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Abstract: The durability of industrial components is largely determined by the materials they are made of. Often, the materi-
als used must be resistant to wear, corrosion, and high temperatures. Advanced materials, such as high-strength alloy steels, are
expensive and have limited weldability, which complicates the restoration of worn components. Fe—Al alloys having high corro-
sion resistance, wear resistance, and heat resistance at a lower cost are considered as an alternative. The objective of this study is
to increase the wear resistance and heat resistance of low-carbon steel components by studying the processes of arc surfacing of
iron aluminides and their properties. The study methodology included single-arc and double-arc surfacing using aluminium and
steel electrode wires, analysis of the chemical composition of the deposited coatings, their hardness, wear resistance, and heat
resistance. The results showed that single-arc surfacing forms alloys based on FeAl; and a-Al phases with Fe,Als and FeAl; in-
clusions, while double-arc surfacing produces alloys more saturated with iron with an o-Fe matrix phase and a Fe;AlC, carbide
phase. The resulting alloys demonstrate a hardness of up to 58 HRC, a relative wear resistance of up to 2.5 units, and a weight
loss of no more than 5 % with an aluminium content of up to 20 %, which indicates their potential for use under high loading
conditions. The results confirm the feasibility of using iron aluminides as an inexpensive alternative to expensive coatings, which
expands the possibilities for increasing the wear resistance and heat resistance of components in industry.

Keywords: arc surfacing; intermetallic alloys; iron aluminides; low-carbon steel; hardness; wear resistance; heat
resistance.
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INTRODUCTION and the cost of products, is particularly relevant. Under

The productivity and competitiveness of mining enter- conditions of intensive operational loads, the materials of
prises largely depend on the reliability and wear resistance thej parts wear out quickly, ‘f"hwh necessitates frequent re-
of the equipment in operation. The main problems faced by ~Pairs and replacement of equipment elementg.
enterprises are related to the reduction of the service life of ~ In recent decades, research has been actively conducted
components, increased downtime due to wear and tear and i the field of increasing the wear resistance of mining
breakdowns, as well as increased costs for repairs and spare  equipment. Thus, in works [1; 2] it is noted that about 50 %
parts. The problem of increasing the wear resistance of of equipment downtime is associated with the restoration of
parts subject to abrasive and corrosive wear, which directly ~the surfaces of components damaged by abrasive wear.
affects the technical and economic indicators of enterprises /AN important aspect is the use of materials with increased
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corrosion and wear resistance. For example, high-strength
medium-alloy steels (35SHGSL, 38H2NMA, 20HGSN2MFA)
are used for parts operating under high loads, but their cost
is quite high. In this regard, in most cases, more affordable
carbon and low-alloy steels are used (3, 20, 10HSND,
12H1IM steels), which have good wear resistance and are
easy to repair [3].

Particular attention is paid to the application of protec-
tive coatings, which can significantly increase the wear
resistance and corrosion resistance of parts. The literature
describes spraying and surfacing methods, such as plasma,
arc and gas-flame spraying, as well as arc metallisation [4; 5].
However, despite the effectiveness of these methods, due to
the limited thickness of the protective layers (from 10 to
200 um) and their tendency to failure under loads, their use
requires further research.

An interesting direction is the use of intermetallic al-
loys of the Fe—Al system [6; 7], which have high corro-
sion [8] and heat resistance [9], as well as the ability to
form protective coatings up to several millimeters thick.
In [10; 11], it is shown that such materials can signifi-
cantly increase the wear resistance of parts. In [12],
the mechanical properties of iron aluminides are shown
when heated to 600 °C, in [13], the results of the study
of intermetallic alloys of the Fe—Al system under high-
temperature cyclic oxidation at temperatures of 800, 900
and 1000 °C are presented, which confirms the possibil-
ity of using these materials at elevated temperatures.
In [14], the successful use of iron aluminides during op-
eration at elevated temperatures (up to 950 °C) is shown.
However, at present, the possibilities of their use for
the restoration of mining equipment parts have not been
sufficiently studied, which makes further research relevant.

Known methods of applying iron aluminides to the sur-
face of steel parts are friction application of aluminium and
iron powder [15] or application of aluminium powder only
[16] followed by annealing of the part in a furnace. Other
known methods of applying iron aluminides are self-
propagating high-temperature synthesis [17], laser cladding
[18], various spraying methods (plasma spraying, vacuum
plasma spraying, gas-flame spraying) [14].

The presented methods of applying protective coat-
ings based on iron aluminides allow obtaining coatings
with a limited layer thickness of up to 0.5 mm, which is
clearly insufficient for mining equipment components
operating under abrasive wear conditions. Another sig-
nificant limitation is the impossibility of applying
the coating in installation conditions and the lack of pro-
spects for further restoration of the coating after wear.
Therefore, despite a significant amount of research, is-
sues related to the optimisation of the technologies of
protective coating application, their durability and re-
sistance to mechanical and chemical influences remain
unresolved. In particular, the processes of formation of
intermetallic coatings on parts made of low-carbon
steels, as well as their behaviour under operating condi-
tions of mining equipment, have not been sufficiently
studied. Moreover, there is a necessity of developing
inexpensive and effective methods for restoring worn
surfaces that can ensure a long service life of parts.

The aim of this study is to increase the wear resistance
and heat resistance of parts made of low-carbon steel by
studying the processes of arc surfacing of iron aluminides
and their properties.

METHODS

The study of the processes of surfacing of Fe—Al inter-
metallic alloys was carried out by single-arc surfacing using
an aluminium electrode wire (Fig. 1) and double-arc surfac-
ing using steel and aluminium electrode wires (Fig. 2).

The authors used SvA7 solid electrode wire accord-
ing to GOST 7871-2019 as surfacing material for single-
arc surfacing and Sv-08G2S wire according to GOST
2246-70 and SvA7 wire according to GOST 7871-2019
for double-arc surfacing. The diameter of the wires used was
1.2 mm. High-grade argon according to GOST 10157-
2016 was used as a gas shield. Surfacing was carried out
on plates made of steel 20 according to GOST 1577-
2022 with overall dimensions of 160x80 mm and
a thickness of 10 mm. As the welding equipment, Mega-
tronic BDH 550 (Denmark) was used.

The single-arc surfacing modes were varied in a wide
range: arc voltage (Uarc Al) — from 10 to 30 V; surfacing
speed (Vs) — from 0.1 to 0.2 m/min; speed of aluminium
electrode wire feed (Vf/w Al) — from 3 to 6 m/min; shield-
ing gas flow rate — from 10 to 14 I/min. The torch tilt angle
(a) during single-arc surfacing was varied from 90 to 30°
with a step of 15°. The double-arc surfacing modes were
varied in the following ranges: arc voltage when using alu-
minium electrode wire (Uarc Al) — from 14 to 18 V; arc
voltage when using Sv-08G2S electrode wire (Uarc St) —
from 23.5 to 27.5V; surfacing speed (Vs) — 0.1 to
0.2 m/min; speed of aluminium electrode wire feed (Vt/w Al) —
from 3 to 5 m/min; speed of Sv-08G2S electrode wire feed
(Vf/w St) — from 3 to 4 m/min; shielding gas flow rate —
from 10 to 14 I/min. The angle of inclination of the torches
(a) for double-arc surfacing was 55°.

The geometric parameters of the welding beads were
determined on pre-etched samples (in a 20 % HNO; so-
lution) cut in cross section (Fig. 3). The measurement
was carried out using the Universal Desktop Ruler pro-
gram by setting the scale factor and subsequent meas-
urement of the width of the welding bead (e), the height
of the welding bead reinforcement (g), and the depth of
fusion penetration (%) (Fig. 3).

The influence of the electrode wire feed angle on
the stability of the surfacing process and the geometric
parameters of the deposited alloys, such as the width of
the welding bead (e), the height of the welding bead re-
inforcement (g) and the depth of fusion penetration (%)
were assessed by changing the torch tilt angle from 30
to 90° with a step of 15°.

The volume of intermetallic inclusions in the matrix alloy
was assessed using microstructure images obtained with
a microscope. Taking into account the scale factor, the vol-
ume of all inclusions in the image was measured and com-
pared with the total volume of the matrix in the same image.

The chemical composition was analysed by scanning
electron microscopy (SEM) using a LEO 1455 VP scanning
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Fig. 1. Scheme of single-arc surfacing of Fe—Al system intermetallic alloys with a consumable electrode
in a shielding gas environment. o, is wire feed angle
Puc. 1. Cxema 00H00Y20601 HANAABKU NAABAWUMCSA INEKMPOOOM 8 Cpede 3aUuUMHbBIX 24308
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Fig. 2. Scheme of double-arc surfacing with the feed of steel and aluminium electrode wires. o is wire feed angle
Puc. 2. Cxema 08yx0y20601l HANIAGKU ¢ NOOAYeli CMANbHOU U ATIOMUHUESOU NIEeKMPOOHBIX NPOBOJIOK.
o — Y201 66004 NPOBONOKU

electron microscope (ZEISS, Germany) with INCA En-
ergy-300 X-ray energy spectrometer (UK) and INCA
Wave-500 X-ray wave spectrometer (UK) units and
an HKL Premium EBSD System (UK) electron backscat-
ter diffraction recording and analysis system. The sam-
ples for the studies were ground cross-sectional surfaces
after surfacing Fe—Al beads onto grade 20 steel plates.
Due to the insufficient quality of grinding for imple-
menting the electron backscatter diffraction technique
and reliably determining the elemental composition of
the deposited metal in its various areas, chemical etching
of the grinding surface was performed with a reagent of

3 ml HF + 3 ml HNO3; + 94 ml H,0. Fig. 4 shows a dia-
gram of the selection of points for determining the chem-
ical composition of the deposited metal.

X-ray diffraction analysis (XRD) was performed on
a Bruker D8 Advance Eco X-ray diffractometer (Bruker
AXS GmbH) (Germany) with a vertical 8-0 goniometer. For
deposited samples with an uneven surface, it is preferable
to use a parallel-beam geometry shooting scheme. To im-
plement it, a Goebel mirror was installed on the primary
beam using the linear focus of the X-ray tube. Goebel mir-
ror is a multilayer heterostructure on a parabolically curved
substrate that transforms the diverging beam into a parallel

Frontier Materials & Technologies. 2025. No. 3

13



Bochkarev A.G., Kovtunov A.IL, Plakhotny D.I. et al. “Features of arc surfacing of intermetallic alloys of the Fe—Al system...”

e

10 mm

" ¥

>! 0q

Fig. 3. Cross-section of the deposited metal for measuring geometric parameters
Puc. 3. Ilonepeunoe ceuenue HaNIABIEHHO20 MEMALNA OJis USMEPEHUS 2eOMEeMPUIECKUX NAPAMEMPO8

Fig. 4. Scheme of selection of points _for chemical composition study
Puc. 4. Cxema vi60pa mouex 01 UCCIe008AHUA XUMULECKO20 COCIABA

quasi-monochromatic one with a divergence angle of 0.03°.
A collimator with a diameter of 1.0 mm was used to trun-
cate the X-ray radiation “spot”. The shooting point was
preliminarily cleaned with sandpaper. The samples under
study were shot in copper anode radiation (A=1.54060 A).
The tube voltage was 40 kV; the heating current was
25 mA. The exposure time was 1 s; the scanning step was
0.02°. Focusing on the test area and bringing the sample
surface to the centre of the focusing circle were performed
using a laser guidance system. The samples were examined
for reflection; the intensity of the diffraction pattern was
recorded using an SSD160 linear-type position-sensitive
detector (Germany) with 160 channels. Phase identification
was performed in the software for the Diffrac EVA
diffractometer (version 4.2.1) (USA) using the licensed
Powder Diffraction File-2 database (The International Cen-
ter for Diffraction Data).

Rockwell hardness of the deposited alloys was mea-
sured according to GOST 9013-59. The measurements were
carried out using the HRC scale on an ITBRV-187.5-A
hardness tester.

The wear resistance of the deposited alloys was as-
sessed by testing samples for friction against fixed abra-
sive particles according to GOST 17367-71. For a more

accurate assessment of the relative wear resistance,
the comparison of the test and reference samples was
carried out by measuring the linear and weight wear ac-
cording to the formula:

Al
Al

>
m

where [ is the wear of the standard;
Al is the wear of the test material.

Steel 45 was used as the reference material to determine
the degree of wear.

To study wear resistance, an installation that ensures
a stable load on the test sample was used (Fig. 5). The in-
stallation consists of a frame with a fixed drive connected
to a metal disk. The metal disk is equipped with clamps
using which abrasive paper is attached to it. A vice for in-
stalling test samples is located on the frame under the disk.
The installation is equipped with a timer that allows setting
the required test time. The pressure on the sample during
testing is regulated by installing weights on the lever.

Thermal resistance was determined by holding the sam-
ples in a SNOL 30/1100 muffle furnace at a temperature
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Fig. 5. Installation for testing wear resistance of deposited samples:
1 — frame; 2 — drive; 3 — metal disk with clamps, 4 — vice; 5 — test sample
Puc. 5. Yemanosxa 0151 ucnvlmanusi U3HOCOCMOUKOCIU HANJLAGIEHHBIX 00PA3Y08:
1 — cmanuna; 2 — npugod, 3 — memaniuyeckuti OUCK ¢ 3axcumamu; 4 —mucku, 5 — ucnvimyemulii oopaszey

of 950 °C, then weighing them at equal intervals. Based
on the data obtained, diagrams were compiled showing
the dependence of the change in the mass of the samples
on the time spent in the furnace at a certain temperature
(950 °C).

RESULTS

Studies of single-arc surfacing of aluminium electrode
wire on steel 20 have shown that in the selected range of
modes, beads with different geometric parameters and
stability of the surfacing process are formed. It is possible
to conditionally divide the ranges of modes in which
beads with low, medium and high stability of the surfac-
ing process are formed. As a criterion for the stability of
the surfacing process, the homogeneity of the geometric
parameters of the surfacing beads in height and width
was chosen. This criterion indicates the stability of drop-
let transfer during the formation of welding beads, and is
necessary for surfacing and ensuring a more uniform
distribution of chemical elements and the absence of
defects in the form of inter-bead lack of fusion during
multi-pass surfacing.

Low stability of the surfacing processes (Fig. 6) is ob-
served in the following modes: feed rate of the aluminium
electrode wire (Vf/w Al) is 3 m/min with an arc voltage

range (Uarc Al) from 10 to 20 V. The surfacing speed (s)
in this case is from 0.1 to 0.2 m/min. With an increase in
voltage indicators in the specified range of modes, fusion of
the current-carrying tip of the torch is observed. With an
increase in the feed rate of the aluminium electrode wire to
4 m/min, with all other parameters specified above being
equal, medium stability of the surfacing process is observed
(Fig. 7). In this range of modes, a more uniform formation
of welding beads is observed.

Increasing the arc voltage (Uarc Al) to 22.5V at a feed
rate of the aluminium electrode wire (Vf/'w Al) of 4 m/min
in the surfacing speed range (Vs) from 0.1 to 0.2 m/min
leads to a decrease in the stability of the surfacing process
(Fig. 8), and an arc voltage above 22.5 V leads to melting
of the current-carrying tip.

At a feed rate of the aluminium electrode wire (Vf/'w Al)
from 5 to 6 m/min with an arc voltage (Uarc Al) from 15
to 25V and a surfacing speed (Vs) from 0.1 to 0.2 m/min,
beads with stable geometric parameters are observed (Fig. 9).

The stability of the surfacing process is determined pri-
marily by the surfacing modes, however, the stability of
the surfacing process and the quality of the formation
of the deposited alloys are also affected by the angle of
the electrode wire feed relative to the surface being surfacing.

It is noted that by changing the torch tilt angle (o) from
30 to 90°, one can observe a slight decrease in the width (e)
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Fig. 6. External appearance of the welding bead produced in the following mode:
Viiw Al=3 m/min; Uarc AI=20V; Vs=0.15 m/min
Puc. 6. Brnewnuii 6u0 HANIAGIEHHOL0 BAUKA, NOTYYEHHO20 NPU CEOVIOUWEM PedCUME:
Van/m Al=3 m/mun; Uo AI=20 B; Vu=0,15 m/mun

Fig. 7. External appearance of the welding bead produced in the following mode:
Vitw Al=4 m/min; Uarc Al=12.5 V; Vs=0.15 m/min
Puc. 7. Bnewnuii 6u0 HaniasneHHO20 8aUKd, NOIYYEHHO20 NPU CLe0yIoueM pexcume:
Vn/n Al=4 m/mun; U0 Al=12,5 B; Vu=0,15 m/mun
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Fig. 8. External appearance of the welding bead produced in the following mode:
Viiw Al=4 m/min; Uarc AI=22.5 V; Vs=0.1 m/min
Puc. 8. Brewinuii 610 HANIABIEHHOL0 BANUKA, NOTYYEHHO20 NPU CEOVIOUWEM PedHCUME:
Vn/n Al=4 m/mun; Uo Al=22,5 B; Vu=0,1 m/mun

Fig. 9. External appearance of the welding bead produced in the following mode:
Viiw Al=6 m/min; Uarc AI=25 V; Vs=0.15 m/min
Puc. 9. Buewnuii 6u0 HaniasneHHO20 8aUKA, NOIYYEHHO20 NPU Ce0YIoueM pexcume:
Vn/n Al=6 m/mun; Uo AI=25 B; Vu=0,15 m/mun
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of the welding beads and a slight increase in the height of
the welding beads (g) and the weld penetration depth (%).
An increase in the torch tilt angle by 1° leads to a decrease
in the weld width by approximately 0.038 mm, an increase
in the weld height by 0.016 mm and an increase in the weld
penetration depth by approximately 0.003 mm. To
the greatest extent, a change in the torch tilt angle from 90
to 30° leads to an increase in the electrode wire losses due
to spatter (Fig. 10).

The geometric parameters of the welding beads depend
on the surfacing modes. An increase in the arc voltage
(Uarc Al) in the specified range of modes leads to an in-
crease in the width of the welding beads (e) and an insignif-
icant increase in the weld penetration depth (%), while
the height of the welding beads (g) decreases. An increase
in the surfacing speed (¥s) in the specified range of modes
leads to a decrease in the width (e) and height (g) of
the welding beads, while the weld penetration depth (%)
increases slightly. An increase in the rate of the aluminium
electrode wire feed (Vf/w Al) in the specified range of
modes leads to an increase in the geometric parameters of
the welding alloys, such as the width (e) and height (g)
of the welding beads and the weld penetration depth (%) of
the base metal. The geometric parameters of the deposited
alloys in single-arc surfacing are described by regression
equations:

e=-0.542 +0.557 xUarc A1—22.437 xVs + '
+1.258 x Vf/w Al-0.098 x a ’

€=7.309—0.136 x Uarc A1-16.460 x Vs +_
+0.281 x Vfw Al+0.016 x ot :

h=-1.703 +0.044 xUarcAl+0.476 x Vs +
+0.146 x Vfw Al+0.003 x a '

It was found that from the wide range of surfacing
modes considered, intermetallic alloys of the Fe—Al system
are formed in a narrower range of modes. Intermetallic al-
loys are formed under the following surfacing modes: rate
of the aluminium electrode wire feed (Vf/w Al) is 5-
6 m/min; arc voltage (Uarc Al) is 20-25 V; surfacing speed
(¥s) is 0.1-0.2 m/min. At an arc voltage above 25 V, melt-
ing of the current-carrying tip is observed, and at a voltage
below 20 V, no weld penetration of the base metal is ob-
served (Fig. 11), and the deposited alloy is pure aluminium,
which is not suitable for use as a protective coating on steel
parts. At a rate of the aluminium electrode wire feed less
than 5 m/min in the entire range of modes, the deposited
metal is an aluminium coating on steel.

The aluminium content in the welding intermetallic
beads varies in the range from 71.49 to 94.21 wt. % at
a torch tilt angle of 90° (angle of electrode wire feed rela-
tive to the product surface).

The aluminium content in the deposited metal de-
pends on the surfacing modes. The rate of the alumini-
um electrode wire feed (Vf/w Al) (Fig. 12) and
the speed of surfacing (Vs) (Fig. 13) exert the greatest
influence. Arc voltage, all other parameters being

equal, reduces the aluminium content in the deposited
metal, but the effect of arc voltage (Uarc Al) is statisti-
cally insignificant in its value and has virtually no ef-
fect on the chemical composition. With an increase in
arc voltage by 1V, all other parameters being equal,
a decrease in the aluminium content in the deposited
metal by 0.3 wt. % is observed.

The study of the chemical composition of iron
aluminides and its structural components showed that
the deposited metal is represented by a matrix alloy based
on the FeAl;+a-Al phases with inclusions of the Fe,Als and
FeAl; intermetallic phases (Fig. 14). However, producing
deposited alloys with the Fe,Als and FeAl; phases is unde-
sirable due to high brittleness. As the research results
showed, the deposited metal is destroyed (peels off from
the substrate) along the fusion line, where the content of
brittle intermetallic inclusions based on the Fe,Als and
FeAl; phases is maximal (Fig. 15).

It becomes obvious that it is necessary to produce de-
posited alloys based on more plastic phases, namely
Fe;Al and FeAl. To reduce the aluminium content in
the deposited metal, double-arc surfacing using Sv-08G2S
steel electrode wire and SvA7 aluminium electrode wire
was proposed.

The double-arc surfacing modes were changed in
the following ranges: arc voltage when using aluminium
electrode wire (Uarc Al) — from 14 to 18 V; arc voltage
when using Sv-08G2S electrode wire (Uarc St) — from
23.5 to 27.5V; surfacing speed (Vs) — from 0.1
to 0.2 m/min; speed of aluminium electrode wire feed
(Vf/w Al) — from 3 to 5 m/min; speed of Sv-08G2S elec-
trode wire feed (Vf/wSt) — from 3 to 4 m/min. As
the studies have shown, beads with stable geometric parame-
ters are formed in the selected range of modes (Fig. 16).

The chemical composition of the deposited alloys varied
depending on the surfacing modes within the range from 7
to 27.5 wt. % of aluminium and from 71.5 to 92 wt. % of
iron, the content of impurities did not exceed 1 wt. %.
The dependence of the content of aluminium and iron in
the welding bead on the surfacing modes is described by
regression equations:

Al=32.45+2.01 xVwAl+0.17 xVf/wFe + _
+1.64 xVs —0.33 xUarc A1-0.83 xUarcFe ’

Fe =66.8 -1.99 xVf/w A1-0.18 xVf/wFe —
—1.56 x Vs +0.33 x Uarc A1+ 0.82 xUarcFe

The heterogeneity of the chemical composition across
the section of the deposited metal did not exceed 3 %.

The structure of the deposited alloys is represented by
the a-Fe matrix phase with partial ordering according to the
B2 type, and the inclusions are the Fe;AlC, carbide phase
(Fig. 17). The volume of inclusions in the matrix phase
varies from 3.26 to 18.95 %.

The hardness of the deposited metal varies in the range
from 20 to 58 HRC (Fig. 18). It is noted that with an in-
crease in the aluminium content, the hardness increases,
which is associated with an increase in the proportion of
solid intermetallic phases in the coating structure.
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Fig. 10. External appearance of the welding bead produced in the following mode:
Vitw Al=6 m/min; Uarc AI=25 V; Vs=0.15 m/min. A torch tilt angle: a — 90°; b — 30°
Puc. 10. Brewnuii 6u0 Hanias1eHHO20 8aIUKd, NOIYYEHHO20 NPU CIeOYIOUjeM pexcume:
Va/m Al=6 m/mun; Uo AI=25 B; Vu=0,15 m/mun.

Yeon naxnona eopenxu: a— 90° b — 30°

Deposited
aluminium

Steel 20
substrate

Fig. 11. Cross-section of the deposited aluminium bead produced in the following mode:
Virw Al=5 m/min; Uarc AI=17.5 V; Vs=0.2 m/min
Puc. 11. [Tonepeunoe ceuenue HANIABIEHHO20 ANIOMUHUEEO20 BATUKA, NOTYHEHHO20 NPU CILEOVIOWEeM PEedCUME:
Vn/n AlI=5 m/mun; Uo Al=17,5 B; Vu=0,2 m/mun

The relative wear resistance of the deposited metal varies
in the range from 1.6 to 2.5 units. Maximum wear resistance is
observed with an aluminium content of about 20 % (Fig. 19).

Heat resistance tests for 3000 h at a temperature of
950 °C showed that the deposited metal has high heat
resistance. An increase in the aluminium content “re-

fines” the surface of the welding bead; the presence of
an oxide film ensures reliable protection of the metal
from contact with the atmosphere. The loss of mass of
the samples during heat resistance tests gradually
decreases with an increase in the aluminium content
from 9 to 20 %. With an aluminium content of 9-10 %,
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Fig. 12. Effect of the feed rate of the aluminium electrode wire on the aluminium content
in the deposited metal (Uarc AI=22.5 V; Vs=0.1 m/min)
Puc. 12. Bauanue ckopocmu nooauu antoMuHUesot 1eKmpooHoll NPOBOIOKU HA COOePHCAHUE ATTIOMUHUS
6 nannagnennom memanne (U0 AI=22,5 B; Vu=0,1 m/mun)
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Fig. 13. Effect of surfacing speed on the aluminium content in the deposited metal (Uarc AI=25 V; Vi/w AI=5 m/min)
Puc. 13. Brusnue ckopocmu HaniasKu Ha CoOEPiICanue amioMUHUsL
6 Hannagnennom memanie (U0 AI=25 B; Va/n Al=5 m/mun)

FeAlz+a-Al

2 f/
N ) "7

Fig. 14. Microstructure of the deposited sample of the Fe—Al system
(Virw Al=5 m/min; Uarc AI=20 V; Vs=0.15 m/min)
Puc. 14. Muxpocmpykmypa naniaeiennozo obpasya cucmemsl Fe—Al
(Va/n Al=5 m/mun; Uo AI=20 B; Vu=0,15 m/mun)
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Fig. 15. External appearance of deposited alloys peeled off from the substrates:
1 —deposited alloys; 2 — fracture boundaries; 3 — base metal
Puc. 15. Buewnuii 610 HAna61eHHbIX CHIABOE, OMCIOUSUIUXCS O NOOJIONCKU.
1 — Hannasnennvie cnuaswl; 2 — epanuya paspyuenus, 3 — 0CHOBHOU Memai

Fig. 16. External appearance of the welding bead produced by double-arc surfacing in the following mode:
Virw Al=3 m/min; Viiw Fe=3 m/min; Vs=0.15 m/min; Uarc AI=17 V; Uarc Fe=27.5V
Puc. 16. Brewnuii 6uo HaniasneHHo2o 8aauKa, NOIyYeHHO20 08YX0y20601l HANJIAGKOU NPU CedyIoueM pexcume:
Vn/n Al=3 m/mun; Va/n Fe=3 m/mun; Vu=0,15 m/mun; Uo Al=17 B; Uo Fe=27,5 B

Fig. 17. Microstructure of the deposited sample with the a-Fe matrix phase and 6 % of Fe;AIC, phase inclusions
Puc. 17. Muxpocmpykmypa naniasieHHo2o obpaszya ¢ mampuuroi gasoil o-Fe u 6 % exnouenuti gpasvr Fe;AIC,
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Fig. 18. Dependence of the hardness of the deposited metal on the percentage content of aluminium
Puc. 18. 3asucumocms meepoocmu HANIABIEHHO20 MEMALIA ON NPOYEHMHO20 COOEPHCAHUS ANIOMUHUSL
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Fig. 19. Dependence of relative wear resistance under abrasive wear on the percentage content of aluminium
Puc. 19. 3asucumocms omHocumenbHol USHOCOCMOUKOCIU NPU AOPA3UBHOM USHAUWUBAHUU
OM NPOYEHNMHOL0 COOEPIHCAHUSL ANIOMUHUS

the mass loss was about 5 %, and with an aluminium
content of 17-20 % — no more than 1 %. The aluminium
content in the welding bead of more than 20 % leads to
the appearance of a significant number of cracks and
microcracks in the welding bead, which sharply reduces
the heat resistance of the metal during tests. The loss of
mass of samples with an aluminium content of more than
25 % during holding for 3000 h was more than 75 %.
Thus, alloys containing 15 to 20 % aluminium have max-
imum heat resistance (Fig. 20).

DISCUSSION

The study found that single-arc surfacing of intermetal-
lic alloys of the Fe—Al system using aluminium electrode
wire does not provide a stable and predictable composition
and properties of coatings based on iron aluminides. This is
related to the high aluminium content in the deposited metal
and the formation of alloys based on the FeAl; and a-Al
phases, as well as Fe,Als and FeAl; intermetallic inclusions,

which, according to observations, leads to delamination of
the deposited layer from the substrate.

This phenomenon is apparently determined by the un-
even distribution of intermetallic phases and the high
FeAl; concentration, which contributes to the formation
of microcracks and a decrease in the ductility of the de-
posited layer, especially along the fusion line. In [6; 7],
the authors consider the properties and work for the for-
mation of coatings based on the Fe;Al or FeAl interme-
tallic phases due to their better ductility and resistance to
cracking at room temperature. In this regard, for produc-
ing wear-resistant and durable coatings on steel parts,
methods that allow forming coatings with a chemical and
phase composition based on the Fe;Al and FeAl phases
are more promising. However, the known methods of
applying protective coatings based on iron aluminides
allow producing coatings with a limited layer thickness
of up to 0.5 mm, which is clearly insufficient for mining
equipment components operating under abrasive wear
conditions. Another significant limitation of existing
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Fig. 20. Dependence of the change in the mass of samples on the time of their holding at a temperature of 950 °C
with an aluminium content of':
1-7% 2-14% 3-17%4-25%
Puc. 20. 3asucumocms usmenenus maccol 06pasyoe om epemeHu ux avloepxcku npu memnepamype 950 °C
¢ cooeporcanuem antomunua: 1 —7 %; 2 —14 %, 3—17 %, 4-25 %
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Fig. 21. Graph of the percentage content of aluminium and iron in the cross-section of the deposited metal
(Uarc AI=14 V; Vfiw AI=5 m/min; Uarc Fe=23.5 V; Vfiw Fe=3 m/min; Vs=0.1 m/min)
Puc. 21. I'paghux npoyenmmnoco cooepoicanus anioMunust U Jcene3d no cedeHuio HaniaeieHHo20 Memaia
(Uo Al=14 B; Vn/n Al=5 m/mun; Uo Fe=23,5 B; Vn/n Fe=3 m/mun; Vu=0,1 m/mun)

methods is the impossibility of applying coatings under
installation conditions and the lack of prospects for fur-
ther restoration of the coating after wear.

Therefore, for mining parts operating in tough environ-
ment, it is necessary to apply methods that combine
the possibilities of producing coatings with a phase compo-
sition based on Fe;Al or FeAl, as well as the possibility of
producing coatings thicker than 0.5 mm. Such methods may
include automatic argon-arc surfacing with a noncom-
sumable electrode [19] or double-arc surfacing using steel
and aluminium electrode wires. In particular, the double-arc
technology allows achieving better homogeneity of
the chemical composition (Fig. 21).

A study of the effect of double-arc surfacing modes
showed that changing the wire feed speed, voltage and
torch angle significantly affects the properties of the re-
sulting layers. In particular, an increase in the aluminium
content to 27 wt. % contributes to an increase in
the hardness of the deposited alloys to 58 HRC. How-

ever, this is accompanied by a decrease in ductility and
an increase in the risk of cracking.

Wear tests showed that maximum wear resistance is
achieved with an aluminium content of about 20 %, which
is associated with an optimal ratio of hardness and micro-
structural stability. These results coincide with the data of
[10; 11], where it is noted that the content of intermetallic
phases and their distribution significantly affect the wear
resistance of coatings. At the same time, there is no direct
correlation between hardness and wear resistance, which
indicates the importance of microstructural factors such as
the size and distribution of intermetallic inclusions.

As for heat resistance, the results show that the alumini-
um content in the range of 15-20 % provides the maximum
resistance to high temperatures. This is due to the formation
of an oxide film, which serves as a protective barrier and
prevents metal oxidation. However, an increase in the alu-
minium content above 20 % leads to the appearance of
microcracks and a decrease in heat resistance, which is
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consistent with the data of [14; 16; 17], where it is noted
that excess aluminium contributes to the formation of inter-
nal stresses and defects.

The obtained results allow recommending double-arc
surfacing as a method for applying wear-resistant coatings
based on iron aluminides for low-carbon steel parts used
in the mining industry or as a substitute for expensive
coatings, since it allows producing coatings with a thick-
ness of up to 5 mm. The discovered patterns allow con-
cluding that the optimal composition for wear-resistant
and heat-resistant coatings of the Fe—Al system is in
the range of 15-20 % of aluminium. An important direc-
tion for further research is the development of methods for
monitoring and stabilising the microstructure, as well as
studying the effect of additional alloying elements on
the properties of coatings. Moreover, it is necessary to
study in more detail the mechanisms of formation of in-
termetallic phases and their influence on the adhesion and
durability of coatings.

A limitation of this study is the limited range of modes
and the lack of long-term tests under operating conditions.
In the future, it is planned to expand the range of modes, as
well as conduct wear and heat resistance tests under real
operating loads.

CONCLUSIONS

1. Double-arc surfacing allows creating wear-resistant
coatings of the Fe—Al system on low-carbon steel products
used under conditions of abrasive wear and high tempera-
tures reaching 950 °C.

2. By controlling the parameters of the double-arc sur-
facing process, it is possible to create deposited layers of
intermetallic alloys with specified properties adapted to
specific operating conditions due to the variation of their
chemical and phase composition.

3. The chemical composition of the deposited alloys is
characterised by an aluminium content in the range from 7
to 27.5 wt. %. The basis of the structure is the a-Fe matrix
partially ordered according to the B2 type, and the inclu-
sions present are the Fe;AlC, carbide phase. The volume of
carbide inclusions varies from 3.26 to 18.95 %.

4. Fe—Al system alloys produced by double-arc surfac-
ing have high hardness (20-58 HRC), wear resistance and
heat resistance.
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Annomayusn: JIoNTOBEUHOCTH JeTalled, UCTIOIb3yEeMbIX B IPOMBILIUIEHHOCTH, BO MHOTOM OIPEAETSAeTCS MaTepraiaMu,
13 KOTOPBIX OHU W3TOTOBJIEHBI. 3aUacTylO0 MPUMEHSEMble MaTepUalbl JOKHBI ObITh YCTOWYMBBIMU K M3HOCY, KOPPO3UHU
U BBICOKHM TeMIiepaTypam. CoBpeMeHHBIE MaTepHalibl, TAKHE KaK BHICOKOIIPOYHBIC JISTHPOBAHHEIC CTAllM, 00NaIaroT BEI-
COKOM CTOMMOCTBIO U OTPaHMYCHHON CBapHUBACMOCTHIO, UTO YCIOKHSACT BOCCTAHOBIICHHE M3HOIICHHBIX AeTaield. B kade-
CTBE aJIbTEPHATUBBI PACCMATPHUBAIOTCS CIUIaBhI cucTeMbl Fe—Al, oOnanaroiye BHICOKOH KOPPO3HOHHON CTOMKOCTBIO, M3-
HOCOCTOHKOCTBIO H JKapOCTOHKOCTBIO MPH MEHBIIEH ctomMocTd. Llenb mccinenoBaHus — MOBBIIICHHE H3HOCOCTONKOCTH
U KapOCTOMKOCTH JIeTalieii M3 HU3IKOYTIICPOAUCTON CTAIH IyTEM HCCIIECIOBaHHS IPOLECCOB TYTOBOM HAIUTABKY aJFOMUHU-
JIOB XeJie3a U UX CBOMCTB. MeToIrKa HCCeIoBaHusl BKIIOYAIa OTHOYTOBYIO U JIBYXIYTOBYIO HAIJIABKY C UCTIOJIh30BaHHU-
€M aJFOMHUHHEBOH M CTAaIbHOU AIEKTPOTHBIX IMPOBOJIOK, aHAIH3 XMMHUYECKOTO COCTaBa HAIUIABICHHBIX MOKPHITHHA, WX
TBEPIIOCTH, U3HOCOCTOUKOCTH H KAPOCTOUKOCTH. Pe3ynbTaThl MOKa3ai, 9YT0 OJHOAYTOBas HAIUIaBKa (POPMHUPYET CILIABBI
Ha ocHoBe (a3 FeAl; u a-Al ¢ BkmoueHusmu Fe,Als u FeAl;, a nByxayroBas — 0oJjiee HACHIIICHHBIC YKEIE30M CIUIABBI
¢ marpuuHOi (asoit o-Fe u xapoumHoi (a3zoit FesAlC,. IlonyueHHbIe CIIaBbl AEMOHCTPUPYIOT TBepaocTh 10 58 HRC,
OTHOCHTEJIBHYI0 HU3HOCOCTOHKOCTE JI0 2,5 e/l ¥ MOTepIo Macchl He Ooiee 5 % mpu comepkannu amoMuHus 10 20 %, 910
TOBOPUT 00 MX MEPCHEKTUBHOCTH JJIs PUMEHEHUS B YCIOBUSAX MOBBIIIEHHBIX HAPY30K. Pe3ynbraThl OATBEPKIAAIOT 1ie-
J1eCO00Pa3HOCTh MCIIOJIb30BaHUS aTIOMUHUJIOB JKejle3a KaK HeJOPOTON allbTePHATHBBI JOPOTOCTOSIINUM MOKPBITUSAM, YTO
pacIIupsieT BO3MOXXHOCTH MTOBBIIICHUS H3HOCOCTOMKOCTH ¥ KAPOCTOMKOCTH JeTajel B IPOMBIIUICHHOCTH.

Knioueesvie cnoea: nyropas HalulaBKa; MHTEPMETATUIHbIE CIJIABbI, alFOMUHUIBI JKeie3a; HU3KOYIIIEPOJUCTas CTallb;
TBEPJIOCTh; U3HOCOCTOUKOCTD; KapOCTONKOCTD.
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