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BY THE METHODS OF PLASMA 

AND SUPERSONIC PLASMA GAS-AIR SPRAYING

Yu.S. Borysov, A.L. Borysova, N.V. Vigilyanska, O.P. Gryshchenko and M .V . K ol om yt s e v
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
The results of investigations of the structure and phase composition of thermal coatings based on Fe–Al intermetallics 
are presented. Fe–Al intermetallics were selected as a material of protective coatings due to their high heat and cor-
rosion resistance and cost effectiveness as compared to many modern heat-resistant materials. As spraying materials, 
the powders of mechanical mixtures of Fe and Al as well as powders produced by the method of mechanochemical 
synthesis of Fe–Al intermetallics by the treatment of mixtures of powders Fe and Al in a high-energy ball mill were 
used. The content of powder components corresponds to the intermetallics Fe3Al, FeAl and Fe2Al5. For spraying, the 
alloyed powders were also used having the composition corresponding to the intermetallic Fe3Al. To increase the 
mechanical and physicochemical properties of the intermetallic, as alloying elements Ti, Mg, Cr, Zr, and La were also 
used. The coating was produced by the methods of plasma and supersonic plasma gas-air spraying. It was found that in 
plasma coatings with FeAl-powders, in addition to the initial phase (Fe3Al, FeAl and Fe2Al5), Fe and Al oxides are also 
present, due to which microhardness of the coatings increases by about 1300 MPa relative to the initial powders. The 
microhardness of the plasma coating of the alloying powder Fe–TiAl, 2 times increases relatively to the initial powder 
due to the formation of the intermetallic phase FeTi in the coating. During spraying of mechanical mixtures, due to a 
low probability of contact interaction of Fe and Al particles during flight and rapid cooling of melts particles on the 
surface of the base, the synthesis of intermetallics does not have a time to develop and in the coatings no intermetallic 
phases are revealed. In the coatings produced by supersonic plasma gas-air spraying, the main phase is α-Fe(Al)-solid 
solution, which is the result of a high rate of melt hardening. 14 Ref., 4 Tables, 8 Figures.
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Iron aluminides are among the most widely studied 
intermetallics due to their cheapness, low specific 
weight, good wear resistance, convenience in me-
chanical treatment and resistance to oxidation and 
corrosion [1, 2]. These advantages resulted in determi-
nation of areas of their potential application, includ-
ing heating elements, furnace fittings, heat exchanger 
pipes, sintered porous «gas–metal» filters, parts of car 
valve systems, components of installations operating 
with salt melts [3, 4]. Producing powders of Fe–Al 
intermetallics by using the method of mechanochem-
ical synthesis (MChS) allows expanding the areas of 
practical application of these materials by applying a 
wide range of heat- and corrosion-resistant coatings 
from intermetallic Fe–Al-alloys produced by thermal 
spraying (TS) [5]. To provide the process of TS coat-
ings based on Fe–Al intermetallics, MChS technolo-
gies were developed, which allow producing compo-
sition powders for this purpose FеxАly [5, 6], as well 
as composite powders based on Fe–Al intermetallics 
[7, 8]. Coatings are produced by the methods of plas-

ma [9], detonation [6, 10] and high-velocity oxy-fuel 
spraying [7, 8]. In the case of spraying powders of 
mechanical mixtures of iron and aluminium, the for-
mation of intermetallics of the Fe–Al system occurs 
during heat treatment of coatings at a temperature of 
≥650 °С [11].

The aim of the work was to compare the formation 
of coatings by spraying mechanical mixtures of iron 
and aluminium powders and Fe-Al aluminides pow-
ders produced by the MChS method. On the other 
hand, the structure and properties of the coatings pro-
duced in terms of their application by the methods of 
plasma (PS) and supersonic plasma gas-air (SPGAS) 
spraying were compared, which differ in the condi-
tions of heating the sprayed particles, their accelera-
tion and interaction with a plasma jet.

M at e r i al s  an d  p r oc e d u r e s  of  i n ve s t i gat i on s . To 
select the compositions of coatings from FeAl-alloys, 
a materials science analysis of the phase equilibrium 
diagrams of the systems with the participation of Fe 
and Al was performed [12]. The analysis was made in 
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order to select the alloying elements that improve the 
properties of the intermetallics of the Fe–Al system. 
According to the results of this analysis, to investi-
gate the structure, microhardness and phase composi-
tion of thermal coatings, intermetallic powders were 
selected (Fе3Аl, FеАl and Fе2Аl5) and powders of 
Fе3Аl intermetallics, alloyed with lanthanum, mag-
nesium, chromium, zirconium and titanium, which 
were produced by the method of MChS [13], as well 
as mechanical mixtures of powders intended to pro-
duce intermetallics of the chosen composition. As the 
basis to produce alloyed powders, intermetallic Fе3Аl 
was chosen, since at such a ratio of components it 
is possible to produce a single-phase product in the 
MChS process without additional heat treatment [14].

Mechanical mixing of powders was performed in 
a ball mill for 15 h, the MChS process was performed 
in a planetary mill «Activator 2SL» during 5 h [13]. 
Table 1 presents the characteristics of the produced 
powders, which were used for spraying. The fraction 
of the sprayed powders was 40–80 μm.

Plasma spraying was performed in the installation 
UPU-8M, supersonic plasma gas-air spraying was 
carried out in the installation Kyiv-S. A set of char-
acteristics of the conditions of atmospheric plasma 

spraying in the subsonic and supersonic mode of plas-
ma jet leakage, used for coating, is the following:

● subsonic: plasma-forming gas — Ar/N2, Tpl ~ 
~ 10000 K, Wpl ~ 600 m/s, Wh ~ 100−130 m/s, τh ~ 
~ 1.5 ms;

● supersonic: plasma-forming gas-air, Tpl ~ 
~ 6000 K, Wpl ~ 2500 m/s, Wh ~ 300−350 m/s, τh ~ 
~ 0.5 ms.

The operating parameters of the spraying process-
es are given in Table 2.

X-ray diffraction phase analysis (XRD) of the 
coatings was performed by using the diffractometer 
DRON-3 in CuKα radiation with a graphite mono-
chromator at a step displacement of 0.1 deg. and an 
exposure time at each point of 4 s, followed by a com-
puter processing of the obtained digital data.

The microstructure of the coatings was examined 
in an optical microscope Neophot 32, and the micro-
hardness of the coatings was determined in a micro-
hardness tester PMT-3.

R e s u l t s  o f  i n v e s t i g a t i o n s .  As a result of metal-
lographic analysis of plasma coatings (Figure 1) 
from a mechanical mixture of powders 86Fe + 14Al, 
67Fe + 33A1, 45Fe + 55Al and from MChS-pow-
ders Fе3А1, FеАl and Fе2А15, it was found that in 

T ab l e  1.  Characteristics of powders of Fe−Al system used for plasma and supersonic plasma gas-air spraying

Powder Method of producing Phase composition Microhardness Hμ, MPa

86Fe + 14Al (wt.%) Mechanical mixing Fe, Al Fe–1500±230; Al–330±50

Fe3Al MChS Fe3Al 3590±1010

67Fe + 33Al (wt.%) Mechanical mixing Fe, Al Fe–1500±230; Al–330±50

FeAl MChS FeAl, FeAl2 2790±820

45Fe + 55Al (wt.%) Mechanical mixing Fe, Al Fe–1500±230; Al–330±50

Fe2Al5 MChS Al, Fe, Fe2Al5 3890±840

86Fe + 14(Al1,5Cr1Zr) (wt.%)
Mechanical mixing Fe, solid solution of Cr and Zr in Al

Fe – 1500±230

AlCrZr – 355±50

MChS Solid solution of Cr and Zr in Fe3Al 3840±800

86Fe + 14(Al5Mg) (wt.%)
Mechanical mixing Fe, solid solution of Mg in Al Fe–1500±230; AlMg–490±80

MChS Solid solution of Mg in Fe3Al 4630±950

86Fe + 14(Al5MgLa) (wt.%)
Mechanical mixing Fe, solid solution of Mg and La in Al Fe–1500±230; 

AlMgLa−580±120

MChS Solid solution of Mg and La in Fe3Al 5580±840

61Fe + 39(62,5Ti37,5Al) (wt.%)
Mechanical mixing of Fe, TiAl Fe–1500±230; TiAl–440±140

MChS Solid solution of Al in FeTi (Fe1−xTiAlx) 3400±1290

T ab l e  2.  Parameters of PS and SPGAS processes

Method of 
spraying

Parameters of spraying process Heat input

Arc 
current, A

Arc 
voltage, V

Consumption of 
plasma-forming 

gas, m3/h

Spraying 
distance, mm

Powder 
consumption, 

kg/h

To plasma, 
kW·h/m3

To powder, 
kW·h/kg

PS 500 40 25 120 3 13.3 6.7
SPGAS 280 380 450 120 6 3.9 17.7



31ISSN 0957-798X THE PATON WELDING JOURNAL, No. 7, 2020

SCIENTIFIC AND TECHNICAL                                                                                                                                                                                                    

                                                                                                            

the case of spraying coatings from a mechanical 
mixture, the structure of the coatings is coarse-
grained, in which it is easy to distinguish iron and 
aluminium both in the form of separate particles 
(Figure 1, a) and in the form of iron inclusions in 
aluminium matrix (Figure 1, c, d). When using in-
termetallic powders, in all cases a dense lamellar 
structure is formed (Figure 1, b, d, f).

X-ray diffraction phase analysis (Figure 2) showed 
that during spraying of mechanical mixtures due to 

a low probability of contact interaction of iron and 
aluminium particles during flight and a rapid cooling 
of melt particles on the base surface during the for-
mation of the coating layer, the synthesis of interme-
tallics does not have a time to develop in the coatings 
also or intermetallic phases are not detected at all (as, 
for example, in a mixture intended to produce Fе3А1, 
Figure 1, а, Table 3), or they appear in the form of 
traces (as in the case of spraying mixtures intended to 
produce FеАl and Fе2А15, Figure 2, с, d, Table 3), and 

F i gu r e  1.  Microstructure (×200) of plasma coatings: from mechanical mixtures 86Fе + 14Аl (a), 67Fе + 33Аl (c), 45Fе + 55Аl (e); of 
Fе3Аl intermetallic powders (b), FеАl (d) and Fе2А15 (f)

T ab l e  3.  Characteristics of PS and SPGAS-coatings from powders produced by mechanical mixing and MChS method

Powder Coating

Composition
Method of 
producing

Method of 
spraying

Hμ, MPa XRD

86Fe + 14Al 
(wt.%)

Mechanical 
mixing PS Based on Fe–2800±810 

Based on Al–540±150 Fe, Al, traces of Al2O3 (Figure 2, а)

Fe3Al MChS
PS 3630±1240 Fe3Al, FeAl, traces of Al2O3 (Figure 2, b)

SPGAS 5090±620 Solid solution of Al in Fe, FeAl, FexAl2O4 (Figure 4, а)

67Fe + 33Al 
(wt.%)

Mechanical 
mixing PS Based on Fe–2470±640 

Based on Al–460±90 Fe, Al, traces of FeAl (Figure 2, c)

FeAl MChS
PS 4150±900 Fe, FeAl, Fe3O4, Fe2O3, Al3Fe5O12 (Figure 2, d)

SPGAS 4330±1040 Solid solution of Al in Fe, FeAl, FeO, Al2O3, FexAl2O4  
(Figure 4, b)

45Fe + 55Al 
(wt.%)

Mechanical 
mixing PS Based on Fe–2450±800 

Based on Al–580±100 Al, Fe, traces of FeAl (Figure 2, e)

Fe2Al5 MChS
PS 5200±1250 FeAl, Fe, FeAl2O4, Fe2Al5, Al (traces) (Figure 2, f)

SPGAS 5360±850 Solid solution of Al in α-Fe, FeAl, Fe3Al, FexAl2O4, Al2O3 
(Figure 4, c)
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phases that do not meet those expected according to 
the calculation.

During deposition of coatings of intermetallic 
powders, their phase composition, as a rule, does not 
completely coincide with the composition of the ini-
tial powders, which is associated with the active de-

velopment of the process of particles oxidation during 
their flight. Oxides are present in all coatings. In the 
coating Fе3А1, А12O3 aluminide is present; in the 
FeAl coating, iron oxides Fе3O4, Fе2O3 and a com-
posite oxide А13Fе5O12; in the coating Fе2А15, oxide 
FеА12O4 are present.

F i gu r e  2.  X-ray patterns of plasma coatings: from mechanical mixtures 86Fе + 14Аl (a), 67Fе + ЗЗАl (c), 45Fе + 55Аl (e); from inter-
metallic Fе3А1 powders (b), FеАl (d) and Fе2А15 (f)

F i gu r e  3.  Microstructure (×200) of SPGAS-coatings produced with the use of MChS powders: а — Fе3А1; b — FеАl; c — Fе2А15
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F i gu r e  4.  X-ray patterns of SPGAS-coatings produced with the 
use of MChS-powders: a — Fe3Al; b — FeAl; c — Fe2Al5

F i gu r e  5.  Microstructure (×200) of plasma 
coatings: from mechanical mixtures Fe + 
AlCrZr (a), Fe + AlMg (c), Fe + AlMgLa 
(e), Fe + TiAl (g); from MChS-powders 
Fe−AlCrZr (b), Fe−AlMg (d), Fe−AlMg-
La (f), Fe–TiAl (h)
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As a result of metallographic analysis of SP-
GAS-coatings (Figure 3) it was found that during 
spraying of MChS-powders Fе3А1, FеАl and Fе2А15 
a dense structure is formed with the presence of ox-
ide lamellae (content of oxide component in the coat-
ings Fе3Аl, FеАl and Fе2А15 amounts to 50, 25 and 
20 vol.%, respectively).

X-ray diffraction phase analysis (Figure 4) found 
that the phase composition of the SPGAS-coating 
from the powders Fе3А1, FеАl and Fе2А15, as in 
the case of plasma spraying, does not coincide with 
the composition of the initial powders, but this dif-
ference bears different nature because of the differ-
ent composition of the plasma jet, its velocity and 
temperature and the conditions of formation of the 

F i gu r e  6. X-ray patterns of plasma coatings: from mechanical mixtures Fе + AlCrZr (а), Fe + AlMg (c), Fe + AlMgLа (f), Fе + ТіАl 
(g); from MChS-powders Fe−AlCrZr (b), Fe−AlMg (d), Fе−АlМgLа (f), Fе−ТiАl (h)
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coating layer. In all cases, in the coatings a solid 
solution of aluminium in iron and the intermetal-
lic phase FeAl are formed. In the coating Fе2А15 
the intermetallic phase Fе3А1 was also detected. In 
all coatings, a composite oxide FехА12O4 is present, 
and in the FeAl coating iron oxide FeO, aluminium 
oxide А12O3, and in the coating Fе2Аl3 aluminium 
oxide А12O3 are present.

Measuring the microhardness of PS- and SP-
GAS-coatings showed that its value is higher in the 
coatings with MChS powder Fе2А13, as compared 
to the coatings with MChS powders Fе3А1 and FеАl 
(Table 3), which is agreed with the literature data, 
according to which the hardness of all intermetallic 
phases decreases with increasing iron content.

Figure 5 shows the microstructure of plasma 
coatings from the powders alloyed with Fe alu-
minides, produced by mechanical mixing and from 
MChS-powders using Al-alloys of AlCrZr, AlMg, 
AlMgLa, as well as titanium aluminide.

 In the microstructure of plasma coatings produced 
in the case of spraying mechanical mixtures of pow-
ders Fe + AlCrZr, Fe + AlMg, Fe + AlMgLa and Fe + 
TiAl, separate particles of iron and particles based on 
aluminium are observed (Figure 5, a, c, e); in the case 
of spraying the coating from the mechanical mixture 

Fe + TiAl, no particles of titanium aluminide are ob-
served in the coating (Figure 5, g).

 When using powders of the systems Fe + AlCrZr, 
Fe + AlMg and Fe + AlMgLa produced by the MChS 
method, a dense lamellar structure is formed (Fig-
ure 5, b, d, f), and in the case of Fe−TiAl powder, 
spalling elements are observed (5−6 vol.%) (Figure 5, 
h), which indicates the presence of brittle phase inclu-
sions in this coating.

The results of XRD of plasma coatings from al-
loyed powders (Figure 6, Table 3) showed that in the 
case of spraying mechanical mixtures of iron with al-
uminium alloys, as in the case of mixtures of iron with 
aluminium, the reaction of intermetallic phases for-
mation does not develop noticeably. In the coatings, 
except for the expected phase of intermetallic Fе3А1 
(for Fе−АlСrZr, Fе−АlМg and Fе−АlМgLа composi-
tions) or Fе1−хТіА1х (for Fе−ТіАl composition), solid 
solutions based on iron, aluminium, oxides of alumin-
ium and iron were found.

The coatings from powders produced by MChS 
method from a mixture of iron with aluminium alloys 
AlCrZr, AlMg and AlMgLa, contained a large amount 
of oxides (up to 30 vol.%). Moreover, in addition to 
oxides of aluminium and iron, composite oxides were 
also detected, for example, МgFеАlO4. Probably 

F i gu r e  7.  Microstructure of SPGAS-coatings from alloyed powders: а — Fe–AlCrZr; b — Fе–АlМg

F i gu r e  8.  X-ray patterns of SPGAS-coatings: a — Fe−AlCrZr; b — Fe−AlMg
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by this fact it is possible to explain the detection of 
phases based on FeAl and solid solutions of Al in Fe 
in the structure of the coating instead of the expected 
intermetallic based on Fе3А1, containing alloying el-
ements. Only in the coating of the system Fe−TiAl, 
Fe3Аl is the main phase. In addition to this phase, the 
coating contains FeTi and iron oxides.

Analysis of the microstructure of SPGAS-coatings 
(Figure 7) showed that during spraying of alloyed 
powders of the systems Fe−AlCrZr and Fe−AlMg 
produced by the MChS method, a dense lamellar 
structure is formed, in which the content of the oxide 
component is 60−65 and 30−35 vol.%, respectively.

Using X-ray diffraction phase analysis (Figure 8, 
Table 3) it was found that during SPGAS-spraying of 
powders Fe−AlCrZr and Fe–AlMg, produced by the 
MChS method, the reaction of intermetallic phases 
formation does not proceed, and in the coating solid 
solution based on iron, iron oxide FeO and composite 
oxides FеАl2O4 and МgАl2O4 are revealed (Table 3). 
In addition, in the coating Fe−AlCrZr traces of com-
pounds А19Сr4, А1Сr2, Сr2Zr and АlZr2 were detected, 
and in the coating Fe−AlMg there are traces of AlMg 
compound and magnesium oxides МgO and МgO2.

The microhardness of plasma coatings from the 
powders of alloyed iron aluminides (Table 4) pro-
duced by MChS is much higher as compared to the 
coatings from the mechanical mixture of Fe- and 
Al-alloys. The maximum value of microhardness 
(6910 MPa) was marked in the coating from the pow-

der of the system Fe–TiAl produced by MChS due to 
the formation of FeTi intermetallic in the coating.

Analysis of the microhardness of SPGAS-coatings 
from the alloyed powders (Table 4) showed that in the 
coating Fe−A1CrZr it is 1.6 times higher than in the 
sprayed initial powder (3840 MPa, Table 1), and the 
microhardness of the coating Fe–AlMg almost does 
not differ from the microhardness of the initial pow-
der due to the absence or limited development of the 
contact interaction of Fe and Al in the process of coat-
ing deposition. This is explained by the lower degree 
of oxidation of Fe−AlCrZr coatings (60−65 vol.%) as 
compared to Fe−AlMg coatings (30−35 vol.%).

C on c l u s i on s

The investigation of microstructure, microhardness 
and phase composition of plasma coatings from Fe-
Al-powders produced by the MChS method, showed 
that in addition to the initial phase (Fе3А1, FеАl and 
Fе2Al5) in the coatings to a greater or lesser extent 
oxides of Fe and Al are present, which is reflected 
on the value of microhardness (Fе3А1 — 3630 MPa, 
FеАl — 4150 MPa and Fе2Al5 — 5200 MPa). When 
iron alloying elements are introduced into aluminides 
by using Al-alloys AlCrZr, AlMg and AlMgLa, micro-
hardness of the coatings amounts to 3830, 3280 and 
5040 MPa, respectively. Microhardness of the plasma 
coating Fe–TiAl (6910 MPa) increases 2 times in re-
spect to the initial powder due to the formation of the 
intermetallic phase FeTi in the coating.

T ab l e  4.  Characteristics of PS and SPGAS-coatings of powders alloyed by iron aluminides produced by mechanical mixing and MChS 
method with the use of Fe- and Al-alloys

Powder Coating

Composition
Method of 
producing

Method of 
spraying

Hμ, MPa XRD

86Fe + 14(Al1.5Cr1Zr) 
(wt.%)

Mechanical 
mixing PS Based on Fe – 3080±400 

Based on Al – 620±100 α-Fe, Al, Fe3Al, Fe3O4, FeO, Fe2O3 (Figure 6, а)

Fe–AlCrZr MChS
PS 3830±630 Solid solution of Cr and Zr in Fe; γ-Al2O3, Fe2O3 

(Figure 6, b)

SPGAS 6180±740 Solid solution based on α-Fe, FeAl2O4, FeO, traces 
of Al9Cr4, AlCr2, Cr2Zr, AlZr2 (Figure 8, а)

86Fe + 14(Al5Mg) 
(wt.%)

Mechanical 
mixing PS Based on Fe – 2800±460 

Based on Al – 630±90 FeAl, Al, Fe3Al, α-Al2O3, Fe2O3 (Figure 6, c)

Fe–AlMg MChS
PS 3280±450 Solid solution of Al in α-Fe, MgAl2O4, MgFeAlO4 

(Figure 6, d)

SPGAS 4460±740 Solid solution based on α-Fe, MgAl2O4, FeO, traces 
of Al2Mg, MgO, MgO2 (Figure 8, b)

86Fe + 14(Al5MgLa) 
(wt.%)

Mechanical 
mixing PS Based on Fe – 3080±400 

Based on Al – 630±90
Solid solution of Mg in Al, α-Fe, Fe3Al, α-Al2O3, FeO 

(Figure 6, e)

Fe–AlMgLa MChS PS 5040±780 Solid solution of Al and La in α-Fe, Fe3O4, Fe2O3, γ-Al2O3, 
MgFeAl2O4 (Figure 6, f)

61Fe+39(TiAl) 
(wt.%)

Mechanical 
mixing PS 3670±870 α-Fe, FeTi, TiAl, Fe2O3 (Figure 6, g)

F–TiAl MChS PS 6910±1640 Fe3Al, Fe, FeTi, Fe2O3, Fe3O4, FeO (Figure 6, h)
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During plasma spraying of mechanical mixtures of 
iron with aluminium and iron with aluminium alloys, 
the reaction of intermetallic phases formation does not 
develop noticeably due to the lack of development of 
contact interaction of Fe and Al during the process of 
coating. The main phases in the coatings are the initial 
components of iron, aluminium and their oxides.

In the coatings produced by the method of super-
sonic plasma gas-air spraying intermetallic phases 
were not detected, the main phase is α-Fe (Al)-solid 
solution, which is obviously the result of a high rate 
of hardening the melt particles during the formation 
of intersections on the base surface.
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