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Abstract—The structural-phase states and tribological properties of 12Kh18N10T steel subjected to electro-
explosive alloying (EPA) with titanium and boron and subsequent electron-beam processing in various
modes in terms of the energy density of the electron beam and the duration of the exposure pulse have been
analyzed using methods of modern physical materials science. It has been established that EPA of steel with
titanium and boron leads to the formation of a surface layer with multiphase submicro-nanocrystalline struc-
ture, characterized by the presence of micropores, microcracks, and microcraters. Complex processing, com-
bining EPA and subsequent irradiation with high-intensity pulsed electron beams, leads to the formation of
60-μm-thick multiphase submicro-nanocrystalline surface layer. It is shown that the phase composition of a
surface layer of steel is determined by the mass ratio of titanium and boron during electroexplosive alloying.
The microhardness of a modified layer is defined by the relative mass fraction of titanium borides in the sur-
face layer and can be more than 18 times higher than the microhardness of steel in its initial state (before elec-
troexplosive alloying). Modes of complex processing have been determined at which the surface layer con-
taining exclusively titanium borides and intermetallic compounds based on titanium and iron is formed. The
maximum (approximately 82% by weight) titanium boride content is observed when steel is processed in a
regime with the highest mass of boron powder in the sample (mB = 87.5 mg; mTi/mB = 5.202). With a decrease
in mass of boron powder, the relative content of borides in the surface layer of steel decreases. It was found
that integrated processing of steel is accompanied by a sevenfold increase in microhardness of the surface
layer and wear resistance of the steel increases by more than nine times.
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INTRODUCTION

Conversion of nuclear power plants to more
enriched fuel and, accordingly, strengthening the
requirements for the absorption ability of materials
shows a clear need for an increase in the boron con-
centration in steels, which are often employed in the
fabrication of spent-fuel pools due to the high neutron
absorbing ability of boron [1]. The maximum concen-
tration of boron in recently used steels is less than
1.8 wt % (ChS82 steel), which is caused by low plas-
ticity of boron-alloyed material due to the coarse
shape of borides [2, 3]. Dispersion of the steel struc-
ture and spheroidization of borides are performed
through thermomechanical treatment of steel [4] and
additional alloying [5–9]. The cited methods and
approaches are based on modification of the structure

and properties of bulk steel. In recent decades, meth-
ods for the modification of steel based on concen-
trated energy f luxes have been extensively used
[10‒16]. Electroexplosive alloying (EPA), which
melts the treated surface by saturating the melt with
the components of a plasma jet formed from the prod-
ucts of electroexplosion of a conductor, is one of these
methods [17–19]. A number of studies have shown
that additional irradiation of a material doped by an
electroexplosive method with an intense pulsed elec-
tron beam promotes homogenization of the modified
layer, removal of micropores and microcraters, and an
increase in the mechanical, tribological and fatigue
properties of part of a whole [20].

The aim of this study is to analyze the results and
determine formation features of the structure and
characteristics of austenite stainless high-chromium
452
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steel exposed to alloying with titanium and boron
using an integrated method, which combines satura-
tion of the surface layer of the material with plasma of
electroexplosion of an electrically conducting material
and irradiation with a high-intense pulsed electron
beam in the high-speed fusion mode and crystalliza-
tion of the alloyed layer.

MATERIAL AND METHODS OF TREATMENT 
AND PROCEDURES OF STUDY

Stainless 12Kh18N10T steel was used as the mate-
rial of study [21]. The specimens appeared as plates
10 × 10 × 5 mm in size. The surface layer of the steel
was alloyed using electroexplosive annealing (EPA) on
an EVU 60/10 [17]. Foil of technically pure VT1-0
titanium, on the surface of which there was boron
powder, was used as an electrically conducting mate-
rial. The powder of V-99V-TU 1-92-1549 amorphous
boron, B > 99%, with a particle diameter of 0.5–
5.0 μm was used. The following parameters of EPA
were used: the particle density was 2.2 GW/m2 and the
plasma pulse duration was 100 μs. Four EPA modes
were used, which are characterized by different tita-
nium foil-to-amorphous boron powder mass ratio.
The Titanium foil mTi to amorphous boron mB mass
ratios employed for EPA of 12Kh18N10T steel are
given below:

In the second stage, the surface of some specimens
modified with the electroexplosion method, was irra-
diated with a high-intensity pulsed electron (HIPE)
beam [20] using the following parameters: the energy
of accelerated electrons was 17 keV, the electron beam
energy density was 40 and 20 J/cm2, the electron beam
pulse duration was 200 and 50 μs, and the number of
pulses was 3. Irradiation of the specimens with an elec-
tron beam was carried out twice. Firstly, the surface
was irradiated with an electron beam with the param-
eters of 17 keV, 40 J/cm2, 200 μs, and 3 pulses; and,
then, 17 keV, 20 J/cm2, 50 μs, and 3 pulses. The spec-
imens were irradiated in integrated vacuum space
using SOLO equipment [11]. The choice of the irradi-
ation mode was based on the modeling results of the
temperature field [22]. Thus, two stocks of specimens
were studied, more specifically, specimens after EPA
(further identified as specimens 1, 3, 5, and 7) and
specimens after two-stage treatment with EPA +
HIPE (further identified as specimens 2, 4, 6, and 8,
where specimen 2 is the specimen exposed to EPA
according to mode 1 and HIPE, while specimen 4 is

Mode mTi, mg mB, mg mTi/mB

1 360.7 50.0 7.214
3 392.2 62.5 6.275
5 423.7 75.0 5.649
7 455.2 87.5 5.202
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the specimen exposed to EPA according to mode 3
and HIPE, and so on).

Investigations of the steel structure in the initial
state and after modification were carried out using
X-ray analysis (an XRD 6000 diffractometer), as well
as scanning (an SEM 515 Philips instrument) and
transmission diffraction (a JEM-2100F) electron
microscopy. Elemental analysis of the specimens was
performed using X-ray microanalysis. The following
characteristics of the modified layer were analyzed:
microhardness (DUH-211S (Shimadzu, Japan), the
load on the indenter corresponds to 30 mN, and
PMT-3 instruments, the load on indenter was 1 N)
and wear resistance (TRIBOtechnik instrument; dry
friction condition at room temperature, countersolid
is represented by a ShKh15 ball that was 6 mm in
diameter, the track diameter was 4 mm, the rotation
speed of the specimen was 2.5 cm/s, the load on the
indenter was 10 N, and the number of turns was 8000).
The wear resistance of the surface layer of material was
calculated after profilometry of the formed track.

RESULTS AND DISCUSSION

Electroexplosive treatment of 12Kh18N10T steel is
accompanied by the formation of a highly developed
pattern with a large number of microdrops, microcra-
ters, microcracks, and metal f lows, which is intrinsic
for this method of exposure on the surface of metals
and alloys (Fig. 1a). Subsequent irradiation of the
modified steel with an intense pulsed electron beam is
accompanied by smoothening of the material surface
due to application of surface tension of melt and
microcraters and metal f lows disappear almost com-
pletely; however, a small number of microcracks
remains (Fig. 1b).

The elemental composition of the modified layer of
steel was determined using X-ray microanalysis [23].
Results of the studies are given in Fig. 2a. It should be
noted that boron and titanium represent the main ele-
ments of the surface layer of the specimens after EPA
(Fig. 2; modes 1, 3, 5, and 7) and the elements forming
steel are present at marginal quantities. Consequently,
electroexplosive annealing using the parameters cho-
sen for this study was accompanied by the formation of
not only an alloyed layer of steel, but also a thin coat-
ing based on titanium and boron. The maximum total
concentration of boron and titanium atoms is detected
in the surface layer of steel modified with the electro-
explosion method according to modes 1 and 7. An
increase in the relative content of boron powder in the
sprayed shot (at successive change of modes 1 → 3 →
5 → 7, Fig. 2a) is accompanied by monotonous change
in the concentration of boron in the alloyed layer.

Irradiation of the alloyed layer using HIPE is
accompanied by the liquid-phase mixing of the sur-
face layer of the material. This is indicated by a signif-
icant increase of the elements forming steel in the sur-
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Fig. 1. Electron microscopic image of a steel surface structure after (a) electroexplosive alloying (EPA) using mode 3 and (b) sub-
sequent irradiation by a high-intensity pulsed electron (HIPE) beam. Scanning electron microscopy.

(а) (b)100 μm 100 μm

Fig. 2. Results of (a) X-ray microspectral and (b) X-ray phase analysis of the surface layer of 12Kh18N10T steel subjected to EPA
with titanium and boron (at processing modes 1, 3, 5, 7) and subsequent HIPE irradiation (at processing modes 2, 4, 6, 8).
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face layer (iron, chromium, and nickel) (Fig. 2a).
However, it should be noted that the concentration of
the main elements of a substrate in the surface layer
monotonously decreases with an increase in the rela-
tive content of boron powder in the sprayed shot (at
successive change of modes 2 → 4 → 6 → 8, Fig. 2a).
The maximum concentration of boron in the surface
layer of steel was determined in the specimen modified
according to mode 6 (Fig. 2a).

Phase composition of the modified layer of steel
was investigated using X-ray analysis. It was deter-
mined that electroexplosive annealing is accompanied
by the formation of a multi-phase state in the surface
layer, whose main phases are represented by titanium
borides of TiB and TiB2 composition (Fig. 2b). The
maximum content of titanium borides in total achiev-
ing 75 wt % is formed upon electroexplosive annealing
according to mode 1 (Fig. 2b). In this case, the main
titanium boride is TiB (Fig. 2b).

Subsequent irradiation of the modified layer of
steel using HIPE results in a significant increase in the
relative content of titanium diboride TiB2. This com-
pound becomes the main phase in the surface layer of
the specimen exposed to EPA according to mode 7
and further treatment using HIPE (Fig. 2b, mode 8).
It can be suggested that an increase in the relative con-
tent of titanium diboride is caused by a significant dif-
ference in the temperatures of crystallization of these
compounds; titanium diboride is formed at 3225°C
and titanium boride is formed at 2200°C [24].

Mechanical characteristics of the surface layer of
steel modified with EPA was characterized by micro-
hardness (Table 1). Analyzing the results, it should be
noted that EPA is accompanied by a manifold (5.2–8.1)
STEEL IN TRANSLATION  Vol. 50  No. 7  2020
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Table 1. Microhardness (HV), wear coefficient (k) and friction coefficient (μ) of 12X18H10T steel after EPA and additional
HIEB exposure (EPA + HIEB)

For initial steel HV = 1952 MPa; k = 2.8 × 10–3 mm3/N m; μ = 0.58.

Parameter

Mode

1 2 3 4 5 6 7 8

EPA EPA + HIEB EPA EPA + HIEB EPA EPA + HIEB EPA EPA + HIEB

HV, MPa 35398.4 12891.0 10243.4 10866.0 11144.0 13763.0 18993.9 9398.0

k, mm3/N m 1.3 × 10–3 1.3 × 10–3 0.3 × 10–3 1.2 × 10–3

μ 0.61 0.57 0.65 0.60

Fig. 3. Microhardness profile of a 12Kh18N10T steel sam-
ple subjected to complex treatment using mode 6.
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increase in the microhardness of the surface layer of
steel regardless of the mode of treatment. The maxi-
mum microhardness value of the surface layer of steel
was obtained in the case of specimens modified
according to mode 1. Comparing the results of ele-
mental and phase composition of the modified layer in
Fig. 2 with the results of mechanical tests (Table 1), it
can be stated that the maximum hardness of the sur-
face layer of steel corresponds to the maximum con-
centration in the boron layer and the maximum rela-
tive content of titanium borides TiB and TiB2.

HIPE irradiation of a steel surface exposed to elec-
troexplosive annealing with titanium and boron
(modes 1 and 7) results in a decrease in the micro-
hardness of the modified layer. During complex treat-
ment according to modes 4 and 6, microhardness of
the material is superior to that of steel in the state after
EPA. The highest microhardness values, which are
seven times as large as that of steel in the initial state,
are achieved in the specimen modified according to
mode 6. It should be noted that this mode of modifi-
cation is characterized by the highest boron content in
the surface layer (Fig. 2a, mode 6), which is formed
exclusively by titanium borides (TiB and TiB2) and
intermetallide (TiFe2).

Tribological characteristics (wear parameter (the
value inverse to wear resistance) and friction coeffi-
cient) of 12Kh18N10T steel was only measured in the
case of specimens exposed to complex treatment. A
high roughness of the surface of the specimens after
EPA did not allow us to measure these characteristics
of material correctly. As follows from the results of the
studies, the wear resistance of the steel (the value
inverse to wear coefficient k) after complex treatment
combining EPA with titanium and boron and subse-
quent irradiation with an HIPE beam amounts to
maximum values in the specimen modified according
to mode 6 and exceeds the wear resistance of initial
steel by a factor of more than nine.
STEEL IN TRANSLATION  Vol. 50  No. 7  2020
In the case of the 12Kh18N10T steel specimen
exposed to complex treatment according to mode 6,
the microhardness profile was plotted (Fig. 3). It is
clear that the thickness of the strengthened layer
amounts to 60 μm, while the layer hardness remains
constant along the thickness.

It is evident that high strength and tribological
characteristics of modified steel are caused by the
structural-phase state of the material. The structural
morphology of the surface layer of steel was investi-
gated using transmission electron diffraction micros-
copy of thin foils [25–27]. The foils were prepared
using ionic necking of the plates cut perpendicular to
the surface of modification. Such an arrangement of
foil allows one to analyze the state of material at vari-
ous controlled distances from the surface of the speci-
men. An intrinsic image of the structure of the steel
formed at various distances from the surface of treat-
ment is given in Fig. 4.
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Fig. 4. Structure of 12Kh18N10T steel after complex treatment: (a) layer adjacent to the sample surface; (b) layer at nearly
40 microns depth; (c) layer at nearly 60 microns depth.

200 nm 200 nm 500 nm(а) (b) (c)

Fig. 5. Results of X-ray microspectral analysis of the modified layer of 12Kh18N10T steel (layer adjacent to the modifying surface
was analyzed): (a) bright field; (b) image obtained in symptomatic X-ray radiation of titanium atoms; (c) fragment of energy spec-
tra obtained from the foil peace shown in pos. (a) (layer adjacent to the modifying surface was analyzed).
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It could be seen that the submicro-nanocrystalline
structure is formed as a result of treatment in the sur-
face layer of steel, in which the sizes of crystallites vary
in the range from tens to hundreds of nanometers
(Figs. 4a, 4b). The layer thickness with such a struc-
ture is less than 60 μm. At large distances from the sur-
face of the specimen, a polycrystalline structure is
revealed, which is intrinsic for steel in the initial state
(Fig. 4c).

The elemental composition of the modified layer
was studied using X-ray microanalysis of thin foils
(mapping method [23]). Results of the studies (Fig. 5)
indicate a nonuniform distribution of alloying ele-
ments in the surface layer of steel. The domains
enriched and depleted with titanium could be detected
(Figs. 5a, 5b).

The presence of boron atoms in the surface layer of
steel using the mapping method is weakly detected.
The results of X-ray microanalysis represented in the
form of energy spectra (Fig. 5c) are more conclusive.
These studies showed that the concentration of boron
in the surface layer varies nonmonotonously amount-
ing to the maximum value (nearly 19 at %) at a dis-
tance of 10–15 μm from the alloying surface.

Analysis of the microelectronograms and use of
dark-field images allows one to visualize the phases in
steel [25–30]. An example of such an analysis is given
in Fig. 6, which shows the images of TiB2 (Fig. 6c) and
STEEL IN TRANSLATION  Vol. 50  No. 7  2020
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Fig. 6. Electron-microscopic image of 12Kh18N10T steel structure after complex treatment: (a) bright field; (b) microelectron
diffraction pattern; (c, d) dark field obtained in the reflex of [100] TiB2 and [220] TiB; at pos. c; arrows indicate ref lexes in which
a dark field is obtained (reflex 1—pos. c; reflex 2—pos. d) (layer adjacent to the modified surface was analyzed).
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(а) (b)100 nm

(c) (d)100 nm 100 nm

2 1/nm
TiB crystallites (Fig. 6d). The size of crystallites varies
in a broad range from 30 to 200 nm.

CONCLUSIONS

EPA of steel with titanium and boron has resulted
in the formation of a surface layer possessing a multi-
phase submicro-nanocrystalline structure, which is
characterized by the presence of micropores, microc-
racks, and microcraters. It has been shown that the
phase composition of the surface layer of steel is deter-
mined by the titanium-to-boron mass ratio upon elec-
troexplosive alloying. It has been suggested that EPA
with the parameters chosen in this study is accompa-
nied not only by alloying of steel, but also the forma-
tion of thin coating enriched with titanium and boron
atoms. It has been determined that the microhardness
of the modified layer is governed by the mass fraction
of titanium borides in the surface layer and could
STEEL IN TRANSLATION  Vol. 50  No. 7  2020
exceed the microhardness of steel in the initial (before
electroexplosive alloying) state by a factor of more
than 18.

It has been determined that the complex treatment
of the surface of high-chromium 12Kh18N10T stain-
less steel combining EPA with titanium and boron and
subsequent irradiation with high-intense pulsed elec-
tron beam provides the formation of multi-phase sub-
micro-nanocrystalline surface layers that is up to
60 μm in thickness. The modes of complex treatment,
which result in the formation of the surface layer con-
taining exclusively titanium borides and intermetallide
based on titanium and iron have been determined. The
maximum (up to 82 wt %) content of titanium borides
is observed upon treatment of steel according to the
mode with the mass of boron powder in the sample of
mTi/mB = 5.202. With a decrease in the mass of boron
powder, the relative content of borides in the surface
layer of steel decreases.
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Microhardness and wear resistance of the surface
layer of 12Kh18N10T steel modified through complex
treatment combining EPA with boron and titanium
atoms and subsequent irradiation with a HIPE beam
exceeds the microhardness of the material in initial
state by the factor of more than seven, while wear
resistance increases by the factor of more than nine.
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