energy
density of ES = 10 J/cm2 (Figs. 5a, 5b). There is a slight
fragmentation of the surface by grain boundaries; the
grain size is from 80 to 200 μm (indicated by arrows in
Fig. 5a). Particles of a droplet fraction of light gray
color (titanium) with sizes from 1 to 20 μm are visible
(Fig. 5b). In Fig. 5b, a titanium droplet is marked with
a cross; according to the microanalysis of its composi-
tion, the Ti content is 82.25% (Table 1). According to
the results of the X-ray phase analysis of the surface,
the content of Al is 84.14%, that of Si is 3.51%, and
that of Ti is 12.35%.

In the case of electron-beam processing with increas-
ing energy of the electron beam to ES = 20 J/cm2, a
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Fig. 4. Surface structure of samples of AK5M2 alloy surface-modified with Ti followed by electron-beam irradiation in five
modes of electron-beam processing with the energy density: (a) 10; (b) 20; (c) 30; (d) 40; (e) 50 J/cm2.
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finely fragmented surface structure can be observed.
The surface composition includes droplets (Fig. 5d)
and microcraters (Fig. 5c). The droplet fractions are
smaller than in the previous processing mode, which
indicates the gradual formation of a uniform film and
substrate structure as the electron-beam density
increases. According to the results of X-ray phase
analysis, the content of Al is 85.80%, Ti is 12.88%, and
Al3Ti is 1.33%.

Figure 6 shows the alloy AK5M2 surface-modified
with Ti and irradiated with an electron-beam energy
density of ES = 30 J/cm2. A more uniform surface
structure is observed compared to the previous results
of electron-beam processing. There are no droplet
fractions and pronounced cracks; the titanium film is
uniformly dissolved on the surface of the AK5M2 silu-
min substrate (Fig. 6a). A cellular structure is formed
(Fig. 6b) with a cell size of about 1 μm. According to
the results of the X-ray phase analysis, the content of
Al is 99.31%, and that of Al3Ti is 0.69%.

Figure 7 demonstrates the features of the surface
structure of the AK5M2 alloy surface-modified with
Ti after irradiation in modes 4 and 5 with an increase
in the electron-beam energy density to ES = 40 J/cm2
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
(Figs. 7a, 7b) and then to the maximum value ES = 50 J/cm2

(Fig. 7c). Cracks (Fig. 7a), craters and droplets (Fig. 7b)
are observed on the surface. A crack about 40 μm in
length is clearly visible (Fig. 7c). An increase in the
number and size of cracks in the material with an
increase in the energy of the electron beam is presum-
ably associated with the processes occurring during
high-temperature impact on the surface of the mate-
rial. As a result of electron-beam processing with
energy densities over 30 J/cm2 melting of the surface
layer and its subsequent high-speed crystallization
occurs. Due to this, microcracks of various lengths
and sizes are formed [26]. X-ray phase analysis made
it possible to establish that there is only a solid solution
of Al (content of 100%) in this mode of electron-beam
processing.

Under the conditions of processing with the maxi-
mum energy of the electron beam, the largest number
of cracks was found compared to the previous process-
ing modes, e.g., as in Fig. 7c. Cracks divide the struc-
ture into fragments of various sizes; intense remelting
of the material occurs under the influence of electron
beam processing. The structure becomes cellular with
a cell size of about 0.5 μm (Fig. 7c). The cracks indi-
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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Fig. 5. Structural features of the AK5M2 alloy with a surface-modified Ti layer subjected to electron-beam processing: (a) is sur-
face fragmentation by grain boundaries, ES = 10 J/cm2; (b) is particles of a droplet fraction of light gray color (titanium), ES =
10 J/cm2; (c) is microcraters on the surface, ES = 20 J/cm2; and (d) is finely fragmented surface structure, ES = 20 J/cm2.
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Fig. 6. Structure of the AK5M2 alloy with a surface-modified Ti layer subjected to electron-beam processing (ES = 30 J/cm2):
(a) is uniform dissolution of the titanium film on the substrate surface; (b) is the cellular structure.
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Fig. 7. Structural features of the AK5M2 alloy with a surface-modified Ti layer subjected to electron-beam processing: (a) is
cracks on the surface, ES = 40 J/cm2; (b) is craters and droplets on the surface, ES = 50 J/cm2; (c) is a crack on the surface with
a length of about 40 μm, ES = 50 J/cm2.
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cate that this mode is unsuitable for improving the sur-
face morphology of the AK5M2 alloy, since the sur-
face is fragmented by a large number of microcracks,
which, in the case of product operation, are centers of
fracture development.

CONCLUSIONS

As a result of X-ray phase analysis of the alloy with
a deposited titanium film and subsequent electron-
beam processing in five modes, the Al, CuO, and
Al3Ti phases were revealed. The Al3Ti phase was
revealed only during processing in three modes: 2, 3
and 5.

It has been established that irradiation with an
electron beam leads to a decrease in the lattice period
of the Al phase. However, the dependence of the crys-
tal-lattice period of the Al phase on the energy density
of the electron beam Es is nonlinear, namely, as Es
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
increases to 30 J/cm2 it monotonically to the minimum:
а = 4.0392 Å. A further increase in Es to 50 J/cm2 leads
to an increase in the lattice period up to а = 4.0441 Å.
The dependence of the crystal-lattice period of the
Al3Ti phase on the electron-beam density is inversely
proportional: with increasing Es, the period decreases.
The supposed reason for the decrease in the lattice
parameter is an increase in the temperature of the
melting process during electron-beam processing.

Based on SEM analysis of a transverse section of
the AK5M2 alloy with surface-modified Ti, a direct
dependence of the thickness of the modified layer on
the energy density of the electron beam was estab-
lished. The greater the density, the greater the thick-
ness of the layer.

The dynamics of the surface morphology after
electron-beam processing was analyzed. In modes 1
and 2, on the surface of the Ti-modified AK5M2
alloy, SEM analysis revealed incompletely dissolved
TRON AND NEUTRON TECHNIQUES  Vol. 16  No. 6  2022
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titanium droplets, which indicates an insufficient
energy density of the electron beam to form a uniform
coating. Modes 4 and 5, characterized by high elec-
tron-beam energy densities, on the contrary, lead to
excessive high-temperature remelting of the material.
This process contributes to the formation of craters,
cracks, micropits on the surface and in the material
layer and can lead to destruction of the material during
operation.

Thus, based on the results of X-ray phase analysis
and SEM of the AK5M2 alloy after the deposition of a
titanium film on its surface with various subsequent
processing by an electron beam, a mode was estab-
lished in which a homogeneous fine-grained structure
without cracks, micropits and other defects is formed.
Obviously, this exposure mode (mode 3) leads to sig-
nificant transformation of the material properties in
the direction of their improvement.
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