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Abstract—Surfacing with composite coatings strengthened by carbide, boride, and other particles is currently
of great interest in materials physics. The performance of the applied layer is primarily determined by the
phase composition of the coating. To permit the selection of coatings capable of withstanding extremal oper-
ating conditions, including high loads and abrasive wear, their properties and structure must be investigated
in detail. In the present work, state-of-the-art techniques in materials physics are used to study the structure,
phase composition, and tribological properties of coatings applied to Hardox 450 low-carbon martensitic
steel by Fe–C– Cr–Nb–W powder wire and then subjected to electron-beam treatment. The electron-beam
parameters are as follows: in the first stage, energy density per pulse ES = 30 J/cm2; pulse length τ = 200 μs;
and number of pulses N = 20; in the second stage, ES = 30 J/cm2; τ = 50 μs; and N = 1. These conditions are
selected on the basis of calculations of the temperature field formed in the surface layer of the material by a
single pulse. It is found that electron-beam treatment of an applied layer of thickness about 5 mm leads to
modification of a thin surface layer (about 20 μm), consisting largely of α iron and the carbide NbC; small
quantities of the carbides Fe3C and Me6C (Fe3W3C) are also present. This modified surface layer differs from
the unmodified coating mainly in terms of the morphology and dimensions of the secondary-phase inclu-
sions. In the modified surface layer, the inclusions are smaller and take the form of thin layers along the grain
boundaries. In the unmodified coating, the inclusions are mainly rounded particles, chaotically distributed
within the grain. After electron-beam treatment, the wear resistance of the applied layer increases by a factor
greater than 70 with respect to Hardox 450 steel, while the frictional coefficient is significantly less (about a
third as much).
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Globally, billions of dollars are lost each year on
account of the wear and corrosion of machine parts
and structures. The main approach to preventing wear
and corrosion, until recently, was bulk alloying, but
the reserves of alloying elements are being exhausted
and their cost is increasing considerably.

In recent years, research interest has turned to sur-
facing with composite coatings strengthened by car-
bide, boride, and other particles [1–7]. Such coatings

prove effective in the presence of strong abrasive wear
and impact loads and are widely used in industry.
Their performance largely depends on their chemical
and phase composition [8–11]. To permit the selec-
tion of coatings best suited to particular operating con-
ditions, their properties and structure must be investi-
gated in detail [12–16].

Effective use of surfacing entails careful analysis of
the relation between wear, hardness, and microstruc-
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Fig. 1. Structure of the applied layer transverse to the etched section after electron-beam treatment (at the surface indicated by
the arrows): (1) modified surface layer; (2) unmodified coating.
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ture [17–20]. That is essential to the production of
components with high performance.

In the present work, state-of-the-art techniques in
materials physics are used to study the structure, phase
composition, and tribological properties of coatings
applied to Hardox 450 low-carbon martensitic steel by
electrocontact surfacing with Fe–C–Cr–Nb–W
powder wire and then subjected to electron-beam
treatment.

The composition of Hardox 450 steel is as follows:
0.19–0.26 wt % C, 0.70 wt % Si, 1.6 wt % Mn,
0.025 wt % P, 0.010 wt % S, 0.25 wt % Cr, 0.25 wt % Ni,
0.25 wt % Mo, and 0.004 wt %. The balance is iron.
Because its content of alloying elements is low, Har-
dox 450 steel is relatively easy to weld and machine.
The heat treatment of the steel consists of rapid cool-
ing of the rolled sheets without subsequent tempering.
That results in fine-grain structure and high levels of
hardness. The steel is resistant to most forms of wear.

A strengthening layer is applied by arc welding with
a f loating metal electrode in an inert/active gas
medium, with automatic supply of the powder wire in
protective gas (98% Ar, 2% CO2) [21]. The welding
current is 250–300 A and the voltage is 30–35 V. The
surfacing electrode is powder wire (diameter 1.6 mm)
with the following composition: 1.3 wt % C, 7.0 wt % Cr,
8.5 wt % Nb, 1.4 wt % W, 0.9 wt % Mn, and 1.1 wt % Si.
The balance is iron. A high-strength surface layer of
thickness around 5 mm is formed.

To improve the tribological properties of the
applied layer, it is modified by electron-beam treat-
ment on a SOLO system, with melting and fast solidi-
fication [22]. The electron-beam parameters are as
follows: in the first stage, energy density per pulse ES =
30 J/cm2; pulse length τ = 200 μs; and number of
pulses N = 20; in the second stage, ES = 30 J/cm2; τ =
50 μs; and N = 1. These conditions are selected on the
basis of calculations of the temperature field formed in
the surface layer of the material by a single pulse [23].
The modified surface is tested on a CSEM high-tem-
perature S/N 07-142 tribometer (CSEM Instru-
ments); the counterbody is a ball (diameter 2 mm) of
VK6 hard alloy. The wear rate is estimated from the
cross-sectional area of the wear track, by means of a
STIL Micro Measure 3D station. The structure of the
modified layer is analyzed by means of transverse sec-
tions. To that end, the samples are cut in two perpen-
dicularly to the modified surface.

The defect structure is studied by optical micros-
copy (on a μVizo Met-221 metallographic instru-
ment), scanning electron microscopy (on a SEM-515
Philips instrument), and transmission diffraction elec-
tron microscopy (on EM-125 and FEI Tecnai 20 G2
Twin instruments). The elemental composition of the
surface layer is determined by X-ray microspectral
analysis, using the EDAX ECON IV attachment to the
SEM-515 Philips scanning electron microscope. The
phase composition of the surface layer is analyzed by
X-ray diffraction on an XRD-7000s instrument (Shi-
madzu, Japan).

Electron-beam treatment of the applied layer leads
to modification of a thin surface layer (about 20 μm)
(Fig. 1a). This modified surface layer differs from the
unmodified coating mainly in terms of the structure
observed on ionic etching of a transverse section.

In the modified surface layer, the structural ele-
ments observed in etching (which are obviously refrac-
tory compounds that are poorly etched by the ion
beam) measure 150–750 nm (Fig. 1b). Within the
unmodified coating, the etched structural elements
measure 1.5 μm (Fig. 1c).

In Fig. 2, we show typical images of the modified
surface layer after electron-beam treatment (transmis-
sion electron microscopy). It is clear that the α phase
has a plate structure and is formed as a result of γ → α
transition. The inclusions of secondary phase (indi-
STEEL IN TRANSLATION  Vol. 48  No. 4  2018
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Fig. 2. Typical images of the structure of the modified surface layer after electron-beam treatment (transmission electron micros-
copy). The arrows indicate inclusions of secondary phase.

(a) 1 µm (b) 1 µm

Fig. 3. Electron-microscopic images of the structure of the applied layer after electron-beam treatment: (a–c) dark-field images
obtained in the reflexes [511] Me6C (Fe3W3C), [110] α Fe + [102] Fe3C, and [024] α Fe, respectively. Arrows 1–3 in the inset
show the reflexes used for images (a)–(c), respectively.
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cated by arrows in Fig. 2) take the form of thin layers
(thickness 100–150 nm) along the grain boundaries.
The inclusions at grain junctions are three-legged fig-
ures measuring up to 1 μm.

By dark-field microdiffraction analysis, we find
that the inclusions of secondary phase in the form of
thin layers along the grain boundaries consist of the
carbide (Me6C (Fe3W3C) (Fig. 3a). Within the mar-
tensite grains and along their boundaries, we see par-
ticles of iron carbide Fe3C or possibly Me3C (Fig. 3b).

The structure of the modified surface layer is char-
acterized by the presence of faceted niobium-carbide
inclusions, chaotically distributed within the grains.
These inclusions measure 2 μm.

Thus, by electron diffraction microscopy, we find
that the modified surface layer of the applied coating
consists of many phases, most notably a solid solution
based on α iron and the carbides Me6C, NbC, and
Fe3C.
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In the unmodified coating at a distance of 5 mm
from the surface, faceted niobium carbides are the pri-
mary inclusions.

After electron-beam treatment, the basic differ-
ence between this modified surface layer and the
unmodified coating concerns the morphology and
dimensions of the inclusions of secondary phases. In
the modified surface layer, the inclusions are smaller
and take the form of thin layers along the grain bound-
aries. In the unmodified coating, the inclusions are
mainly rounded particles, chaotically distributed
within the grain.

After electron-beam treatment, the wear resistance
of the applied layer increases by a factor greater than
70 with respect to Hardox 450 steel, while the fric-
tional coefficient is about a third of that of the steel.

CONCLUSIONS
We have investigated the structure, phase composi-

tion, and tribological properties of coatings applied to
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Hardox 450 low-carbon martensitic steel by Fe–C–
Cr–Nb–W powder wire and then subjected to elec-
tron-beam treatment.

Surface treatment of the applied coating by elec-
tron-beam pulses reduces the size of the structural ele-
ments in a thin surface layer and changes the morphol-
ogy of the carbide phase. As a result, the wear resis-
tance is significantly improved and the frictional
coefficient is decreased.
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