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Abstract—State-of-the-art means of physical materials science are used to study the structure, phase compo-
sition, defect substructure, and tribological properties of a coating formed on low-carbon Hardox 450 mar-
tensite steel via the electrocontact deposition of an Fe–C–Ni–B wire and modified through subsequent irra-
diation with high-intensity pulsed electron beams. It is shown that electron-beam treatment results in the for-
mation of a modified 50-μm thick surface layer, the main phases of which are the α-phase, iron boride FeB,
and boron carbide B4C. In the layer modified by electron-beam treatment, the transverse size of batch mar-
tensite crystals is reduced by a factor of 3, relative to the initial Hardox 450 steel, and ranges from 50 to 70 nm.
It is established that the wear resistance of the deposited layer after electron-beam treatment grows by more
than 20 times with respect to the wear resistance of Hardox 450 steel, and the friction coefficient is reduced
by a factor of 3.5. The microhardness of a deposited layer ~7 mm thick is more than double that of the base
metal.

Keywords: structure, phase composition, defective substructure, tribological properties, electron-beam treat-
ment of low-carbon martensite steel
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INTRODUCTION
The problem of improving the reliability and dura-

bility of machines and mechanisms is currently being
solved via targeted and controlled changes in the prop-
erties of their working surfaces. Obtaining coatings
with high functional properties that improve the dura-
bility of products under extreme conditions of high
wear, corrosion, mechanical loads, and temperature,
is an important fundamental problem [1]. The most
promising ways of hardening and reducing that allow
us to drastically improve the properties of surfaces are
the cost-effective techniques of surfacing [2–4], since
the service life of parts is determined mainly by the
durability of coatings. The main factors that determine
their functional properties are the chemical and phase
compositions of the coating material.

The formation of Fe2B borides on surfaces of the
ASTM A-36 steel widely used in the metalworking and
petrochemical industries results in a 400 to 500%
increase in hardness and corrosion resistance [5].
Additions of boron-containing powder for the deposi-
tion of Fe–Cr–C coatings with mixtures of powder
(F–Cr, cast iron, stainless steel) allow us to form pre-
eutectic and hypereutectic alloys, and thus to vary
their functional properties [6]. The authors of [7] pro-

posed a new composition for an Fe–Cr–S–B flux-
cored wire used to form high-temperature corrosion-
resistant coatings. Compared to the Fe–Cr and Ni–
Cr–Ti coatings used traditionally, this deposited layer
has the greatest microhardness and corrosion resis-
tance in a solution of Na2SO4 + 25% K2SO4 at 650°C.

To properly select coating materials that corre-
spond to conditions of operation, we must perform
detailed studies of their properties and structure
[8‒11]. At the same time, special attention must be
given to relationships between tribological properties
and microstructure for designated products operating
under conditions of severe wear [5–7].

The aim of this work was to analyze the results
obtained by studying the structure, mechanical, and
tribological properties of a layer formed on Hardox
450 steel via electrocontact deposition with an Fe–C–
Ni–B flux-cored wire and modified by a high-inten-
sity pulsed electron beam.

EXPERIMENTAL
We used Hardox 450 steel as our base material

(content, mass %: 0.19 C; 0.70 Si; 1.6 Mn; 0.025 P;
0.010 S; 0.25 Cr; 0.25 Ni; 0.25 Mo; and 0.004 B; the
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remainder was Fe). It was characterized by a low con-
tent of alloying elements, and was therefore easily
welded and processed. A fine-grained structure and a
high degree of hardness can be achieved in the steel
using a special quenching system that includes the
rapid cooling of a rolled sheet without subsequent
tempering. The steel is then especially resistant to
most types of wear. The hardened layer was deposited
via MIG/MAG (Metal Inert Gas/Metal Active Gas)
arc welding, using melting metal electrodes with an
automatic feed of filler wire in a gas environment
(Ar = 98%, CO2 = 2%), welding currents that ranged
from 250 to 300 A, and voltages of 30–35 V. As the
electrode for deposition, we used a flux-cored wire with
a chemical composition (mass %) of 0.7 C; 2.0 Mn; 1.0
Si; 2.0 Ni; and 4.5 B; the remainder was Fe.

The deposited layer was modified by irradiating the
surface in two stages with the high-intensity electron
beam of the SOLO facility [12] in the mode of melting
and high-rate crystallization. At the first stage, the elec-
tron beam had the following parameters: energy density
ES of the electron beam per unit pulse,  30 J сm−2; pulse
duration τ, 200 μs; number N of pulses, 20. At the sec-
ond stage, E = 30 J сm−2; τ = 50 μs; and N = 1. The
modes of irradiation were chosen based on calcula-
tions of the temperature field formed in the surface
layer of the material upon irradiation in the single-
pulse mode [13]. The modified surface was subjected
to tribological testing using a high-temperature
S/N 07-142 unit (CSEM Instruments). A ball 2 mm in
diameter and made of hard VK6 alloy was used as the
counterbody. The rate of wear was estimated from the
area of the cross section of the wear track using a STIL
MICRO MEASURE 3D profilometer station.

The bulk structure of the modified layer was ana-
lyzed using a transverse cross section technique in
which samples were cut into two parts, perpendicular
to the modified surface. The defective structure of the
material was studied by means of optical microscopy,
using a μVizo-MET-221 metallographic microscope;
scanning electron microscopy, using a Philips SEM-515
electron microscope; and transmission electron diffrac-
tion microscopy, using EM-125 FET and Tecnai 2062
TWIN electron microscopes [14–17]. The elemental
composition of the surface layer was determined via
microprobe X-ray analysis using an EDAX ECON IV
microanalyzer (an attachment for a Philips SEM-515
scanning electron microscope). The phase composi-
tion of the surface layer was analyzed by means of
X-ray diffraction, using a Shimadzu XRD-7000s dif-
fractometer (Japan) [18, 19].

RESULTS AND DISCUSSION
Bulk Structure of the Workpiece

Hardox 450 grade steel is designed to operate under
conditions in which special requirements are imposed
for wear resistance in combination with good cold

bending and good weldability. The steel’s high degree
of hardness is achieved using a special sheet quenching
system with which the metal acquires a martensite
structure.

The formation of a layer on the steel via electric arc
deposition is accompanied by poorly controlled heat-
ing of the material. This tempers the quenched state.
The tempering of the steel separates the particles of the
carbide phase (cementite) in the bulk of the plates and
at their boundaries. The particles have the acicular
shape characteristic of the cementite formed during
the low-temperature tempering of hardened steel
[20, 21]. The defective substructure of the martensite
plates takes the form of dislocations. The dislocations
are either chaotically arranged or form a reticulate
substructure. The scalar density of dislocations varies
over a very wide range: 3 × 109 to 6.5 × 1010 сm−2. It
should be noted that the crystals of martensite charac-
teristic of hardened steel exhibit a scalar dislocation
density of 1011 cm2 [21, 22]. The heating of the steel is
accompanied by the destruction of the martensite
crystals’ boundaries, which is especially characteristic
of batch martensite.

Structure of the Contact Layer

We shall define the contact layer as the metal layer
at the interface between the deposited layer and the
bulk of the material. On the side of the base metal
(Hardox 450 steel) was a polycrystalline structure, in
the bulk of whose grains we observed a lamellar-type
substructure (Fig. 1a). The plates were grouped into
batches; the transverse size of the plates ranged from
150 to 200 nm. The high values of the scalar density of
dislocations (≈4.8 × 1010 сm−2) and the grouping of
plates into batches indicate a martensite (shear) mech-
anism of their formation.

Particles belonging to the second phase were found
in the bulk and at the boundaries of the plates
(Fig. 1b). Microdiffraction analysis revealed reflexes
that belonged mainly to iron carbide (cementite). The
particles had a globular shape; their size ranged from
20 to 30 nm. It should be noted that the cementite par-
ticles in hardened steel have a lamellar (acicular) shape
[20, 21]. A structure of tempered martensite therefore
formed on the substrate side in the zone of contact
between the deposited layer and the substrate’s metal.
Along with the structure of the tempered martensite,
there were grains in the zone of contact and the joints
of the boundaries. Along the edges of the boundaries,
we observed extensive interlayers of the second phase
(Fig. 2).

Dark-field analysis with subsequent indexing of the
electron diffraction pattern showed that the formed
particles were iron boride FeB (Figs. 2b, 2c). This
means that as the deposited layer formed, the bulk of
the adjacent steel layer was doped with the elements of
the f lux-cored wire. The alloying elements (especially
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boron) diffused predominantly along grain boundar-
ies, leading to the formation of iron boride particles.

A lamellar eutectic structure formed on the side of
the deposited layer in the zone of contact. The index-
ing of the electron diffraction patterns obtained for
this structure showed that the eutectic was formed by
α-iron and iron boride Fe2B.

In most cases, the α-phase that formed the eutectic
of the contact layer had the structure characteristic of
batch martensite. The transverse size of the martensite
crystals ranged from 50 to 100 nm, considerably less
(by a factor of 3 to 4) than that of the batch martensite
crystals detected in the bulk of Hardox 450 steel. The
main reason for such a wide dispersal of the batch mar-
tensite structure of the contact layer was apparently the
thinness (0.5 to 0.8 μm) of the iron interlayers in the
eutectic, which underwent a martensite γ → α transfor-
mation during crystallization and subsequent cooling.

Structure of the Surface Layer

A distinctive feature of the phase composition of
the surface layer was the formation of iron boride (pre-

dominantly Fe2B) plates in the eutectic. The inclu-
sions of iron boride had no dislocation substructure in
their bulk, distinguishing them fundamentally from
the adjacent layers of the α-phase. The reason for
there being no dislocation substructure in iron boride
plates is their comparatively high level of hardness
(12.5 to 16.5 GPa) [23, 24]. A characteristic feature of
the electron microscopic image of borides is the large
number of f lexural extinction contours in the bulk of
inclusions.

The f lexural extinction contours indicate the for-
mation of internal fields of stresses in the material that
bent or twisted the crystal lattice [14–17]. The sources
of the stress fields (stress concentrators) were bound-
aries of two types: interphase (interfaces between
boride and α-phase inclusions) and intraphase (inter-
faces between iron borides).

The α-phase that separated the plates of iron
boride was mainly martensite of batch morphology,
with the transverse size of the plates ranging from 30 to
70 nm. A reticulate-type dislocation substructure was
observed in the bulk of the plates. Judging from the
size of the cells of dislocation reticles, the scalar den-
sity of dislocations was 1011 сm−2. The high density of
dislocations and the lamellar morphology of the inter-
layer structure indicate a martensite mechanism was
responsible for the formation of the α-phase and the
superfine martensite structure. It should be noted for
purposes of comparison that with hardened steel, the
average transverse size of batch martensite plates
ranges from 150 to 200 nm, with the transverse size of
the lamellar martensite being as high as several μm
[20–22].

Our studies of the structure and phase composition
of the deposited layer thus revealed the formation of a

Fig. 1. Structure of the contact layer on the side of Hardox
450 steel. The arrows indicate particles of the second
phase.

(a)

(b)

250 nm

100 nm

Fig. 2. Electron microscope image of the structure of Har-
dox 450 steel in contact with the surface layer: (a) bright
field image; (b) dark field image obtained in reflex [101] of
FeB; (c) micro–electron diffraction pattern (the arrow
indicates the reflex in which the dark field image was
obtained); in Fig. (a), the arrows indicate FeB particles at
the junction between three grains of the α-phase.

(a) (b)

(c)

100 nm 100 nm
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multiphase state characterized by a large number of
iron boride inclusions whose hardness was more than
an order of magnitude greater than that of Hardox 450

steel. It is obvious that the hardness of the eutectic
would differ from that of iron boride; indeed, mechan-
ical testing of the material confirmed this assumption.

In analyzing the change in microhardness over the
transverse cross section (Fig. 3), we noted the forma-
tion of a high-strength surface layer whose microhard-
ness ranged from 10.5 to 12.5 GPa, i.e., more than
double the hardness of the base metal (Hardox 450
steel) at a thickness of the deposited layer of at least
7 mm.

Irradiating the deposited layer with a high-intensity
pulsed electron beam resulted in a modified surface
layer up to 50 μm thick (Fig. 4a, layer 1). The modified
layer differed from the bulk of the deposited material
in the level of structural dispersion revealed by ion
etching of the transverse cross section. Comparing the
images of the deposited layer’s structure shown in
Figs. 4b, 4c, we can see that the irradiation of the
deposited material by the intense pulsed electron
beam was accompanied by the formation of a structure
with etching elements (obviously refractory com-
pounds with a relatively low level of etching by the ion
beam) ranging from 200 nm to 500 nm in size
(Fig. 4b). In the bulk of the deposited layer not irradi-

Fig. 3. Microhardness profile of the surface layer–steel
system.
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Fig. 4. Structure of a surface layer (an etched transverse cross section). The arrows indicate the surface of the surface layer irra-
diated by an intense pulsed electron beam. Shown are (1) the layer modified by the electron beam; (2) the bulk of the surfacing.
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ated with the electron beam (Fig. 4a, layer 2), the size
of the structure’s etched elements is as high as 1.0 μm
(Fig. 4c).

The irradiation of the deposited layer’s surface sub-
stantially alters the phase composition and defect sub-
structure of the material. The considerable reduction
in the transverse size of the martensite crystals is espe-
cially notable (Fig. 5). If the average transverse size of
the crystals in the batch martensite ranged from 150 to
200 nm in the steel hardened using a heating furnace
[14], the transverse size of the batch martensite crys-
tals ranged from 50 to 70 nm in the deposited layer
modified via electron-beam treatment (Fig. 5b). One
reason for this change in the transverse size of marten-
site crystals could be the ultrahigh (up to 106 K s−1)
cooling rate of the surface layer irradiated by the
intense pulsed electron beam. Another possible reason
could be that there were small γ-phase volumes
between the inclusions of the second phase (Fig. 5a).
The deposited surface layer irradiated by the intense
pulsed electron beam was a multiphase material. 

Note in particular that there was a relatively high
content of second phase inclusions. The inclusions in
the surface layer had a variety of shapes and were no
greater than 1–1.5 μm in size. The phase composition
of the modified deposited layer was studied via dark-
field microdiffraction analysis. The results showed the
surface layer contained phases FeB (Fig. 6a) and В4С
(Fig. 6c).

Electron diffraction microscopy thus demon-
strated that the deposited surface layer modified by an
intense pulsed electron beam was a multiphase aggre-
gate whose main phases were a solid solution based on
α-iron, iron boride FeB, and boron carbide В4С. The
additional presence of such iron carbides (carbobo-
rides) as Fe3C or Fe3(C, В) cannot be excluded.

The formation of a deposited layer improves the
wear resistance of steel. Our tests showed that the wear
resistance of our deposited layer modified using an
intense pulsed electron beam was more than 20 times
that of steel, and more than 11 times that of the depos-
ited layer not modified by the electron beam (Table 1).
The friction coefficient of the deposited layer after
irradiation with the electron beam fell considerably.
For the initial steel, this value was 0.31; for the depos-
ited layer, it was 0.14. After irradiating the deposited
layer with the electron beam, the friction coefficient
was 0.09.

Figure 7 shows the change in the friction coeffi-
cient during the tribological testing of the deposited
layer modified using the electron beam. The two-stage
character of the change in the friction coefficient
should be noted. At the first stage, the friction coeffi-
cient was approximately 0.07; at the second stage, it
was around 0.11. The friction coefficient of steel with-
out surfacing was around 0.31. Analyzing the change in
the friction coefficient during tribological testing
(Fig. 7), we may assume that irradiating the deposited

layer with an intense pulsed electron beam consider-
ably reduced (by a factor of 3.5) the friction coefficient
of the deposited layer.

Table 1. Results from tribological testing
Friction 

coefficient Wear rate

Hardox 450 steel 0.31 5.4
Surface layer 0.14 2.8
Surface layer after electron-
beam treatment

0.09 0.24

Fig. 5. Electron microscope image of the structure of the
α-phase (the solid solution based on iron’s bcc crystal lat-
tice) formed as a result of the fast cooling of the top layer
of a surface irradiated by an intense pulsed electron beam.

(a)

(b)

100 nm

250 nm
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CONCLUSIONS

The phase composition, defect substructure, and
tribological properties of a layer formed on Hardox steel

via the electrocontact deposition of Fe–C–Ni–B wire,
modified by irradiating it with a high-intensity pulsed
electron beam, were studied. It was shown that elec-
tron-beam treatment of a deposited layer results in the
formation of a multiphase state, the main phases of
which are an α-phase (a solid solution based on the
bcc crystal lattice of iron), iron boride FeB, and boron
carbide В4С.

It was found there are f lexural extinction contours
that indicate the formation of internal stress fields at
the interfaces between phases FeB and α-Fe. The wear
resistance of the surface of the deposited layer after
electron-beam treatment was more 20 times greater
than that of the initial Hardox 450 steel, while the fric-
tion coefficient was lower by a factor of 3.5.
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