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Abstract⎯The phase composition and the mechanical and tribological properties of the layer that is depos-
ited onto a martensitic low-carbon steel using a C–Cr–Nb–W flux cored wire and is additionally twice irra-
diated by a pulsed electron beam are studied by optical microscopy, scanning electron microscopy, transmis-
sion electron diffraction microscopy, X-ray diffraction analysis, wear resistance tests, and durometry. The
wear resistance and the microhardness of the deposited layer increase manyfold with respect to the base
material, and the friction coefficient of the layer decreases after electron-beam treatment. The increase in the
mechanical and tribological properties of the deposited layer subjected to electron-beam treatment is shown
to be due to the formation of a submicrocrystalline structure hardened by this treatment and due to the pre-
cipitation of the NbC niobium carbide.
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INTRODUCTION

The studies in the field of deposition of composi-
tion coatings hardened by the particles consisting of
carbides, borides, and other high-hardness and high-
modulus phases have recently been quickened. Such
coatings are effective under conditions of strong abra-
sive wear and impact loads and are applied in various
industries. Their service properties are determined by
the chemical and phase compositions of the coating
material. To choose the materials that meet operating
conditions, it is necessary to investigate their proper-
ties and structures in detail [1–5].

High-energy energy f luxes (plasma flows, powerful
ion beams, laser beams, etc.) are often used as addi-
tional hardening surface treatment. High-energy elec-
tron beams are most effective among them [6–15].

The purpose of this work is to analyze the structure
and the mechanical and tribological properties of a
deposited layer modified by an high-energy pulsed
electron beam.

EXPERIMENTAL
As a base material, we used Hardox 450 steel having

the following chemical composition (wt %): 0.19–
0.26 C, 0.70 Si, 1.60 Mn, 0.25 Cr, 0.25 Ni, 0.25 Mo,
0.004 B, 0.025 P, 0.010 S, and Fe for balance.

Hardox 450 steel is characterized by a low alloying
element content; therefore, it can easily be welded and
machined. The fine-grained structure of the steel and
its high hardness are achieved due to a special-purpose
system of quenching steel sheets, which consists in
rapid cooling of a rolled sheet without subsequent
annealing. As a result, this steel effectively withstands
most types of wear.

Facing was carried out with a PP-3 wire 1.6 mm in
diameter; its chemical composition is (wt %) 1.3 C,
0.9 Mn, 1.1 Si, 7.0 Cr, 8.5 Nb, 1.4 W, and Fe for balance.

A layer was deposited onto the steel surface in the
protective gas atmosphere consisting of 98 wt % Ar
and 2 wt % CO2 at a welding current of 250–300 A and
an arc voltage of 30–35 V. The layer surface was irra-
diated by a high-energy electron beam in a SOLO
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setup under melting and high-rate solidification con-
ditions [14, 15]. The following operating conditions of
the electron source were used for this purpose. At the
first stage, the electron beam energy density per pulse
was 30 J/cm2, the pulse duration was 200 μs, and the
number of pulses was 20. At the second stage, the elec-
tron beam energy density per pulse was 30 J/cm2, the
pulse duration was 50 μs, and the number of pulses
was 1. The irradiation conditions were chosen on the
basis of the results of calculating the temperature field
formed in the surface layer of the material during one-
pulse irradiation. Mechanical tests of the modified
surface were carried out by determining the Vickers
microhardness on a PMT-3 tester at a load of 0.2 and
0.5 N applied to an indenter and determining Young’s
modulus on a Shimadzu DUH-211S ultramicrohard-
ness tester at a load of 50 mN applied to an indenter.
Tribological tests of the modified surface were per-
formed using a CSEM Tribometer High Temperature
S/N 07-142 (CSEM Instruments, Switzerland) tri-
bometer, and the wear rate was estimated from the
cross-sectional area of a wear track using a MICRO
MEASURE 3D (STIL, France) station. The structure
of the material was examined by optical microscopy
(μVizo-MET-221 metallographic microscope) and
scanning electron microscopy (SEM-515 Philips
microscope). The elemental composition of the surface
layer was determined by electron-probe microanalysis
with an EDAX ECON IV microanalyzer attached to the
SEM-515 Philips scanning electron microscope. X-ray
diffraction (XRD) with an XRD-7000s (Shimadzu,
Japan) diffractometer was used to analyze the phase
composition, the state of a crystal lattice, the microst-
resses, and the coherent domain size (CDS) in the sur-
face layer.

RESULTS AND DISCUSSION
Facing was found to result in the formation of a

high-strength surface layer ~6 mm thick, and its aver-
age microhardness is ~10.2 GPa, which is higher than
the microhardness of the base metal (Hardox 450
steel) by a factor of ~1.7. Irradiation of the deposited
layer by a high-energy pulsed laser beam leads to an
increase in the microhardness of the modified layer to
~13 GPa, which is higher than the microhardness of
the initial steel by a factor of ~2.2. Simultaneously,
Young’s modulus (elastic modulus), which character-
izes the ability of a material to withstand tension and
compression during elastic deformation [16],
increases by ~1.3 times.

The increase in the hardness of the deposited layer
during the irradiation of its surface by an electron
beam led to a multiple (by a factor of ~70) increase in
its wear resistance during the friction of a ball made of
a VK6 hard alloy on the surface of the deposited mate-
rial. Here, the friction coefficient decreased by
~1.1 times.

Based on the composition of the wire used for fac-
ing, we can expect that the high tribological and
strength properties of the deposited material are
caused by hardening of the material by niobium, chro-
mium, and tungsten carbides.

The Nb–C system is characterized by the presence
of a niobium-based solid solution, the stable Nb2C
and NbC phases, and the metastable Nb3C2 phase
[17, 18]. An analysis of the available information
demonstrates that the NbC carbide melts congruently
at 46.2 at % C and a temperature of 3608 ± 50°C. The
Nb2C carbide forms during the NbC → Nb2C resolid-
ification at 2500°C. According to the data of most
investigators, the Nb2C carbide forms according to the
L + NbC  Nb2C peritectic reaction at 34.5 at % C
and a temperature of 3035 ± 20°C.

A comparative analysis of these results shows that
the NbC niobium carbide has the maximum forma-
tion temperature (3608°C). Carbide β-W2C forms at a
lower temperature (2785°C) and chromium carbide
Cr7C3 forms at 1789°C (Fig. 1). Therefore, the main
carbide during the solidification of the deposited layer
is assumed to be niobium carbide NbC, the formation
of which ensures high tribological and strength prop-
erties.

It should also be noted that both niobium and
tungsten fix carbon and prevent the formation of
chromium carbides in the steel and intercrystalline
corrosion.

XRD studies of the phase composition of the
deposited layer revealed the formation of NbC nio-
bium carbide inclusions in the electron-beam-modi-
fied sublayer (see Fig. 2). The relative content of these
inclusions is 53 wt % and the remaining content is rep-
resented by an α-iron-based solid solution. The NbC
carbide has the maximum formation temperature

�

Fig. 1. Temperatures of the formation of the carbide phases
based on niobium, tungsten, and chromium under equilib-
rium solidification conditions.
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among the carbides of the alloying elements in a PP-3
flux cored wire. The lattice parameter of the niobium
carbide is a = 0.43691 nm. Since the lattice parameter
of the NbC niobium carbide changes in the range
0.44317–0.44690 nm and increases with the carbon
content under equilibrium conditions [17, 18], we
assume that the niobium carbide that forms in the
deposited layer during high-speed electron-beam
treatment is depleted of carbon; that is, it is far from its
equilibrium state. The CDS of the niobium carbide is
DCDS = 12.69 nm and the lattice microdistortion of the
niobium carbide is Δd/d = 6.47 × 10–3.

Optical microscopy (OM) and scanning electron
microscopy (SEM) studies revealed the formation of a
eutectic structure in the surface layer, and its charac-
teristic image is shown in Fig. 3a. The irradiation of
the layer deposited onto the steel by a high-energy
electron beam substantially refined the structure of
the surface layer of the material (down to submicro-
and nanosized states), which was caused ultrahigh

cooling rates of the modified layer [14, 15]. The struc-
tural-element sizes change from 0.3 to 0.8 μm
(Fig. 3b).

Figure 4 shows an OM image of the structure of a
transverse polished section. The formed multilayer
structure is seen to be represented by a 5-μm-thick
surface layer (Fig. 4a, layer 1) and an intermediate
20-μm-thick layer (layer 2). When studying the struc-
ture of a transverse polished section, we were able to
reveal the structure of the heat-affected zone (HAZ)
that forms in the contact zone between the deposited
layer and the Hardox 450 steel (see Fig. 4b). It was
found that the deposition of a layer is accompanied by,
first, a substantial increase in the grain size in HAZ in
steel and, second, steel quenching (Fig. 5).

Figure 6 shows the structure of the deposited layer
revealed by SEM upon studying the transverse pol-
ished section etched in the plasma of a low-pressure
gas (argon) discharge. The electron-beam-modified
layer was found to have a thickness of ~30 μm

Fig. 2. X-ray diffraction pattern taken from the surface of the deposited layer additionally irradiated by an electron beam. The
diffraction peaks of the niobium carbide are indicated.
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Fig. 3. SEM images of the surface structure of the deposited layer after irradiation by an electron beam.
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(Figs. 6a, 6b) and to be separated into two sublayers
(Figs. 6b, 6c). Obviously, this separation is caused by
the two-stage method of electron-beam irradiation of
the surface of the deposited layer.

The irradiation of the deposited layer by a pulsed
electron beam is accompanied by a substantial
decrease in the structural-element size, which is due to

the ultrahigh rates of solidification and subsequent
cooling of the modified layer during pulsed electron-
beam treatment of the material [14, 15]. An analysis of
the images of a polished etched section presented in
Figs. 6c and 6d demonstrates that the structural-ele-
ment sizes in the modified layer change down to
0.5 μm (Fig. 6d) and the structural-element sizes in

Fig. 4. OM images of the structure of a transverse polished section of the deposited layer after irradiation by an electron beam.
The arrow in (a) indicates the modification surface, and the arrow in (b) indicates the layer separating the deposited metal and
Hardox 450 steel.
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Fig. 5. Structure of the Hardox 450 steel formed (a) at a distance of 800 μm from the contact zone between the deposited layer
and the base steel and (b) near the contact zone.
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the deposited layer under the modified layer decrease
to 1 μm (Fig. 6c).

CONCLUSIONS
(1) The phase composition, the defect substructure,

and the mechanical and tribological properties of the
layer that was deposited onto Hardox 450 steel during
one passage of a flux cored wire and was additionally
modified by the irradiation of a high-energy pulsed
electron beam (two-stage method) were studied.

(2) The increase in the mechanical and tribological
properties of the deposited layer modified by a pulsed
electron beam was found to be due to the formation of
a submicrocrystalline structure hardened because of
ultrahigh heating and cooling rates and due to the pre-
cipitation of the NbC niobium carbide.
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