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Abstract—This article presents an overview of Russian and Western works on the application of intensive
pulse electron beams for surface treatment of metals, alloys, metal ceramics and ceramic materials. Applica-
tion advantages of electron pulse beams are highlighted in comparison with laser beams, plasma flows, ion
beams. Promising trends of electron beam treatment are analyzed: (1) surface smoothing, elimination of sur-
face microcracks with simultaneous modification of structural phase state of surface layer in order to develop
high performance technologies of finishing treatment of critical metal items of complicated shape made of
Ti–6Al–4V alloy and titanium, steel of various grades, WC–10% Co solid alloy, aluminum; (2) elimination
of micro-burrs formed upon fabrication of precision compression molds (SKD11 steel) and biomedical items
(Ti–6Al–4V alloy); (3) finishing surface treatment of compression molds and dies; (4) improvement of func-
tional properties of metallic biomaterials (stainless steel, titanium and its alloys, alloys based on titanium
nickelide with shape memory effect, magnesium alloys; (5) treatment of medical items and implants; (6) for-
mation of surface alloys for powerful electrodynamic systems; (7) improvement of specifications of blades of
aircraft engines and compressor blades; (8) formation of thermal barrier coatings applied onto surfaces of
combustion chambers. Upon correct selection of process variables, such as boosting voltage, electron beam
energy density, as well as number and duration of pulses, it is demonstrated that thorough control and/or
manipulation of characteristics of structural phase state and surface properties are possible. In order to
improve material properties and to increase operation lifetime of items, the important factor is the structure
modification aiming at the formation of submicro- or nanoscale grain (or subgrain structure).

Keywords: electron beam treatment, surface modification, metals, alloys, steels, application prospects,
nanoscale structure
DOI: 10.3103/S0967091222010120

INTRODUCTION

Successes in the generation field of electron beams
of pulse and continuous action [1], development and
implementation of respective equipment [2], numer-
ous studies in the field of material sciences of metals
and alloys, as well as metal ceramics and ceramic
materials treated by electron beams [3–5] initiated the
use of these energy sources in various fields of indus-
try, building and medicine. The intensive develop-
ment of these trends continues. It is assumed in
numerous works [6, 7] that treatment by electron
beam is of course a promising technology, which in
some cases has no alternative at present.

The main promising trends of electron beam treat-
ment of metal, alloys and metal ceramics are as fol-
lows:

— surface smoothing, elimination of surface
microcracks with simultaneous modification of struc-
tural phase state of surface layer in order to develop
high performance technologies of finishing treatment
of critical metal items of complicated shape made of
Ti–6Al–4V alloy and titanium [8–9], steel of various
grades [10, 11], WC–10% Co solid alloy [12], alumi-
num [13];

— elimination of micro-burrs formed upon fabri-
cation of precision compression molds (SKD11 steel)
and biomedical items (Ti–6Al–4V alloy) [14];
71
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Fig. 1. Schematic view of pre-quenched steel 45 modified
by electron beam (duration of electron beam pulse: 0.8 μs,
energy density: 2.2 J/cm2) [32].
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— finishing surface treatment of compression
molds and dies [10, 11];

— improvement of functional properties of metal-
lic biomaterials, stainless steel [15], titanium and its
alloys [8, 9, 16, 17], alloys based on titanium nickelide
with shape memory effect [18], magnesium alloys
[19];

— treatment of medical items and implants [20];
— formation of surface alloys for powerful electro-

dynamic systems [21];
— improvement of specifications of blades of air-

craft engines and compressor blades [22];
— formation of thermal barrier coatings applied

onto surfaces of combustion chambers [23];
— treatment of rail rolling surface [24–26].

EXAMPLES OF USAGE 
OF ELECTRON BEAM TREATMENT 

OF METALS AND ALLOYS
It was demonstrated in [27] on the basis of the

works [28–30] that light alloys due to low weight are
preferred for operation, when high production effi-
ciency and superior combination of specific properties
are critical. Wider application of these materials in
aerospace, automobile and medical industries requires
for significant improvement of their surface proper-
ties. Engineering of surface is a cost efficient and via-
ble method of improvement of such material surface
properties as hardness, wear resistance, corrosion
resistance, fatigue strength, and resistance against oxi-
dation.

Analysis of the experimental results [1–3, 27]
demonstrates that the modification methods of sur-
face structure and properties of metals and alloys,
metal ceramics and ceramic materials based on the use
of pulse electron beams are characterized by notice-
able advantages in comparison with other methods:
possibility to treat higher surface areas; significant
penetration depth; and low energy loss for ionization
of material. Upon surface bombardment of treated
material by electron beam, the transformations occur
in the layers located consecutively at various depth:

— surface molten layer;
— area of thermal influence;
— area of high stresses occurring under the impact

of shock wave, which is formed as a consequence of
material bombardment by electron beam.

Figure 1 illustrates the results obtained during
transmission electron diffraction microscopy of trans-
versal cross section of preliminary quenched steel 45
(Fe–0.45C) [31].

Structural analysis of transversal cross section of
irradiated specimens by transmission electron diffrac-
tion microscopy revealed that, irrespective of the
number of influencing pulses of electron beam, the
material has a gradient structure over depth comprised
of several layers (Fig. 1). Upon single irradiation, a
nanocrystalline layer with the thickness of about
0.1 μm is formed near the surface, which is comprised
of grains of α phase (BCC solid solution based on
iron) and γ phase (FCC solid solution based on iron)
in approximately equal fractions with the average grain
size of about 30 nm. According to thermal analysis
[32], this layer is formed as a consequence of pulse
melting (lifetime of the melt is about 0.5 μs) and sub-
sequent fast (up to 1010 K/s) quenching from the melt.
The travelling speed of solidification front near the
surface reaches approximately 5 m/s. Under the nano-
crystalline layer, a sublayer is formed with the thick-
ness of about 0.1 μm based on α phase with average
grain size of 200 nm.

Upon correct selection of process variables, such as
boosting voltage, energy density of electron beam,
number and duration of pulses, thorough control is
possible and/or manipulation of characteristics of
structural phase state and surface properties.

In order to improve properties of material and to
increase operation lifetime of items, the important
factor is modification of structure aiming at the for-
mation of submicro- or nanoscale grain (or subgrain
structure) [33]. Surface melting and extra fast solidifi-
cation occurring upon pulse electron treatment allow
to form grain structure of nanoscale range in the sur-
face layer of material. This process can be controlled
by varying parameters of electron beam (energy den-
sity, duration and number of pulses) [2, 3, 27].

It was established [34] that treatment of Al–Si alloy
by pulse electron beam leads to formation of cellular
structure. The layer thickness with the structure of cel-
lular crystallization reaches 40 μm. The average size of
cells of high-speed crystallization of surface layer is
STEEL IN TRANSLATION  Vol. 52  No. 1  2022
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Fig. 2. Structure of silumin layer located at the depth of
about 30 μm after irradiation by electron beam (25 J/cm2,
150 μs, 3 pulses) [35].

500 mn
0.4 ± 0.11 μm. At higher distance from the irradiated
surface the sizes of crystallization cells increase and at
lower bottom of the layer with cellular structure reach
0.65 ± 0.22 μm.

The surface layer of silumin with the structure of
cellular crystallization is characterized by the grains of
lamellar eutectics (Fig. 2). The first eutectics grains
are detected in the layer located at the depth of about
15 μm. While moving away from the irradiation sur-
face, the relative content of the eutectics grains
increases. The eutectics grains are located as islands or
interlayers between the cells of high-speed crystalliza-
tion of aluminum. The sizes of the eutectics grains are
close to those of the grains of solid solution based on
aluminum (crystallization cells). The transversal sizes
of the eutectics lamellas vary in the range from 25 to
50 nm.

The revealed microstructural modifications of
silumin promote improvement of surface properties,
namely: hardness, wear resistance, corrosion resis-
tance, fatigue resistance, resistance against oxida-
tion, and many other properties, sensitive to the state
of material surface. Thus, the properties of light met-
als and alloys treated by pulse electron beams are sig-
nificantly improved in comparison with untreated
analogs [34].

An exceptionally important feature of modification
of rail rolling surface by low energy high intensity elec-
tron beams is the absence of expressed interface
between the modified layer and the bulk of material,
which determines good damping properties of mate-
rial during mechanical and temperature external
impacts, prevents early formation and propagation of
brittle cracks from the surface to the main bulk of
material, which leads to destruction [24–26].
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The regime of irradiation by high intensity electron
beam (energy density of 25 J/cm2) was detected, which
allows to increase the fatigue lifetime of rail steel by
2.5 times. It was demonstrated that the predominant
place of formation of stress concentrators in the elec-
tron beam irradiated steel is the interface between the
high-speed crystallization layer and the thermal
impact layer (molten bath bottom). It was established
that the increase in fatigue lifetime of the electron
beam irradiated steel is stipulated by formation of acic-
ular profile of interface, which leads to dispersion of
stress concentrators and promotes more homoge-
neous f low in the substrate [24–26].

CONCLUSIONS
This brief analysis of the published experimental

results regarding the impact of electron pulse beams
on the surface layer’s structure and properties of met-
als and alloys makes it possible to conclude that treat-
ment of commercial materials by electron pulse beams
is the basis of future modification technologies aiming
at engineering of surfaces of items and products within
a wide range of critical applications.
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