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Abstract⎯The structural-phase state and the distribution of microhardness over the cross section of single
and double coatings deposited onto martensitic Hardox 450 low-carbon steel by alloyed flux-cored wire, are
studied using modern physical materials science. It is demonstrated that the microhardness of a double
deposited layer 10 mm in thickness exceeds the microhardness of the base metal by more than three times. It
is found that the improved mechanical properties of the deposited layer are due to the formation of a submi-
cro- and nanodisperse martensitic structure containing iron borides forming a plate-type eutectic. Plates of
iron boride Fe2B are formed in the eutectic in a single deposited layer, and in a double-deposited layer, plates
of FeB are formed. The existence of bend extinction contours, indicating the formation of internal stress
fields at the interface between the phases of iron borides and α-iron borides, is revealed.
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INTRODUCTION
In most cases, parts of machines and mechanisms

operate under conditions of wear, cavitation, cyclic
loads, and corrosion at cryogenic or high tempera-
tures, at which maximum stresses occur in the surface
layers of the metal where the main stress concentrators
are located. A promising technology aimed at extend-
ing the service life of structures by restoring worn parts
is arc welding by a f lux-cored wire, which is widely
used in the repair of machine parts for various pur-
poses: agricultural machinery, urban and railway
transport, technological equipment, etc. [1]. For an
informed choice of the material of coatings, which
correspond to the conditions of their use, it is neces-
sary to conduct detailed studies of their properties and
structure [2–5].

The goal of this work is to analyze the phase com-
position, defect substructure, and mechanical proper-
ties of a layer welded on Hardox 450 steel by a boron-
containing f lux-cored wire.

EXPERIMENTAL
Steel Hardox 450, the elemental composition of

which is presented in Table 1, is used as the base mate-
rial; it is characterized by a low concentration of alloy-
ing elements, hence, it is easy to weld and process.

Because of a special quenching system, the essence of
which is the rapid cooling of a rolled sheet without
subsequent tempering, a fine-grained structure of the
steel and its high hardness are achieved. The steel thus
effectively resists most types of wear. Surfacing was
carried out with PP–1 flux-cored wire, the elemental
composition of which is presented in Table 2. This
procedure was performed in a protective gas atmo-
sphere consisting of 98% of argon and 2% of carbon
dioxide at a welding current of 250–300 A and an arc
voltage of 30–35 V. The deposited layer was formed in
one pass and in two passes.

The phase composition and the defect substructure
of the steel and welded metal were studied by diffrac-
tion transmission electron microscopy (thin foil
method) [6–9]. The foils were made from plates of the
weld metal cut by the electric spark method (a layer
located at half the thickness of the weld metal). Plates
cut in this way were thinned to a thickness of ~200 nm
(thin foil, which is necessary for analysis by transmis-
sion electron microscopy) by spraying the metal with
an ion beam (argon) using an Ion Slicer setup (JEOL).
The mechanical properties of the weld metal and steel
were characterized by the microhardness value (the
Vickers method, the load on the indenter of 5 N).
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RESULTS AND DISCUSSION
Structure of the workpiece volume. Steel Hardox 450 is

designed for operation under conditions that impose
special requirements for wear resistance in combina-
tion with good cold bending and weldability. The
steel’s high hardness is achieved by means of a special
sheet quenching system, after which the metal
acquires a martensitic structure.

The formation of a layer deposited onto the surface
of steel by the electric arc method is accompanied by
poorly controlled heating of the material. This leads to
tempering of the quenched state. A characteristic
image of the structure of Hardox 450 steel formed
under these conditions is shown in Fig. 1. It is clearly
seen that the tempering of steel causes the release of
particles of a carbide phase (cementite) located in the
volume of the plates and at their boundaries. The par-
ticles have an acicular shape, characteristic of cemen-
tite formed during the low-temperature tempering of
hardened steel [10, 11]. The defect substructure of the
martensite plates is represented by dislocations (Fig. 1).
Dislocations are either located chaotically (Fig. 2a) or
form a mesh substructure (Fig. 2b). The scalar density
of dislocations varies within very wide limits, from
3 × 109 to 6.5 × 1010 cm–2. We note that in the marten-
site crystals of hardened steel, the scalar dislocation
density is 1011 cm–2 [11, 12]. When the steel is heated,
the boundaries of the martensite crystals are
destroyed, which is especially characteristic of packet
martensite (Fig. 2c).

Structure of the contact layer. We call the metal
layer located at the interface between the deposited
layer and the bulk of the material the contact layer. A
polycrystalline structure is revealed on the metal side
(Hardox 450 steel), in the volume of grains of which a
plate-type substructure is observed (Fig. 3a). Plates
are grouped into packets; the transverse dimensions of
the plates vary between 150 and 200 nm. High values
of the scalar density of dislocations (~4.8 × 1010 cm–2)
and the grouping of plates into packets suggest the
martensitic (shear) mechanism of their formation.

In the bulk and at the boundaries of the plates, par-
ticles of the second phase are revealed (Fig. 3b).
Microdiffraction analysis reveals reflections mainly
belonging to iron carbide (cementite). The particles
have a globular shape; their sizes vary from 20 to 30 nm.
We note that in hardened steel, cementite particles
have a plate (needle) shape [10, 11]. Consequently, in
the contact zone of the deposited layer and the sub-
strate metal, the structure of tempered martensite is
formed on the substrate side.

Along with the structure of tempered martensite,
grains are present in the contact zone, at joints of bound-
aries and along the boundaries of which extended layers
of the second phase are revealed (Fig. 4).

Dark-field analysis with subsequent assignment of
indices of a microelectronogram made it possible to
show that the emerging particles are iron boride of the
composition FeB (Figs. 4b and 4c). This result means
that during the formation of the weld layer, the volume
of the adjacent steel layer is doped with elements of the
flux-cored wire. The diffusion of alloying elements
(namely, boron) proceeds predominantly along grain
boundaries, which leads to the formation of iron-
boride particles.

On the side of the deposited layer in the contact
zone, a structure of the plate eutectic is formed, the
characteristic image of which is presented in Fig. 5.
The assignment of indices of the microelectronograms
obtained for this structure suggests that in the single
deposited layer, a eutectic is formed by α-iron and
Fe2B iron borides. In the double deposited layer, the

Table 2. Element composition of PP-1 welding wire (wt %)

С Mn Si Ni B Fe

0.7 2.0 1.0 2.0 4.5 Remaining

Fig. 1. Electron microscopy image of the structure of Hardox 450 steel, formed in a layer located 15 mm from the surface of the
deposited layer.

(b)250 nm 500 nm 100 nm(c)(a)

Table 1. Element composition of Hardox 450 steel (wt %);
the remaining part is iron

C Si Mn Cr Ni Mo B P S

0.19–0.26 0.70 1.60 0.25 0.25 0.25 0.004 0.025 0.010
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predominant second phase is iron borides of the com-
position FeB (Figs. 5a and 5b).

The α phase forming the eutectic of the contact
layer in most cases has a structure characteristic of
packet martensite (Figs. 5c and 5d). The transverse
dimensions of the martensite crystals vary between 50
and 100 nm, which is significantly (3–4 times) smaller
than the transverse dimensions of packet martensite
crystals detected in the bulk of Hardox 450 steel. The

main reason for such significant dispersion of the
packet martensite structure of the contact layer is,
obviously, a small (0.5–0.8 μm) thickness of iron
interlayers at the eutectic point, which undergo a mar-
tensitic γ → α transformation during crystallization
and subsequent cooling.

Structure of the deposited layer. The weld layers,
both single and double, are characterized by a similar
type of structure. The formation of a plate-type eutec-

Fig. 2. Defect substructure of Hardox 450 steel, observed in a layer located 15 mm from the surface of the deposited layer.

(b) 100 nm100 nm 100 nm(c)(a)

Fig. 3. Structure of the contact layer on the side of Hardox 450 steel; the arrows indicate particles of the second phase.

(b)250 nm 100 nm(a)

Fig. 4. Electron microscopy image of the structure of Hardox 450 steel in the contact zone with the deposited layer: (a) bright field,
(b) dark-field image obtained in the reflection [101]FeB, and (c) microelectronogram (the arrow indicates the reflection, in which the
dark field is obtained); the arrows in part (a) indicate the FeB particles located at the junction of three α-phase grains.

(b)

100 nm 100 nm

(c)

(a)
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tic was revealed, the characteristic image of which is
shown in Fig. 6.

A feature of the phase composition of the layer
deposited in one pass is the formation of plates of iron
boride, predominantly, Fe2B, at the eutectic point. In
the double-deposited layer, iron boride of the compo-
sition FeB is mainly formed at the eutectic point.

Inclusions of iron boride, regardless of the number
of passes during formation of the deposited layer, do
not contain a dislocation substructure in their volume,
which fundamentally distinguishes them from adja-
cent layers of the α phase (Fig. 6). The reason for the
absence of a dislocation substructure in the plates of
iron borides is their relatively high hardness. The hard-
ness of Fe2B and FeB is 12.5–16.8 and 18.9–23.4 GPa,
respectively [13, 14]. A characteristic feature of the
electron microscopy image of borides is the presence
of inclusions of a large number of bend extinction con-
tours in the volume (Fig. 7, contours are indicated by

arrows). The presence of bend extinction contours
indicates the formation of internal stress fields in the
material, leading to bending–torsion of the crystal lat-
tice [6–9, 11]. The sources of the stress fields (stress
concentrators) are interphase boundaries (interfaces
of boride and α-phase inclusions) and intraphase
boundaries (interfaces of iron borides).

In the formation of the deposited layer in a single
pass, the α phase separating plates of iron borides is
represented mainly by martensite of packet morphol-
ogy, the characteristic image of which is shown in
Fig. 8a. The transverse dimensions of the plates vary
from 30 to 70 nm. A dislocation substructure of the
mesh type is observed in the volume of the plates.
Judging from the dimensions of the cells of the dislo-
cation grids, the scalar dislocation density is 1011 cm–2.
The high density of dislocations and the plate mor-
phology of the interlayers indicate a martensitic mech-
anism of formation of the α phase with the formation
of an ultra-fine martensitic structure. For compari-

Fig. 5. Structure of the contact layer on the side of the weld metal: (a, c, and d) bright fields and (b) microelectronogram; the
arrows indicate the interlayers of the second phase.

(b)

250 nm 250 nm250 nm (021) FeB

(c)

(d)

(a)

Fig. 6. Electron microscopy image of the structure of a double welded layer: (a) bright field, (b) dark field obtained in reflections
[103]FeB + [110]α-Fe, and (c) microelectronogram (the arrow indicates reflections, in which the dark field is obtained).

FeB

FeB

(b)

250 mm

(c)

(a) FeB
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son, we note that in hardened steel, the average trans-
verse dimensions of the plates of packet martensite
vary within the range of 150–200 nm; the transverse
dimensions of plate martensite crystals reach units of
micrometers [10–12].

In the layer deposited in two passes, the α-phase
structure is more diverse. Along with regions with
nanoscale martensite, similar in morphology to mar-
tensite formed in a single-weld layer, regions with a
subgrain structure are revealed (Fig. 8b). This fact may
indicate a change in the rate of cooling of the material
during the formation of a reweld layer.

Thus, the performed studies of the structure and
phase composition of the deposited layer revealed the
formation of a multiphase state characterized by the
presence of a large number of inclusions of iron
borides, the hardness of which significantly (by more
than an order of magnitude) exceeds the hardness of
Hardox 450 steel. Obviously, the hardness of the
eutectic composition differs from the hardness of iron
borides. Indeed, mechanical tests of the material con-
firmed this assumption.

The results of investigation of the microhardness of
the material obtained with single and double deposi-
tion of a weld layer (cross section, microhardness pro-
file) are shown in Fig. 9. One can note the formation
of a high-strength surface layer, the microhardness of
which varies from 10.5 to 12.5 GPa for one pass and is
~15 GPa for a double pass. Therefore, the hardness of
the weld layer formed upon one pass is more than

twice the hardness of the base metal (Hardox 450 steel)
with a thickness of the weld layer of at least 7 mm. Upon
a double pass, the hardness of the deposited layer is
approximately three times the hardness of the sub-
strate with a thickness of the modified layer of at least
10 mm. The difference in the hardness of the depos-
ited layers is due, as shown by the studies, to the differ-
ence in the phase composition of the single and double
layers. For one pass in the deposited layer, iron boride
of composition Fe2B is mainly formed, and for a dou-

Fig. 7. Structure of the layer deposited (a) in one pass and (b) in two passes; the arrows indicate bend extinction contours.

(b) 500 nm500 nm(a)

Fig. 8. Structure of the α-phase formed in the layer deposited in (a) one pass and (b) two passes.

(b)200 nm 200 nm(a)

Fig. 9. Microhardness profile of the weld layer–steel sys-
tem for (1) a single deposited layer and (2) a double depos-
ited layer.
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ble pass, iron boride FeB appears; the hardness of
these borides differs by ~1.5 times.

CONCLUSIONS

The phase composition, defect substructure, and
mechanical properties of a layer weld on a Hardox 450 steel
substrate, formed in a single and double pass, are stud-
ied. It is shown that the hardness of the deposited layer
depends on the number of passes, and the hardness of
the layer obtained in two passes exceeds the hardness
of the base metal (Hardox 450) by three times at a
thickness of the hardened material of more than 10 mm.
It is found that the increased mechanical properties of
the deposited layer are associated with the formation of a
multiphase submicrostructure and nanoscale structure,
the hardening of which is due to the quenching effect (the
formation of an ultra-fine martensitic structure of the α
phase) and the presence of inclusions of submicrosized
borides forming a plate-type eutectic system. It is shown
that Fe2B iron boride is predominantly formed in the sin-
gle-weld layer; in the double weld layer, FeB iron boride
is mainly observed.
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