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ApplIcAtIOn Of A-tIG welDInG fOr ImprOvInG 
the technOlOGy Of mAnufActurInG AnD repAIr 
Of unIts Of GAs turbIne enGInes AnD InstAllAtIOns 
frOm tItAnIum AllOys
D.V. Kovalenko,  I.V. Kovalenko , B.O. Zaderii, G.V. Zviagintseva

e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
The advantages of using the technology of A-TIG welding (TIG welding over the layer of activating flux–activator) of structur-
ally complex elements of titanium alloys, including butt and spot overlapped joints of various thicknesses, as well as joints with 
variable heat removal, are shown. The relationship between the geometry of welds, structure and properties of welded joints 
produced by TIG and A-TIG welding methods were studied. A-TIG welding technology was tested in industrial conditions 
during creation and repair of problematic units of aircraft and convertible gas turbine engines. The A-TIG welding method is 
recommended for industrial implementation when creating welding structures from titanium alloys of a complex geometry.

KEYWORDS: TIG and A-TIG welding, activators, titanium alloys, butt and spot overlapped joints, variable heat removal, 
weld formation, structure and properties

INTRODUCTION
Improving the quality, reliability and service life of 
welded structures, reducing weight and costs during 
their manufacture are constantly the focus of attention 
in industrial production. the need to solve these is-
sues when creating complex highly-loaded and high-
ly-critical units of aircraft gas turbine engines (GTE) 
is particularly relevant and even critical. the use of 
complex alloys and advanced manufacturing technol-
ogies does not always allow achieving ever growing 
requirements and indices. therefore, the solution of 
problems is increasingly achieved by improving (with 
inevitable complication) of the design of GTE units, 
the creation of which by welding from individual 
elements in many cases is the most economical and 
technological way, probably even the only way. An 
example may be all-welded rotors, impellers, folded 
blades, etc. In view of the appearance and specifics of 
the material and designing features of Gte units, the 
search for technological, less time-consuming, waste-
free method of their welding is quite relevant.

The aim of the work is to investigate the capabili-
ties and to develop the technology of A-tIG welding of 
butt and spot overlapped joints of thin-sheet (thickness 
δ = 1.2‒2.0 mm) VT-20 and OT-4-1 titanium alloys.

this work uses the results of studying the mech-
anism of welded metal penetration, and progressive 
approaches towards improvement of the welding 
technology, based on these results. One of these ap-
proaches is the use of A-tIG welding (tIG welding 
over the activating flux–activator) in manufacturing 

structures of steels [1‒6], nickel [7] and titanium al-
loys [8‒15]. The main positive effects of using activa-
tors in A-tIG welding of all the mentioned materials, 
as compared to the conventional tIG welding, are 
manifested in an increase in the penetrating capacity 
of the process (deep penetration), reducing the input 
energy, decrease in the length of hAZ, as well as the 
absence of pores in welds (Figures 1 and 2). During 
A-tIG welding of titanium alloys, this is mainly pre-
determined by the constriction of the welding arc by 
the products of thermal dissociation of the melting 
activator components [8, 10, 11, 15]. At the same 
time, the kinetics of melting also changes, the width 
is significantly reduced, the geometry and the shape 
of the weld penetration is changed. In the case of the 
constant speed of welding, the use of the activator 
in A-TIG welding allows 1.5‒2.0 times reduction in 
the value of welding current without changing (with 
preservation) penetration (Figure 3), and, therefore, 
overheating of the welded metal, welding voltage and 
deformations are decreased.

The following variants and benefits of industrial 
use of the A-tIG welding method in the manufacture 
of units of gas turbine engines and installations are 
considered:

a) for butt joints in welding units with uneven heat 
removal from the place of welding:

● stability of weld formation increases by several 
times;

● it becomes possible to produce high-quality 
welds of structures, the thickness of whose joining el-
ements differs by 2‒3 times.
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b) for overlapped joints:
● drilling of welded elements at the place of join-

ing becomes unnecessary;
● the possibility of producing high-quality welded 

spots at a gap between the joining elements to 0.5 of 
the thickness (H) of welded metals, and with the use 
of filler material — to 1.0 N is provided;

A-TIG welding technology can be successfully 
applied to welding parts of variable cross-section, 
t- and different thickness joint units. especially, it is 
effectively used in welding of high-precision, com-

plex-loaded units and parts of engines and installa-
tions from structurally sensitive heat-resistant alloys 
based on iron, nickel and titanium.

RESEARCH METHODS AND MATERIALS
the main task of the industrial introduction of a new 
A-tIG welding method consists in adaptation of the 
proposed methods and realization of their advantages 
with respect of specific conditions, equipment, units 
and alloys. the types of welded joints were deter-
mined by TS on a product.

Figure 1. Schematic image and appearance of welds of stainless steel 04Kh18N10T of δ = 6 mm thick, produced by TIG (a) and A-TIG 
(b) welding on processes one welding mode: welding current is 200 A; speed of welding is 120 mm/min, arc length is 1.5 mm [1]

Figure 2. Appearance of welds, produced by TIG (left) and A-TIG (right) welding of VT-20 titanium alloy of δ = 3 mm thick on one 
welding mode: welding current is 80 A; speed of welding is 100 mm/min: a — outer weld surface; b — back surface (root) of the weld 
(results of personal investigations)

Figure 3. Appearance of weld surface at a full penetration, produced by TIG and A-TIG welding of VT-20 titanium alloy of δ = 2 mm 
thick at the same speed of welding of 200 mm/min: above — A-TIG, welding current is 50 A; below is TIG weld, welding current is 
100 A (results of personal investigations)



5

ApplicAtion of A-tiG welDinG for improVinG the technoloGy of mAnufActurinG                                                                                                                                                                                                    

                                                                                                                                                                               

The structural design represents butt (Figure 4, 
a, c) and overlapped spot (Figure 4, b) joints. The 
material is vt-20 and Ot-4-1 titanium alloys. the 
dimensions of units and products are: diameter is 
1200‒1500 mm, thickness is δ = 1.2; 1.5 and 2.0 mm. 
Most of the experiments were carried out on flat 
specimens: butt joints, VT-20 alloy, dimensions of 
specimens are 150×150×2 mm, 220×80×2 mm and 
220×50×1.2 mm; spot overlapped joints, vt-20 and 
OT-4-1 alloys in a dissimilar combination, dimensions 
of specimens are 100×60 mm, thickness is 2 + 2 mm, 
1.5 + 1.5 mm and 1.5 + 1.2 mm.

requirements for welds design:
● butt welds: geometry and dimensions of welds 

are in accordance with GOST 1474‒76;
● spot welds: geometry and dimensions of welds 

are in accordance with GOST 14776‒79 (14778‒76), 
diameter of a spot on the facial side of the weld is 
6‒10 mm, the root is 5‒7 mm, the reinforcement 
(weakening) of the weld is (±0.2 mm).

the mechanical and service characteristics of 
welded joints should be not lower than 0.9 from the 
properties of the base metal. The limitations on the 
deformations of welded joints and stresses in them 
are specified in the process of mastering edge prepara-
tion on specific units, taking into account the existing 
equipment and a subsequent heat treatment.

the methods, scope and standards of the welds 
testing are: external inspection is 100 %.

the presence and dimensions of undercuts, cracks 
on the surface and the presence of splashes are 
checked. X-ray testing is 100 % of welds. The pres-

ence of lacks of penetration, lacks of fusion, cracks, 
pores and cavities inside the weld is determined.

The preparation, in addition to the fulfillment of 
the listed technical conditions, had to provide:

● for butt joints: elimination of lacks of fusion, 
displacement of fusion from the joint; prevention of 
penetrations caused by nonuniform heat removal; in-
creasing the stability of weld formation;

● for overlapped joints: elimination of the need for 
drilling before welding; producing high-quality spot 
joints at increased gaps.

the type of welding equipment, its parameters, 
welding modes and conditions were selected based on 
the conditions necessary to obtain high-quality weld 
formation on the metal of the appropriate thickness 
and grade, as well as taking into account the equip-
ment and technologies used in production. As a power 
source for the welding arc, VSVU-315 rectifier was 
used. spot overlapped welded joints were produced 
in the chambers “Atmosfera-6m” and Ob-427 with 
a controlled shielding atmosphere. the use of such 
chambers is caused by the need in reliable and stable 
protection of the welding pool and heat-affected zone 
from the harmful effect of air, especially in the place 
where one sheet element overlaps another. moreover, 
in such chambers a continuous monitoring of the 
composition of the shielding atmosphere is possible. 
the welding of specimens to determine the effect of 
heat removal was performed in a welding table with a 
sampling along the joint of 5×10 mm and with clamp-
ing of the plates to be welded at a distance of 10 mm 
from the joint line. For protection against oxidation 
during welding outside the chamber, inert gas blow-

Figure 4. Schemes of fragments of welded units: frame ring-flange (non-symmetric heat removal), butt joint of OT-4 alloy (a); frame 
ring with overlapped spot joints of Ot-4 and vt-20 alloys (b); frame ring with window, butt lock joint of OT-4 and VT-20 alloys (sketch 
(left) and elements (right) of welded joint) (c)
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ing was used, through sampling in the table from the 
root part and “boots” of 50 mm long and 20 mm wide 
from the weld surface. for welding, the following were 
used: a standard TIG welding torch with a nozzle of 16 
mm diameter, the consumption of shielding gas (argon) 
in the nozzle — 7‒8 l/min, in the “boot” — 4‒5 l/min, 
for blowing 5‒6 l/min; welding electrode with a di-
ameter of 2.1 mm of WT20 grade (made of W — 2 % 
ТhO2 alloy). To carry out welding experiments, ox-
ygen-free halide activator pAtIG-t was used. the 
welding modes (Table 1) were selected based on the 
need to provide a stable, high-quality penetration of 
the specimens to be welded.

the activator in the form of a paste was applied 
with a brush in a thin, uniform layer on the facial sur-
face of a part to be welded. Its width was 8‒10 mm 
on each side from the welded joint or on a diameter 
of ≈20 mm at the place of making spot in the case 
of overlapped joining. the thickness of the activator 
layer was determined based on the need of obtaining 
the required penetration depth and process stability. 
At the same time, it was taken into account that for 

certain ranges of welding current values, there is an 
optimal thickness of the activator layer, at which the 
maximum penetration depth with high-quality weld 
formation is achieved. An excessive thickness of the 
activator layer, especially at the butt joints, leads to 
undesirable results — violation of process stability, 
slagging of the tungsten electrode.

As was already mentioned, in production condi-
tions welded joints of poor quality are often produced 
as far as it is necessary to change heat input and heat 
removal along the joint length due to wear of techno-
logical assembly and welding equipment, unsuccess-
ful structure of a welded joint, inaccurate manufac-
ture of units to be welded, inaccurate guiding of the 
arc along the joint, etc. taking into account the fact 
that the presence of an activator changes the nature of 
heat input and penetration of the metal to be welded, 
which, as a result, stabilizes the process of weld for-
mation, the experiments were conducted to determine 
the influence of using activators on reduction of the 
abovementioned negative factors.

Table 1. Welding modes and characteristics of butt welds from VТ-20 alloy of d = 2 mm thick

Number welding 
method

welding current 
Iw, A

welding speed 
vw, mm/min

weld width B — 
surface/c — root, 

mm

Deviation of weld axis from joint 
line, mm Deflection along 

the axis Δ, mm
Average surges*

1 ТІG 85 170 8.0‒8.2 
4.0‒4.8

0.3 
0.5

0.6 
1.2 12.8

2 A-tIG 80 340 3.4‒3.5 
2.8‒3.4

0.3 
0.4

0.4 
0.8 7.1

Figure 5. Scheme of assembly (a) and outer appearances of specimens after welding of VT-20 alloy of δ = 2 mm thick at a full pen-
etration on the side of the weld root with heat removal, which changes along the length of the specimen: A-tIG welding (b, d); TIG 
welding (c, d); with lower heat removal (b, c); with greater heat removal (d, e). The dotted line in Figure 5, b‒e marks the location of 
copper backup plate
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A variable heat removal was created by using as-
sembly backup plates along the length of the speci-
men, having strongly different thermal conductivity 
and heat capacity of the materials: titanium-copper-ti-
tanium (figure 5, a). The welding modes and condi-
tions were chosen similarly to those described ear-
lier. the speed of welding was slightly reduced (to 
100 mm/min), and the current was increased (up to 
65 and 45 A in welding at different heat removal) to 
enhance the impact of heat removal. In addition, to 
change the conditions of heat removal, heat removing 
tacks were placed at different (2 and 3 mm) distance 
from the weld axis. Welding modes and research re-
sults are summarized in Table 2 and Figure 5.

In production conditions, when assembling over-
lapped joints of frame rings of large diameters, often 

gaps appear between them, which leads to consid-
erable difficulties in producing high-quality joints. 
moreover, to carry out the fusion according to the 
technological process, the upper sheet is drilled, and 
then the gap is filled by TIG welding in the chamber, 
which significantly increases the labor, metal and en-
ergy consumption of production.

Considering a significant increase in the penetrat-
ing capacity of the arc and reducing the overheating 
of welded metal during A-TIG welding, the experi-
ments were conducted to find out the possibility of 
eliminating the mentioned difficulties and drawbacks. 
the main studies were performed in the the plates 
from vt-20 alloy with 2 mm thickness, as well as 
of Ot-4 alloy with 1 mm thickness, overlapped each 
other. The testing experiments were performed on the 

Table 2. Welding modes and results of the stability of weld formation of butt joints from VT-20 alloy of δ = 2 mm thick at a variable 
heat removal (see Figure 5)

specimen 
number welding conditions Arc voltage 

ua, v
Iw, А vw, mm/min weld width, 

mm surface/root

changing the 
weld width 
surface/root

note

tIG welding

1‒1 without heat removal 8.2‒8.4 65

100

9.0‒8.6 
5.3‒5.7 ‒ ‒

1‒2 Ti–Cu–Ti with heat removal, 
distance — 2 mm ‒»‒ ‒»‒ 7.8‒7.2 

0‒1.2
1.2‒1.4 
5.3‒4.5 figure 5, e

1‒3 Ti–Cu–Ti with heat removal, 
distance — 3 mm ‒»‒ ‒»‒ 7.5‒7.6 

0‒1.3
1.5‒1.0 
5.3‒4.4 figure 5, c

A-tIG welding

2‒1 without heat removal 8.2‒8.4 40

100

2.8 
5.5‒5.4 ‒ ‒

2‒2 Ti–Cu–Ti with heat removal, 
distance — 2 mm ‒»‒ ‒»‒ 2.6 

5.0‒4.9
0.2 
0.5 figure 5, d

2‒3 Ti–Cu–Ti with heat removal, 
distance — 3 mm ‒»‒ ‒»‒ 2.6 

5.1
0.2 

0.4‒0.3 figure 5, b

Table 3. Welding modes and results of studying during welding of specimen-imitator – frame ring with windows from VT-20 alloy of 
δ = 2 mm thick (see Figure 6)

specimen 
number

welding conditions 
type of joint Ua, v Iw, A vw, mm/min weld width, mm 

surface/root note

tIG welding

1
Plate, 2 welds nearby

8 100 200 7.5‒7.9 
3.2‒4.6 Figure 3 below

A-tIG welding

2 10.5 50 200 2.2‒3.2 
2.4‒3.2 Figure 3 above

A-tIG welding

1
Butt with a “window”

10.5 60 200 3.5‒3.6 
4.3‒4.7 Figure 6, d

A-tIG welding

2 10.5 50 200 3.6‒3.7 
4.0‒4.1 figure 7, b

tIG welding

1
Butt with a “window”

8 100 200 7.6 
3.8 Figures 6, b, 7, а

tIG welding

2 8 110 12 8.5 
6.0 Figure 6, c
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specimens that simulate real welded joints: the plate 
from vt-20 alloy of 1.5 mm thickness overlapped the 
plate of Ot-4-1 alloy of 1.2 mm thickness and vice 
versa. The gaps between the plates were set by foil 
strips of 0.2; 0,5; 0.8 and 1 mm thickness between the 
plates. The specimens were assembled by tacks on the 
corners of the plates. the current and time of welding 
were selected from the condition of obtaining a full 
penetration of the lower sheet with the minimum pos-
sible diameter of the spot and upsetting of the metal. 
Other welding conditions are the same as while pro-
ducing butt joints.

RESEARCH RESULTS
Analysis of the obtained results allows making a con-
clusion that in general when applying A-tIG welding 
of butt joints:

● the width of the weld is reduced by 2‒3 times 
at a simultaneous decrease in welding current by 
30‒50 %;

● the impact of heat removal is reduced judging 
from the width of the weld from its surface by 5‒7 
times, and by 9‒12 times from the root of the weld.

The similar results were obtained in welding of 
butt joints of the specimen-imitator (δ = 2 mm thick) 
from VT-20 alloy — the frame rings with windows. 
welding modes and research results are summarized 
in Table 3 and in Figures 6, 7. Application of A-TIG 
welding allows avoiding partial melting of metal at 
the window place.

Analysis of the results of metalographic examina-
tions shows that the positive effect of the activator is 
manifested in reduction of the weld width, a signifi-
cant reduction in HAZ (Figure 8), as well as in refine-
ment of both primary β-grains and α- and αʹ-plates 
(Figure 9).

the positive effect of using the activator in A-tIG 
welding of butt joints when changing the heat remov-
al along the length of the specimen is clearly seen as 
compared to figure 5, b, d and 5, c, e. A-tIG weld is 
stable across the width along the entire length of the 
specimen, and in tIG of the weld, penetration in the 
place of the backup plate disappears.

Figure 7. Appearance of fragments of welded specimens-imita-
tors from VT-20 alloy of δ = 2 mm thick at a full penetration: 
a — TIG welding, welding current is 100 A; b — A-TIG welding, 
welding current is 50 A

Figure 6. Appearance of fragments of welded specimens-imita-
tors from VT-20 alloy of δ = 2 mm thick at a full penetration: 
scheme of preparation of specimen-imitator (a); TIG welding, 
welding current is 100 A (b) and 110 A (c); A-TIG welding, weld-
ing current is 60 A (d)

Figure 8. Macrostructure (×25) of welded joints of VT-20 titanium alloy: a — TIG welding; b — A-TIG welding, FL — fusion line, 
HAZ — heat-affected zone
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From the results of the experiments presented 
in Tables 4, 5, it is seen, that even during assembly, 
overlapped joints can not be produced without a gap 
if a welded spot activator with the penetration of the 
lower sheet is not used — spots of a large diameter 
without through penetration are formed. A significant 
increase in the current or time of welding leads to an 

excessive increase in the diameter of the spot and the 
burnthrough of both sheets.

the use of A-tIG welding at lower current values 
allows producing a through penetration at small (with-
in TS) diameters of spots (Tables 4, 5; Figures 10‒12) 
and while complying with all the requirements to sim-
ilar joints. An increase in the gap causes the need to 

Figure 9. Microstructure (×100) of weld metal (VT-20 alloy): a — TIG weld; b — A-TIG weld

Table 4. Welding modes and characteristics of spot overlapped welds on specimens from VT20 (δ = 2 + 2 mm) and OT-4 (δ = 1 + 
1 mm), without a gap

specimen 
number welding conditions Iw, А time of welding 

tw, s

spot diameter, 
surface/root, 

mm
note

1-0 VT20 (2+2 mm) 
A-tIG welding 80

10 5.0/8.5 weakening of the weld 0.1 mm
5 5.0/5.0 weakening of the weld 0.2 mm

2-0

OT-4 (1+1 mm) 
tIG welding

40

10 5.5/0 lack of penetration, weld reinforcement 0.2 mm
5 5.0/0 lack of penetration, weld reinforcement 0.1 mm

A-tIG welding
10 6.0/6.5 weakening of the weld 0.2 mm
5 3.6/2.5 weakening of the weld 0.1 mm

Table 5. Welding modes and characteristics of spot overlapped welds on specimens from VT20, δ = 1.5 mm + ОТ-4-1, δ = 1.2 mm 
with different gaps

specimen 
number

Welding conditions (gap be-
tween the plates to be welded, 

mm)
Iw, А tw, s spot diameter, 

surface/root, mm note

tIG welding
1‒1

without a gap
50 4 7.5/0

lack of penetration1‒2 50 10 11/0
1‒3 75 5 9.5/0

A-tIG welding
1‒4

without a gap
40 4 4.1/2.6 ‒

1‒5 50 4 4.1/6.0 weakening, 0.2 mm
tIG welding

2‒1 0.25 70 4 12.0/0 lack of penetration
A-tIG welding

2‒2 0.25 50 3 4.0/5.2 ‒
3‒1

0.5
45 6 5.8/5.8 weakening, 0.3 mm

3‒2 60 6 8.2/6.2 weakening, 0.4 mm
4‒1

1.0
50 4 7.5/0 lack of penetration

4‒2 60 5 6.0/4.7 weakening, 0.8 mm
4‒3 60 6 8.0/8.5 weakening, 0.1 mm
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increase current and welding time, use filler material, 
since at the gaps more than 0.5 mm, weakening of the 
weld exceeds the admissible (0.2‒0.3 mm) values. It 

should be noted that a significant increase in welding 
current leads to an excessive increase in the diameter 
and to the weakening of the weld in its root part, and 
an increase in welding time leads to the corresponding 
change in the facial part of the weld (Figure 12).

The mechanical properties of the butt joints were 
evaluated by the toughness, since this characteristic 
is more sensitive to technological and other factors 

Figure 10. Appearance of spot overlapped welded joints from 
VT-20 alloy of δ = 2 + 2 mm thick: back side of the joint (weld 
root) (a); specimens after bending test (b)

Figure 11. macrostructures of cross-sections of spot overlapped 
welded joints from VT-20 alloy of δ = 2 + 2 mm thick, produced 
by A-TIG welding without a gap

Figure 12. Macrostructures of cross-sections of spot overlapped welded joints of OT-4 and VT-20 alloys, produced by A-TIG weld-
ing: without a gap (a, b); gap is 0.5 mm (c, d); gap is 1.2 mm (e, f, g); above is OT-4 alloy, δ = 1.2 mm (a, c, d); above is VT-20 alloy, 
δ = 1.5 mm (b, d, f); OT-4 alloy, δ = 1.2 mm (with filler) (g)
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and more demonstrative than, let us say, the tensile 
strength. The flat specimens of type MI-49 GOST 
9454‒78 of 2 mm thickness with a round notch, made 
in different areas of the welded joint were tested.

From the results presented in Table 6, it can be 
concluded that the use of activators in most cases 
slightly changes the properties of the welded metal.

It should be noted that additional low-temperature 
annealing (650 °C, 30 min) leads to equalization of 
properties to the values of the base metal.

the properties of the spot overlappled welded 
joints were evaluated both by the results of the shear 
tests of the specimens MI-25 (2 + 2 mm) of type XX 
according to GOST 6996‒66 and technological test 
on impact bending. The test results are presented in 
Table 7. The fracture occurs on the base metal (in 
some cases — across HAZ) at the values of loading 
and bending angles larger than those caused by TS on 
products and specified by GOST.

CONCLUSIONS
1. the positive effect of using A-tIG welding of thin-
sheet (1‒2 mm) titanium alloys consists in reducing 
dimensions of the weld and hAZ, lower overheating 
of welded metal and, as a consequence, some decrease 
in welding stresses and strains, reduction in sensitivi-
ty to nonuniform heat removal from the welding zone 
and different thickness of elements to be welded.

2. Applying A-tIG welding method to produce 
spot overlapped joints allows providing high-quality 
joints without drilling the upper element of the weld-
ed joint at reduced welding currents, and using tIG 
welding, such joints can not be produced. In addition, 

performing A-TIG welding, it becomes possible to 
produce joints with violations of assembly, i.e. with 
gaps between the sheets to be welded, which can 
reach the thickness of the upper element.

3.the results of the perfromed studies allow rec-
ommending the A-tIG welding method using the pro-
posed PATIG-T activator in creating complex geome-
try structures of titanium alloys of small thicknesses.
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effect Of eXternAl electrOmAGnetIc fIelD 
cOnfIGurAtIOn On metAl structure 
Of welDeD JOInts Of structurAl steel
O.D. Razmyshlyaev1, S.Yu. Maksymov2, O.M. Berdnikova2, O.O. Prylypko2, 
O.S. Kushnaryova2, T.O. Alekseyenko2

1pryazovskyi state technical university 
7 universytetska str., 87500, mariupol, ukraine  

2e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
The peculiarities of metal structure of welded joints of structural low-alloy steel after welding using external electromagnetic 
field were studied. The phase composition, microstructure and microhardness of metal of welded joints produced without and 
with the use of alternating magnetic fields — longitudinal or transverse were studied. The structural parameters in the metal of 
the welds and areas of the heat-affected zone were analyzed. the conditions for producing high-quality welded joints during 
welding of low-alloy steels under the effect of external electromagnetic field, which provide strengthening and crack resistance 
of the metal, were found.

KEYWORDS: structural low-alloy steel, welded joints, external electromagnetic effect, alternating magnetic fields, heat-af-
fected zone, phase composition, microstructure, microhardness

INTRODUCTION
Requirements to quality and reliability of welded 
joints are growing continuously. The need to expand 
the range of steels at welding led to development of 
the scientific direction of application of the external 
electromagnetic effect (EEE) on the weld pool melt 
for intensification of the processes of its degassing, 
lowering of hydrogen content, structure refining, im-
provement of the value of weld strength and ductility. 
Experimental studies allowed demonstrating the va-
lidity of theoretical conclusions on eef effectiveness 
for lowering the weld metal proneness to pore forma-
tion, and the degassing mechanism formed under eee 
impact, promotes reaching a high degree of homoge-
neity of fine porosity. In order to define it more pre-
cisely, it is necessary to determine the nature of dis-
tribution of the electric current lines in the weld pool, 
taking into account the conditions of welding. On this 
base it becomes possible to establish the optimum 
eee parameters and to perform inductor calculations. 
The latter had to be made so as to generate magnetic 
induction exactly in the active part of the weld pool, 
i.e. in the region of an effective interaction of electric 
current and external electromagnetic field that causes 
melt displacement [1‒3].

Solving the urgent problem of improvement of the 
effectiveness of consumable electrode arc surfacing and 
welding with the action of controlling magnetic fields, 
will allow increasing the productivity of the process of 

electrode wire melting, effectiveness of controlling the 
depth and width of the deposited beads, effectiveness of 
stirring of the weld pool liquid metal.

In arc welding longitudinal magnetic (LMF) and 
transverse magnetic (TMF) fields are used. In the first 
the induction vector is parallel, and in the second it is 
normal to the electrode and arc axis [3, 4].

calculations were used to determine the values of 
the speed and acceleration reached by the liquid metal 
under the impact of alternating eee, as well as opti-
mum values of lmf and tmf induction and frequen-
cy that ensure effective stirring of the melt along the 
entire length of the pool at arc surfacing [5–10]. How-
ever, nothing is known about the influence of LMF 
and tmf on the structure which forms in the metal of 
the welds and in the hAZ.

The objective of this work is establishing the reg-
ularities of the influence of alternating EEE (LMF, 
TMF) on the structure and phase composition, mi-
crohardness and microstructure of welded joints of 
low-alloy structural 09G2S steel.

MATERIAL AND PROCEDURES
As a result of welding structural low-alloy 09G2S 
steel (14 mm thick) by Sv-08A filler wire (3 mm diam-
eter) (AN-348 flux) welded joints were obtained with 
and without eee application in the following modes: 
current I = 360 A; arc voltage U = 30–32 V; welding 
speed v = 30 m/h, reverse polarity, using flux-copper 
backing. Joint type was S4 (GOST 8713‒78).
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EEE was created by an inductor placed on the 
holder of the mechanism feeding the flux-cored wire, 
coaxially with it. Powered by alternating current of 
industrial frequency, the inductor generated an al-
ternating magnetic field which permeated the liquid 
metal weld pool. magnetic induction in the zone of 
the weld pool was equal to 20–25 mT. Three variants 
of welded joints were produced: without eee appli-
cation; with application of lmf (f = 2 Hz) and TMF 
(f = 6 Hz).

Microstructural studies were performed by light 
microscopy methods (neophot-32 and versamet-2 
microscopes, Japan). Vickers hardness was measured 
in M-400 hardness meter (Leco Company, USA) at 
0.1 kg load.

RESULTS AND THEIR DISCUSSION
In welded joints base metal (BM), weld metal, fusion 
line (FL), and HAZ were studied in the following re-
gions: I — overheated (coarse grain); II — normal-
ized (total recrystallization); III — incomplete recrys-
tallization; IV — recrystallized. Structures of ferrite 
f, pearlite p, grain size Dgr, crystallite width hcr, ferrite 
interlayer thickness δ(F) and HV microhardness were 
studied.

It was found that lmf and tmf affect the size of 
HAZ zones (Table 1). In the studied welded joints at 
EEE application the width of HAZ subzones becomes 
larger (Table 1) that is associated with the nature of 
liquid metal movement in the weld pool under eee 
impact and features of metal heating and cooling.

Structure of 09G2S steel BM is ferritic-pearlitic at 
Dgr (F) = 10–20 μm, Dgr (P) = 40–80 μm and HV = 
= 1650‒1760 (Figure 1, a). Structure of weld metal in 
all the joints is also ferritic-pearlitic (F‒P) (Figure 1, 
b‒d).

In the center of the metal of the weld without eee 
the size (width) of pearlite crystallites is equal to hcr 
(P) = 140–340 μm (Figure 1, b) at HV (P) = 2060 MPa, 
and the width of ferrite grain is hcr (F) = 40–100 μm 
and HV(F) = 1810–1870 MPa. In the weld root hcr (P) 
and hcr (F) are equal to 60–100 μm. On FL, similar to 
the weld root, a slight lowering of microhardness was 
achieved, compared to the weld center — by 130 and 
110–170 MPa, respectively.

studies of the sample with lmf application 
showed that the width of F‒P crystallites in the weld 
metal structure is equal to: hcr (P) = 100–160 μm 
(figure 1, c) at HV(P) = 1990–2080 MPa; hcr (F) = 
40–100 μm at HV (F) = 1760–1930 MPa. In the weld 
= root hcr (P) = 60–140 μm and hcr (F) = 20–40 μm. On 
fl hcr (P) = 60–140 μm and hcr (F) = 20–40 μm with 
a slight increase of microhardness, compared with 
the weld center: HV(P) = 1990–2280 MPa, HV(F) = 
= 1680‒1990 MPa. Note that in the welded joint with 
lmf application in fl zone, i.e. at transition from the 
weld metal to HAZ I, a large cold crack of 1600 μm 
length formed (figure 1, e).

Table 1. Width (μm) of welded joint HAZ sections

hAZ 
subzones

welded joints

without eee lmf tmf

I 1000‒1600 1000‒1600 1600‒2200
II 1000 1200 1600
III 600 1000 1400
Iv 600 800 1000

Figure 1. Microstructure (×250) of welded joints of 09G2S steel: a — BM; b–d — weld metal; e — FL, produced without EEE (b), 
with application of lmf (c, e) and TMF (d)
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Investigations of a sample with tmf application 
revealed that the width of the crystallites in the weld 
metal hcr (P) = 100–200 μm (Figure 1, d) at HV (P) = 
= 1930 MPa, and the width of ferrite grains — hcr 
(F) = 20–60 μm at HV(F) = 1600–1760 MPa. In the 
weld root and on fl grain size hcr (P) = 60–220 μm 
and hcr(F) = 40–140 μm at HV(P) = 1930‒2060 MPa, 
HV(F) = 1600–1760 MPa.

Investigations of the hAZ metal of welded joints 
(Figure 2) showed in HAZ I of a sample without EEE 
a pearlite structure with size Dgr (P) = 100–360 μm and 
interlayers of ferrite δ(F) = 30–70 μm at HV (P) = 2130–
2210 mpa (figure 2, a), HV (F) = 1810–1990 MPa. 
In HAZ II the structure is refined to Dgr (F‒P) = 30–
80 μm, microhardness is practically unchanged (HV 
(P) = 2060 MPa; HV (F) = 1870–1930 MPa) (Figure 2, 
d). In HAZ III, IV Dgr (F‒P) = 10–50 μm at HV (F‒P) = 
= 1810–1930 MPa (Figure 2, g).

Investigations of a sample with lmf application 
revealed formation in hAZ I of p-structure with size 
Dgr (P) = 140–340 μm and interlayers of ferrite δ(F) = 
= 20–100 μm at HV (P) = 2130–2210 MPa (Figure 2, 
b), HV (F) = 2060 MPa. In HAZ II‒IV the structure 
is noticeably refined to Dgr (F‒P) = 30‒100 μm (HAZ 
II, figure 2, d); Dgr (F‒P) = 10‒40 μm (HAZ III, Fig-

ure 2, e) and Dgr (F‒P) = 20–80 μm (HAZ IV). In HAZ 
zone II the microhardness practically corresponds to 
that in hAZ I at its further lowering in hAZ III, Iv to 
HV (F‒P) = 1700–1930 MPa.

At tmf application in hAZ I, a pearlite struc-
ture forms with Dgr (P) = 100–280 μm and interlay-
ers of ferrite δ (F) = 20–50 μm (Figure 2, c) at HV 
(P) = 1990–2060 MPa, HV (F) = 1760–1930 MPa. 
In HAZ II a fine-grained structure (Dgr (F‒P) = 20–
70 μm (Figure 2, f)) forms, microhardness decreases 
slightly (HV (P) = 1870–1990 MPa; HV (F) = 1760–
1810 MPa). In HAZ III, IV the structure is refined 
to Dgr (F‒P) = 10–70 μm (Figure 2, i) at HV (F‒P) = 
= 1700‒1870 MPa (HAZ III) and HV (F‒P) = 1760–
1930 MPa (HAZ IV) at HV (F‒P) = 1810–1930 MPa.

comparison of HV (Figure 3) and microstructure 
(Figure 4) parameters of the studied samples revealed 
the following. In a sample produced without eee, a 
noticeable HV increase is observed in HAZ I and II 
compared to weld metal (figure 3, a). In a sample 
with lmf application (figure 3, b), an increase of HV 
is observed near FL from the weld side and in HAZ I, 
compared to a sample without EEE. Here, ΔHV gra-
dient is equal to 320 mpa. It can cause cracking with 
further brittle fracture of the welded joint. The most 

Figure 2. Microstructure (×250) of HAZ metal of 09G2S steel welded joints in subzones: a–c — HAZ I; d–f — HAZ II; g–i — HAZ 
III, IV obtained without EEE (a, d, g) with application of LMF (b, e, h) and TMF (c, f, i)
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uniform HV level both in the weld metal and in the 
HAZ, is observed in the welded joint produced with 
tmf application (figure 3, c).

At application of lmf and tmf the grain structure 
in the welded joints is slightly coarsened in the weld 
metal near fl, compared to a sample without eee 
(Figure 4). At transition to the HAZ, the structure is 
refined; slightly at LMF application and to a greater 
extent at TMF. Here, the width of ferrite interlayers at 
TMF decreases by 1.4 and 1.7 times on average, com-
pared to samples without eee or lmf. moreover, at 
TMF application in HAZ I and II the grain is refined 
1.3 times on average, compared to a sample without 
eee. such a dispersion of the structure will ensure 
both the strength, and higher fracture toughness of the 
metal and welded joint crack resistance, respective-
ly. It should be also noted that EEE influence on the 
structural changes is the most evident in such local 
areas of welded joints and fl and hAZ I, and II.

Thus, it was established that the impact of EEE, in 
particular, of lmf and tmf, affects the hAZ dimen-
sions, microstructure and microhardness of the metal 
of welds and hAZ, and crack formation in welded 
joints of low-alloy 09G2S steel.

At lmf application a coarse-grained structure 
forms, microhardness gradients are observed and 
cracks appear in FL zone. It can cause further brittle 
fracture of the welded joint.

TMF application ensures grain structure refine-
ment in the overheated (HAZ I) and normalized (HAZ 
II) subzones, uniform level of microhardness, both in 
the weld metal, and in the HAZ subzones. Such struc-
tural changes will provide the strength, will improve 
the fracture toughness of the metal and will ensure 
cracking resistance of the welded joint, respectively.

CONCLUSIONS
1. In arc welding the impact of alternating magnetic 
fields affects the microhardness, microstructure pa-
rameters of welded joint metal and hAZ dimensions.

2. In welding low-alloy steel, the impact of ex-
ternal electromagnetic field is manifested to a great-
er extent in the zone of FL and HAZ in overheated 
(coarse-grain) and normalized (complete recrystalli-
zation) zones.

3. After application of the longitudinal magnetic 
field in FL zone, formation of a coarse-grain structure 

Figure 3. microhardness (HV) of the metal of welded joints of 
09G2S steel produced without EEE (a), with application of LMF 
(b) and TMF (c)

Figure 4. Structural parameters of the metal of 09G2S steel weld-
ed joints produced without eee (a), with application of LMF (b) 
and tmf
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at microhardness gradients led to cracking. It can be 
the cause of further brittle fracture of the welded joint.

4. Application of a transverse magnetic field en-
sured formation of the most favourable structure of 
welded joint metal at uniform level of microhardness, 
both in the weld metal, and in the HAZ subzones, 
and marked refinement of the structure in overheat-
ed (HAZ I) and normalized (HAZ II) zones. Such 
structural changes will both ensure the strength, and 
improve the fracture toughness of metal and crack re-
sistance of the welded joint, respectively.

5. In welding low-alloy steel under eee impact, 
the most effective is application of transverse magnet-
ic fields, in which the induction vector is normal to the 
electrode and arc axes.
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ABSTRACT
The technological concept of flash-butt welding with resistance preheating using a reusable intermediate insert of a material 
with a high electrical resistance is proposed and substantiated by calculation. Calculation and experimental results indicate 
a significant effect of using intermediate insert during resistance heating: the temperature at both characteristic spots grows 
significantly at all investigated values of current density, insert thickness and heating time. The specified effect is achieved 
by intensifying and localizing the process of heat generation in the contact area of parts and correspondingly by reducing the 
energy loss for heating the secondary circuit of the welding machine.

KEYWORDS: flash-butt welding, resistance heating, aluminium alloy, mathematical modeling, temperature field

INTRODUCTION
An effective technology for producing permanent 
joint in the manufacture of load-carrying elements of 
aircrafts from rectilinear (stringers) and circumfer-
ential (shells) billets, pressed profiles of a developed 
and a compact cross-section (frame rings) is flash-butt 
welding (FBW). This method provides a high stable 
quality of joints, combines assembly and welding 
operations in a single cycle and does not require the 
use of auxiliary consumables [1‒3]. In welding billets 
of aluminium alloys of up to 12 mm thickness, fbw 
technology provides high indices of strength and a 
high-quality (defect-free) joining at a slight width of 
the heat-affected zone (HAZ).

In FBW of profiles from aluminium alloys of larg-
er thickness it is necessary to carry out a resistance 
preheating of billets by passing high-density electric 
current with a subsequent moving of billets apart and 
performing flashing and upsetting.

fbw technology with resistance preheating is 
widely used in various industries, in particular for 
joining parts of different thickness and configuration 
of steels of different classes [4‒7]. In FBW of railway 
rails, preheating by current pulses [4, 5] (Figure 1, a) 
is used to provide the heat removal from the ends deep 
into billets. For more efficient resistance heating of 
billets from aluminium alloys, which have high val-
ues of electrical and thermal conductivity, continuous 
passing of current is used [1‒3] (Figure 1, b).

Figure 1. Cyclograms of the FBW process with preheating by current pulses (a) [5] and continuous (b) current passing [2]
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such heating process has low energy indices, and 
its duration reaches 80 % of the total welding duration 
[1]. Moreover, to ensure the formation of defect-free 
joints with an increase in the thickness of welded bil-
lets, the required resistance preheating temperatures 
grow. In particular, in [2] it is shown that in FBW of 
2219 alloy, the optimal conditions of deformation 
during upsetting are provided during heating of the 
contact zone at the intensive deformation area to a 
temperature of about 400 °C. The need in increasing 
the resistance preheating temperature causes addition-
al energy consumption for heating of the secondary 
circuit of the welding machine. At this time, the du-
ration of the resistance heating stage grows, which 
leads to an increase in the width of welded joints hAZ 
and negatively affects the mechanical and operational 
properties of welded products from aluminium alloys.

Increasing the efficiency of resistance preheating, 
reducing its duration and loss of energy for heating 
of the secondary circuit of the welding machine is an 
urgent problem, the solution of which will provide 
significant energy saving and an improvement in the 
mechanical properties of welded joints of products of 
high-strength aluminium alloys.

the known technical solutions, where in order to in-
crease the efficiency of heating in FBW, an interlayer in 
the form of a composite insert is used, in particular in 
welding of steel fittings [8], as well as in the form of a 
nanolayered foil (NF), in particular, in welding of titani-
um aluminides in similar [9] and dissimilar [10] joints.

In [8] in FBW of steel fittings, an interlayer repre-
sented a fluxed composite insert of profiled sheet of 
low carbon steel, which allowed localizing the process 
of heat generation in the contact zone. It is shown that 
when the current passes through the joint with an in-
sert, which has a higher specific resistance, its intense 
heating and melting occurs. At the same time, the lo-
calization of heat generation is provided as compared 
to the traditional way of resistance heating, which con-
tributes to the formation of quality joints at a smaller 
hAZ width than in welding without using an interlayer.

The authors [9, 10] investigated the features 
of formation of similar and dissimilar joints of 
Ti‒46Al‒2Cr‒2Nb alloy based on γ-ТіАl titanium 
aluminide in fbw, in particular, using interlayers in 
the form of nf. the work indicates that the presence 
of NF in the contact zone contributes to the formation 
of a thin layer of liquid phase at the initial stage of the 
heating process, localization of the heat generation 
process, the activation of the surfaces of both alloys at 
a much smaller duration of the heating stage as com-
pared to welding without using an interlayer.

In [8‒10] an intermediate insert represented thin 
foils, which are melted in the welding process and 
mainly displaced from the contact zone during upset-

ting, but they can partially remain in welded joints, 
significantly affecting their mechanical properties.

Unlike the abovementioned schemes of using a 
disposable insert that remains in the joint, for resis-
tance preheating in fbw, it was suggested to use a 
reusable insert from a material with high indices of 
melting point and ohmic resistance. the technological 
concept of FBW applying a reusable intermediate in-
sert was proposed, which is somewhat similar to butt 
welding process of polymer materials with heated 
tool [11]. However, it is significantly different, since 
the heat generation occurs both in the insert as well as 
in the welded parts, and the process of the temperature 
field formation depends on electrical and thermal pro-
cesses, taking into account their complex interaction.

The aim of the work is to find the possibility of 
increasing the efficiency of resistance preheating pro-
cess in FBW of aluminium alloys by intensification 
and localization process of heat generation in the 
contact area of the billets using an intermediate insert 
from a material with a high ohmic resistance.

RESEARCH METHODS, PROCEDURE, 
MATERIALS, EQUIPMENT
In the work, calculation and experimental research 
methods were used, in particular, the thermal cycles 
were calculated and the temperature fields were de-
termined in the contact area of the billets using math-
ematical modeling of the heating process and by the 
empirical method while conducting experiments in 
the laboratory conditions.

The experiments were performed in a modernized 
K607 machine for FBW with a converted welding cir-
cuit, where as a power source, a welding transformer 
with 75 kV∙A power was used, located directly under 
the current-conducting clamps of the machine.

For conducting experimental welds, the speci-
mens of 2219 aluminium alloy with a cross-section of 
32×60 mm were used. An intermediate insert repre-
sented plates of austenitic steel 12Kh18n10t of 7 mm 
thickness. The temperature fields were experimentally 
investigated using a computerized temperature regis-
tration system based on 8-channel USB-module for 
thermocouples Advantech usb-4718 using the chro-
melle-alumel thermocouples with a diameter of 0.5 mm.

figure 2 shows the program for changing fbw 
mode parameters, which provides a consecutive 
change of four main stages of heating before forming 
a welded joint during upsetting. between I and II stag-
es, moving of the welded parts apart and clamping of 
the intermediate insert between them is performed, 
and between II and III stages, respectively, moving of 
the parts apart and removing of the insert from the gap 
between them is performed.
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the scheme of the intermediate insert arrange-
ment between the welded parts offered in this work is 
shown in figure 3. In such a scheme of heating, the 
amount of heat dQ generated in the parts during resis-
tance heating over the period of time dt according to 
the law of Joule‒Lenz, can be represented as

 
2
w in p c( 2 ) ,= + +dQ I R R R dt

 
(1)

where Iw is the welding current; Rin is the electric cur-
rent of the insert; Rp is the electrical resistance of the 
welded parts; Rc is the transitional contact resistance 
between the parts and the insert.

CALCULATION STUDY 
OF THE RESISTANCE HEATING PROCESS
In fbw with resistance preheating, it is essential to 
achieve a certain value of temperature in the inten-
sive deformation zone. the optimal conditions for the 
welded joint formation during upsetting are created 
when the yield and tensile strength of the material of 
the billets in the deformation zone are equal [2]. In 
this case, producing of welded joints is provided with 
a minimum level of inner stresses with the absence 
of microcracks and other defects. In fbw with the 
forced formation, the width of the intensive deforma-
tion zone practically coincides with the value of the 
upsetting tolerance, so the optimal conditions for de-
formation of the billets from 2219 alloy are created at 
a temperature of about 400 °С [2].

To optimize the temperature field, during resistance 
preheating of the billets, it is essential to reach the set 
temperature at characteristic spots, namely: at the first 
one – at the ends of the billets (contact zone) and at the 
second one – at a distance of about 30 mm from the con-
tact zone. This value, which was determined on the ba-
sis of a previous practical experience on FBW of thick-
walled parts of aluminium alloys, corresponds to half of 

the set value of the total welding tolerance lw = 60 mm 
(lw/2 = 30 mm), i.e., the second characteristic spot after 
performing the processes of flashing and upsetting will 
be in the plane of the welded joint.

As the criterion of efficiency of resistance heating, 
reaching a set temperature at the characteristic spots 
of parts at the least time at a set value of current den-
sity was considered. from the point of view of sta-
bility of flashing stages at a constant rate and intense 
flashing (see Figure 2, III and IV stages), the desired 
result of resistance preheating is the achievement of 
the highest possible value of temperature at the first of 
the characteristic spots (contact zone), but not lower 
than 150‒200 °С [1, 12]. As the criterion of sufficient 
resistance heating of parts, reaching a temperature of 
150 °C at the second of the characteristic spots (at a 
distance of 30 mm from the contact zone) was con-
sidered. In this case, in the process of the next stages 
of fbw, a gradual heating of the parts to a tempera-
ture of 400 °C is achieved in the deformation zone 
between the forming devices of the welding machine 
and the necessary conditions for the formation of de-
fect-free welded joints are provided during upsetting.

The process of the temperature field formation in 
FBW is predetermined by the complex distribution of 
Joule heat sources. heat transfer which, along with 
heat generation forms a temperature field in metal, is 
performed in a conductive way. the thermal conduc-
tivity of metal, its specific electrical resistance and 
other physical properties depend significantly on the 
temperature. the welding current, which determines 
the intensity of thermal impact on the metal depends 
on the open-circuit voltage, resistance of welded parts 
and inner resistance of the machine for resistance 
welding. therefore, an adequate mathematical mod-
el of the process of the temperature field formation 
during resistance heating should include a description 
of electrical and thermal processes in the welded met-
al, taking into account their complex interaction. The 
welding current (current density) should be set on the 
basis of experimental data. The heat generation is de-
termined by the calculation way, taking into account 
the electrical resistance of the welding zone, and the 
properties of the metal at each spot of the calculated 

Figure 2. program for changing parameters of fbw process with 
resistance preheating using an intermediate insert: І — prelim-
inary flashing; II — resistance heating through an intermediate 
insert; III — flashing at a constant rate; IV — intensive flashing 
(forcing) before upsetting; 1 — welding current I2; 2 — secondary 
open-circuit voltage of the welding transformer U2o.-c; 3 — move-
ment of the moving column of the welding machine Vm

Figure 3. scheme of the resistance heating process through an 
intermediate insert in the current-carrying clamps of the machine 
for fbw (lw — tolerance for welding)
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area should be set according to the current distribution 
of the temperature filed of a part.

unlike the predominantly volumetric heat genera-
tion in the billets between the current-carrying clamps 
of the welding machine during resistance heating with-
out an insert (transient contact resistance between the 
parts from aluminium alloys is insignificant), during 
resistance heating through the insert, an additional 
source of heat generation appears, which can be linear 
(at a slight thickness of the insert, in particular, when 
using thin foil) or volumetric (when using a plate with 
a thickness of several millimeters). In the latter case, 
the temperature field in the heated parts will be formed 
according to a law close to the exponent.

the calculation scheme for the case of a one-di-
mensional problem is shown in Figure 4.

to simplify the calculation, the temperature distri-
bution in the cross-section of the welded billets can 
be neglected. Based on this, the problem is solved in 
a one-dimensional statement. the one-dimensional 
nonstationary heat conduction equation for the case 
of a onedimensional problem in Cartesian coordinates 
has the following form [13]

 
( ) ( ) ( ) v

T Tc T T T q ,
t x x

∂ ∂ ∂ g = l + ∂ ∂ ∂   
(2)

where T is the temperature, K; t is the time, s; qv is the 
volumetric density of inner heat sources, w/m3.

Discretization of the calculation area was carried 
out, which consists in replacing the continuous deter-
mination area and the continuous area of the function 
value for the corresponding discrete areas. In our non-
stationary problem, it is necessary to discretize both 
the spatial calculation area as well as the time. As the 

beginning of the countdown, let us choose one of the 
ends of the parts that is heated.

On the section of the axis x, let us select the spot xi, 
i = 0 ‒ 1, … , n – 1, n. let us assume that the distance 
between two adjacent discretization spots хi and хi+1, 
equal to the discretization step h, will be the same, 
i.e., the discretization of the computational domain is 
uniform. At the same time, to each discretization spot 
xi the value of the temperature ti corresponds.

the welded specimen has a cross-section with di-
mensions a×b. therefore, the volume of one element 
is determined by the formula a×b×h. If the nonlineari-
ty of the thermophysical properties of the heated parts 
is not previously taken into account (dependencies 
l(T), c(T) and g(T)), then the nonlinearity of the prob-
lem will consist only in taking into account the depen-
dence of the power density of the Joule heat source qs:

 

2 2

2 2
( ) ( )( ) ,( )J

I T h I Tq T abh ab a b
ρ ρ

= =
 

(3)

where ρ(T) is the temperature dependence of the spe-
cific electrical resistance of the parts.

Taking the expression (2) into account, let us write 
down the approximation of the initial differential 
equation of thermal conductivity (1) for the i-th spa-
tial spot and the j-th moment of time
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Figure 4. scheme of the mesh of calculation model

Table 1. Thermophysical characteristics of 12Kh18N10T steel and 2219 alloy

T, °С
12Kh18n10t 2219 alloy

λ, W/(m∙K) c, J/(kg∙K) ρ∙10‒9, Ohm∙m λ, W/(m∙K) c, J/(kg∙K) ρ∙10‒9, Ohm∙m

20 15 450 725 130 0.8 55.3
100 16 462 792 142 0.86 62.4
200 18 496 861 155 0.92 72.2
300 19 517 920 163 1.05 77.2
400 21 538 976 167 1.05 85.6
500 23 550 1028 ‒ ‒ ‒
600 25 563 1075 ‒ ‒ ‒
700 27 575 1115 ‒ ‒ ‒
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where Ti
* is the temperature in the calculation node at 

the previous time step (the step size is Δt); ci(Ti
*), γi(-

Ti
*), λi(Ti

*) is the temperature dependence of heat ca-
pacity, density, and thermal conductivity of the heated 
parts, respectively.

To calculate the temperature field, the following 
input data are entered into the mathematical model: 
geometric dimensions of welded parts and thickness 
of an intermediate insert; thermophysical characteris-
tics of aluminium alloy and intermediate insert mate-
rial (Table 1). The basic input parameters of heating 
mode are current density and heating time.

using the developed mathematical model, the 
temperature fields during resistance heating of bil-
lets of 2219 aluminium alloy with a cross-section of 
32×60 mm was calcualted depending on the thickness 
of the intermediate insert hin of steel 12Kh18N10Т at 
a heating time th = 60 s (Figure 5) and different current 
density J at th = 40 s (Figure 6).

Based on the obtained data, the dependence of the 
temperature of the characteristic spots of the welded 
joint on the current density during resistance heating 
without an insert and with the use of an intermediate 
insert of steel 12Kh18N10Т was plotted (Figure 7).

The analysis of the obtained calculated tempera-
ture fields (Figure 5) shows that during resistance 
heating without inserting the parts of 2219 alloy 
with a cross-section of 32×60 mm at a time before 
th = 60 s at a current density J = 7.5 and 10 A/mm2, the 
achievement of the specified temperature in the char-
acteristic spots of the parts — in the contact zone and 
at a distance of 30 mm from the ends is not provided. 
The temperature distribution necessary for the for-
mation of high-quality joints during resistance heat-
ing without an insert is achieved at a current density 
J ≥ 12.5 A/mm2 (Figure 6, a), which in practice caus-
es significant energy losses for heating the secondary 
circuit of the welding machine and the need in using 
power sources of high capacity.

the results of the calculations shown in figures 5 
and 6, b, indicate a significant effect of using an in-
termediate insert during resistance heating — the 
temperature at both characteristic spots grows signifi-
cantly at all the investigated values of current density, 
insert thickness and heating time. It was found that the 
efficiency of the resistance heating process through 
the intermediate insert depends on its thickness: the 
set temperature distribution in the parts of 2219 alloy 
at the current density J = 10 А/mm2 and heating time 
th = 60 s is achieved at hin ≥ 6 mm.

For a set thickness of the insert, the efficiency of the 
heating process increases with a growth in the current 
density J (Figure 6, b), in particular, the set tempera-
ture distribution in the parts at hin = 7 mm and heating 
time th = 40 s is achieved for all the investigated val-
ues of the current density J, except of J = 7.5 А/mm2. 
A significant increase in temperature in the contact 
zone for all the values of the investigated parameters 
during heating through the insert should be noted, in 
particular at J = 12.5‒15 А/mm2 to Т = 300‒420 °С as 
compared to T = 180‒270 °С during heating without 
an insert. the last fact is particularly important from 
the point of view of the stability of the flashing stages 

Figure 5. Calculated temperature fields during resistance heating 
through an intermediate insert of 12Kh18n10t steel of the thick-
ness hin = 2 (2), 6 (3), 12 (4) mm and without an insert (1) (hin = 
= 0 mm) for the current density J = 10 А/mm2 and th = 60 s (Z — 
distance from the ends of parts)

Figure 6. Calculated temperature fields during resistance heating without an insert (a) and through an intermediate insert of 12Kh18N10T 
steel of the thickness hin= 7 mm (b) at th = 40 s and current density J = 7.5 (1), 10 (2), 12,5 (3), 15 (4) А/mm2



23

feAtures of resistAnce preheAtinG in flAsh-butt welDinG of thicK-wAlleD pArts                                                                                                                                                                                                    

                                                                                                                                                                               

at a constant rate (see Figure 2, II stage) and intensive 
flashing before upsetting (IV stage), and from a prac-
tical point of view it makes it possible to guarantee 
the absence of welding defects (lacks of penetration, 
oxide films, matte spots) at a significantly lower pow-
er source of the welding machine.

The obtained results confirm the assumption that 
during resistance heating through an insert, an ad-
ditional volume source of heat generation appears, 
which ensures more rapid heating of the metal at both 
characteristic spots — in the zone of intense deforma-
tion during upsetting and the contact zone of the parts 
and causes a decrease in energy loss for heating the 
secondary circuit of the welding machine.

EXPERIMENTAL STUDY 
OF RESISTANCE HEATING PROCESS
The experiments on studying thermal cycles of re-
sistance heating of the parts with a cross-section of 
32×60 mm of 2219 aluminium alloy were carried out 
at the secondary voltage of the transformer U2o.-c = 3 V. 
the chromel-alumel thermocouples with a diameter 
of 0.5 mm were mounted in the parts at a distance 
of 5, 10, 20 and 30 mm from the ends on the inner 
side of the secondary circuit of the welding machine. 
The parts were heated directly (without an insert) and 
through an intermediate insert of 12Kh18n10t steel 
at a current density of about 10 A/mm2 and heating 
time th = 40 and 85 s. Based on the calculation results, 
indicating the expediency of using the insert when 
its thickness is hin ≥ 6 mm, the experimental study of 
temperature fields was carried out at hin = 7 mm.

The results of the experiments show that without 
using an intermediate insert at the set energy param-
eters of the preheating mode, it was impossible to 
achieve the required distribution of the temperature 
field during the time th = 40 and 85 s (Figure 8, curves 
2, 3). At th = 85 s the process of heating almost trans-
ferred to a quasi-stationary state. the temperature in 

the contact zone at th = 85 s amounts to about 170 °С, 
and at a distance of 30 mm it was 140 °С. During 
heating of parts through the insert of 12Kh18n10t 
steel, the temperature in both characteristic spots is 
significantly increased and the temperature distribu-
tion required for the next stages of flashing is achieved 
during the time th = 40 s (Figure 8, curve 1).

It is worth noting a significant increase in tempera-
ture in the contact zone while heating through the insert 
at th = 40 s, and a much higher gradient of tempera-
ture field as compared to heating without the insert at 
th = 85 s. The experimentally established growth of 
temperature in the contact zone is especially important 
in terms of stability of flashing stages and preventing 
the formation of defects in welded joints. In fbw of 
heat-strengthened alloys, the reduction in the duration 
of resistance heating contributes to minimizing nega-
tive structural and phase transformations in the heat-af-
fected zone and causes maintaining of the values of 
strength, corrosion resistance and other service proper-
ties of welded products at a higher level [12].

Experimental study of temperature fields in the 
parts from 2219 alloy during their resistance heating 
using an intermediate insert of 12Kh18n10t steel at 
th = 40‒85 s indicates the intensification and localiza-
tion of the heat generation process in the contact area 
as compared to the heating process without the insert 
and confirm the calculation data according to the pro-
posed generalizations.

Therefore, the results of the calculations and the ex-
perimental study of the temperature fields indicate an 
increase in the efficiency of the process of resistance 
preheating in fbw of aluminium alloys using an in-
termediate insert from the material with high electrical 
resistance. The mentioned effect is achieved by intensi-
fication and localization of the heat generation process 
in the contact zone of parts and a corresponding reduc-
tion in the «irrational» energy loss on heating of the 
secondary circuit of the welding machine.

Figure 7. calculated dependence of temperature of the charac-
teristic spots of the welded joint on current density J in resistance 
heating using an intermediate insert of 12Kh18n10t steel and 
without it

Figure 8. Temperature fields during resistance preheating using 
an intermediate insert of 12Kh18n10t steel of the thickness hin = 
= 7 mm (1) and without an insert (2, 3) during heating time th = 40 
(1, 3) and 85 s (2)
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CONCLUSIONS
1. The technological concept of flash-butt welding 
(FBW) of thick-walled parts from aluminium alloys 
with resistance preheating applying a reusable inter-
mediate insert. The efficiency of the process of resis-
tance preheating in FBW of 2219 aluminium alloy 
using an intermediate insert of 12Kh18n10t steel 
was investigated by calculation. As the criterion of 
the effectiveness of resistance heating, the achieve-
ment of the set temperature in the characteristic spots 
of the parts — in the contact zone and at a distance of 
30 mm from the ends of the parts in the shortest time 
at the set value of the current density was considered.

2. It was established that as compared to direct re-
sistance heating of parts using an intermediate insert of 
12Kh18N10T steel, the temperature rises significantly 
at both characteristic spots at all investigated values of 
current density, thickness of the insert and heating time.

3. for the set thickness of the insert hin in the studied 
range hin = 2‒12 mm the efficiency of the heating pro-
cess increases with a growth in the current density J, and 
at the set value of J in the range J = 7.5‒15 А/mm2 — at 
an increase in the thickness of the insert.

4. A significant increase in the gradient of the tem-
perature field in the parts during heating through the in-
sert was established: the temperature in the contact zone 
at J = 12.5‒15 А/mm2 amounted to Т = 300‒420 °С as 
compared to Т = 180‒270 °С during heating without 
an insert. the mentioned result is important from the 
point of view of the stability of the subsequent stages 
of flashing in FBW and from a practical point of view, 
it makes it possible to guarantee the absence of welding 
defects at a significantly lower capacity of the power 
source of the welding machine.

5. An experimental study of the temperature fields 
in the parts of 2219 alloy during their resistance heat-
ing using an intermediate insert of 12Kh18n10t steel 
is confirmed by the calculated data and they indicate 
the intensification and localization of the heat gener-
ation process in the contact zone as compared to the 
heating process without an insert.
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chArActerIstIcs Of fOrmAtIOn AnD prOpertIes 
OF BRASS‒STEEL JOINT PRODUCED 
by AutOvAcuum clADDInG
I.P. Serebryanyk, M.A. Polieshchuk, T.O. Zuber, A.I. Borodin, A.Yu. Tunik, O.A. Los

e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
The technological features of producing a brass‒steel joint by the method of autovacuum heating are considered. The thick-
ness of the brass layer after machining was 10 mm. Studying the structures and chemical composition of various joint zones 
confirmed the solution-diffusion nature of interaction of liquid brass with steel. Microhardness measurements showed absence 
of hard and brittle structures. A high quality of the joint was confirmed by mechanical tests of the two-layer joint for static 
bending, tear and shear.

KEYWORDS: brass, steel, two-layer joint, autovacuum heating

INTRODUCTION
The joints of brass and carbon steels are used in 
manufacture of various products. these are two-lay-
er sleeves, supporting components [1], rolled sheets 
with a cladding layer from copper alloys [2], joints of 
steel and cast iron parts, where brass is used as filler 
metal [3]. These joints mostly form under atmospher-
ic pressure. brazed joints are also produced in vacu-
um or controlled atmosphere.

Normative documents for manufacture of tube 
plates for modern tubular heat exchangers envisages a 
high quality of brass‒steel joint at joint area of more 
than 1.5∙104 cm2 and 10 mm thickness of the cladding 
layer [4].

The objective of the work is development of a 
cost-effective technology of producing a sound brass‒
steel joint of a large area with up to 10 mm thickness 
of the brass. Here, equipment currently available at 
industrial enterprises should be used.

The experimental part of this work is a continuation 
of the performed studies of liquid copper interaction 
with steel [5] and it confirmed their main conclusions.

EXPERIMENTAL MATERIALS 
AND PROCEDURE
The steel base of the joint was made from St14G2 steel 
[6], the brass layer — from L59 brass [7]. The assem-

bled package for cladding was sealed by making vacu-
um-tight welds. 2nvr-5Dm vacuum pump was used to 
pump air out of the package to 2∙10‒2 pa. samples were 
heated in snOl-04534 thermal furnace.

metallographic analysis method was used to study 
the macro- and microstructure of the longitudinal and 
transverse sections of the produced joints. Investiga-
tions were performed using neohpot-32 optical mi-
croscope, fitted with an attachment for digital filming. 
the system of image recording was realized using 
Quickphoto computer program.

samples for metallographic investigations were pre-
pared by standard procedures. Microhardness was mea-
sured in m-400 hardness meter of lecO company at 
0249 and 0496 N. The reagents for revealing the sample 
microstructure (Table 1) were selected, based on our de-
velopments and recommendations of work [8].

Sample investigations by the methods of scanning 
electron microscopy (SEM), and X-ray microprobe 
analysis (XRMA) were conducted in Jamp-9500F in-
strument of Jeol Company, Japan, fitted with X-ray 
energy-dispersive spectrometer IncA penta fet×3 
(OXFORD INSTRUMENTS). The energy of the pri-
mary electron beam was equal to 10 keV at 0.5 mA 
current for sem and XrmA methods and 10 mA cur-
rent for Auger-electron spectroscopy. Auger spectra 
were recorded with energy resolution ΔE/E = 0.6 %. 

Table 1. reagents for metallographic etching of the samples

etching purpose reagent composition method of application note

revealing 
the microstructure

hnO3 — 50 ml 
h2O — 50 ml

chemical etching at intensive stirring 
of the reagent t = 20 °C, τ = 5–30 s Oxide film removal: 

HCl — 20 ml 
h2O — 80 ml, τ = 1–3 s, 

t = 20 °C
revealing 

the macrostructure

hnO3 — 50 ml 
h3pO4 — 25 ml 

(ch3COOH) — 25 ml

chemical etching at intensive stirring and heating 
of the reagent up to t = 70 °C, τ = 5–30 s
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prior to investigations, the sample surface was cleaned 
directly in the instrument analysis chamber by etching 
by argon ions Ag+ with 1 kev energy for 10 nm/min. 
siO2 etching rate was nm/min. vacuum in the analysis 
chamber was in the range of 5∙10‒8–1∙10‒5 pa.

EXPERIMENTAL RESULTS
Obtaining a sound brass‒steel joint by pouring us-
ing open heating in a thermal furnace is impossible, 
because of formation of pores and discontinuities in 
brass, provoked by zinc evaporation [9]. Here, the 
brass layer surface has defects to the depth of down 
to 500 μm. It leads to high labour consumption for 
machining of the brass surface and additional brass 
consumption for technological allowance. figure 1 
shows a brass‒steel joint, produced by open heating, 
and the microstructure of the brass surface layer.

when searching for a replacement for open heating, 
the following known methods of producing two-layer 
brass‒steel billets were considered: explosion weld-
ing [10], submerged-arc surfacing [11], laser welding 
[12], plasma surfacing [13], etc. Application of these 
technologies, however, requires designing and manu-
facturing special equipment. 

Current experience of brazing application in au-
tovacuum to produce brass‒steel joints [14] showed 
that this technology ensures a high quality of the joint 
at 0.5–3.0 mm thickness of the brass layer. Autovac-
uum application envisages use of available industrial 
equipment with minor additions. first of all, it was 
necessary to ensure deposition of a cladding layer of a 
uniform thickness at minimum allowance for machin-
ing, which was achieved by application of a scheme 
of cladding with forced replenishment (Figure 2).

All the welds were made on the assembled package 
and checked for tightness. A vacuum pump was used 
to pump out air from the inner cavity to 2∙10‒2 pa. the 
assembly was heated in a standard thermal furnace at 
T = 1000 °C and soaking for 15 min. Cooling was 
performed with the furnace to 400 °C, then — with 
open door at atmospheric conditions.

A feature of heating the assembly located in the 
container with a vacuumized cavity, is the fact that heat 
transfer is performed only by radiation due to absence 
of gas in the cavity. The time required for the assembly 
heating is equal to 13 min, for specific dimensions of 
the clearance between the container walls and assembly 
surface. therefore, when designing the heating mode it 
was necessary to increase the assembly soaking time at 
brazing temperature by 13(15) min.

At examination of the brass layer (after removal of 
the cover by machining) it was found that brass melt-
ed completely both in the main cavity, and in the re-
plenishment cavity, and good wetting of the steel part 
is in place. No pores or discontinuities were observed 
in the brass cross-section (Figure 3).

The strength and reliability of brass‒steel joint 
is directly related to the structure and composition 
of metal in the contact zone. metallographic inves-
tigations showed that st14G2 steel preserves its fer-
rite-pearlite structure after heating. the structure of 
L59 brass is two-phase (α+β), it consists of a light-co-
loured α-matrix and small areas of β-phase, which 
etches darker (Figure 4). After performance of anal-
ysis, it was found that chemical composition of brass 
changed after heating, and zinc content dropped from 
40 to 37 wt.%.

Figure 1. Brass‒steel joint produced by open heating: a — joint macrosection; ×1.5; b — discontinuity in the surface layer of brass, 
×100

Figure 2. Scheme of cladding the billet by flowing with forced 
replenishment: 1 — carbon steel base; 2 — brass sheet; 3 — brass 
for replenishment; 4 — cover; 5 — accumulator; 6 — nozzle for 
vacuum pump
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The questions of liquid brass interaction with solid 
steel are fundamental at prediction of the joint reli-
ability. These processes were repeatedly studied by 
different authors. some of them state that cracks form 
on the steel surface at its contact with liquid copper 
and its alloys during deposition, which are filled with 
liquid [15]. In this case, the composition of the metal 
filling the “crack” should be close to the initial one, 
and the “crack” tip cannot be filled completely, in 
keeping with the law of capillarity [5].

Another approach to interaction of the melt of cop-
per and its alloys with steel is given in detail in [5]. 
According to it, the interaction of brass melt with sol-
id steel takes place due to dissolution and diffusion of 
elements, located on the steel grain boundaries, and 
further separation and movement of these grains into 
the melt. In the areas of brass penetration, iron and 
other components of steel should be registered, in ad-
dition to initial elements.

At a considerable magnification, brass penetration 
into steel was recorded in the optical (figure 5, a) 
and electron (figure 5, b) microscopes to the depth of 
1.5–10 μm. The chemical composition of metal in the 
studied areas is given in Table 2.

After brass penetration into steel to the depth of 
10 μm, a considerable amount of iron is registered in 
it: 18.39–42.72 wt.% (areas 1, 2). In steel grains that 
separate and go into brass (areas 3, 4), copper is found 
in the amount of 5.68–10.85 and zinc in the amount of 
3.17–6.95 wt.%. In areas 5 and 6, where no interpene-
tration of metals is observed, the diffusion processes are 

less significant. In brass 4.34 % of iron, and in steel 3.49 
of copper and 3.09 wt.% of zinc were registered.

At analysis of microhardness in brass and steel areas 
located near the contact zone, no formation of solid or 

Figure 3. General view (a) and diametral cross-section (b) of the 
brass‒steel joint produced in autovacuum, ×0.5

Figure 4. Microstructure of brass‒steel joint after etching, ×100

Table 2. chemical composition of meal of the studied joint areas, 
wt.%

Area 
number si mn fe cu Zn

1 0.10 0.12 18.39 49.66 28.97
2 0.04 0.16 42.72 33.84 20.30
3 0.36 0.16 79.14 10.85 6.95
4 0.22 0.08 76.80 5.68 3.17
5 0.03 0.08 4.34 59.26 33.48
6 0.25 0.00 90.84 3.49 3.09

Figure 5. Zone of brass‒steel contact: a — optical, ×500; b — electron microscopic image ×1500 (etched)
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brittle structures was found (Figure 6). At the same time, 
it is necessary to pay attention to the structure of steel in 
the zone of contact with brass (Figure 7).

the chain of dark grains from the steel side is pearl-
ite grains. Carbon in steel is known not to interact with 
copper. Its concentration in the contact zone grows 
which at long-time soaking (more than 30 min) may 
lead to formation of a chain of brittle grains of pearlite 
along the contact boundary from the steel side. In this 
connection, the duration of soaking in the furnace is 
limited to 15 min. As a result, pearlite accumulations 
were insignificant which is indicated by microhardness 
investigations. the same effect was in place, when 
studying the interaction of liquid copper with steel [5].

testing for shear of the cladding layer, tearing of 
the cladding layer and static bending was conducted 
in order to determine the mechanical characteristics 
of brass‒steel joints. Shear testing of the cladding lay-

er was performed on samples (figure 8, a) which are 
used for two-layer steels produced by rolling [2]. The 
thickness of the sample cladding layer was brought 
to 5 mm by machining. As a result of testing, it was 
found that the ultimate shear strength of the brass‒
steel joint produced by heating in autovacuum is 
equal to 194.2 MPa.

static tearing tests of the cladding layer were con-
ducted on samples presented in figure 8, c. here, the 
die was of such a shape that it ensured tearing defor-
mation in the metal joint zone. the tearing strength 
limit of the cladding layer was equal to 266.7 MPa.

Static bend testing with cladding layer inside was 
performed on samples (figure 8, b) of 120×20×8 mm 
size, die diameter was 16 mm [17]. At 180° bending 
angle, no cracks visible to the naked eye were found 
on the sample surfaces.

DISCUSSION OF INVESTIGATION RESULTS
Analysis of the cost of production of a conventional 
unit of products by arc surfacing, explosion welding 
and developed technology of heating in autovacuum 
showed significant cost advantages of the latter. A 
scheme of the packet positioning at an angle to the 
vertical with feeding of an additional amount of liquid 
brass to the cladding layer ensured both obtaining a 
joint without casting defects or pores, and a high qual-
ity of the brass layer surface directly after cladding. 
here, the allowance for machining was minimal, met-
al and labour consumption for machining were also 
much lower than in other variants.

Metallographic investigations showed that no brit-
tle structures form in the joint zone. the interaction of 

Figure 6. Metal microhardness in brass–steel joint

Figure 7. Steel microstructure in brass‒steel contact zone, ×1600

Figure 8. Samples for mechanical testing of brass‒steel joints: a — shear testing of cladding layer; b — two-layer joint after static bend 
testing with cladding layer inside; c — before and after cladding layer tearing tests
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liquid brass with steel takes place without cracking in 
the steel layer. No unfilled tips, or brass penetration 
into the steel was found, metal composition is close to 
the initial brass composition with additions of some 
elements present in the steel. these results correlate 
well with those of earlier performed studies of liquid 
copper interaction with steel [5]. No structures with a 
high hardness form at interaction of steel and brass. 
the zone of higher hardness of the steel is equal to 
3–10 μm. It allows predicting high mechanical prop-
erties of the joint and high reliability of the product at 
operation under the conditions of thermal cycles.

The ultimate shear strength of the brass‒steel 
joint produced by heating in autovacuum was equal 
to 194.2 MPa, that is by 32 % higher than the nor-
mative value (147.1 MPa) [2]. Static bend testing of 
a two-layer joint with cladding layer inside showed 
that the joints of metal of the cladding and base layers 
meet the requirements [6, 2, 16] (out-of-plane bend-
ing until sides are parallel, cracks are absent). tearing 
strength which was equal to 266.7 MPa, is higher than 
the normative value by 52 % [10] (177.8 MPa after 
explosion welding and heat treatment).

CONCLUSIONS
1. A package of engineering works was performed on 
optimization of the technology of producing a two-lay-
er brass‒steel joint by heating in autovacuum. Obtained 
output data allow developing a production technology 
with maximal application of the available equipment.

2. metallographic investigations revealed the high 
quality of the joint microstructure.

3. mechanical characteristics of the produced 
brass‒steel joint completely meet the requirements of 
normative documents for manufacture of tube sheets 
of shell-and-tube heat exchangers.

4. the performed work is a continuation of inves-
tigations of interaction of liquid copper and its alloys 
with steel at heating in autovacuum. the mechanisms 
of interaction of the liquid and solid phases published 
earlier, are completely confirmed in this work.

REFERENCES
1. Kolesov, S.N., Kolesov, I.S. (2007) Materials science and 

technology of structural materials. In: manual for inst. for 
higher educ., 2nd Ed., Moscow, Vysshaya Shkola [in Russian].

2. Golovanenko, S.A., Meandrov, L.V. (1966) Production of bi-
metals. Moscow, Metallurgiya [in Russian].

3. (2003) Handbook on soldering. Ed. by I.E. Petrunin, 3rd ed., 
Moscow, Mashinostroenie [in Russian].

4. GOST 31842‒2012. Shell-and-tube heat exchangers. Techni-
cal requirements [in Russian].

5. Serebryanik, I.P. (2011) Autovacuum noncapillary structural 
brazing. Kyiv, Alfa-Reclama [in Russian].

6. GOST 19281‒89. Rolled steel with increased strength. Gen-
eral specifications [in Russian].

7. GOST 15527‒2004. Pressure treated copper zinc alloys 
(brasses). Grades [in Russian].

8. Bogomolova, N.A. (1978) Practical metallography. moscow, 
Vysshaya Shkola [in Russian].

9. perevezentsev, b.n., Krasnopevtsev, A.yu., fedorov, A.l. 
(1991) Study of zinc evaporation in brazing by copper-zinc 
braze alloys. In: Abstr. of Pap. of All-Union Sci.-Tech. Conf. 
on Brazing in Mechanical Engineering, Tolyatti [in Russian].

10. OST 5.9311‒78. Explosion welding of metals. Bimetallic bil-
lets for tube plates of heat exchange apparatuses. General 
specifications [in Russian].

11. (1971) Welding of steel structures. In: production of large 
structures, Issue 20. Ed. by A.I. Volkonsky. Trudy NPI TyaZh-
Mash, Uralmashzavod [in Russian].

12. Shmidt, M., Kuryntsev, S.V. (2014) Producing of bimetal 
joints by laser welding with full penetration. The Paton Weld-
ing J., 4, 45‒48.

13. Suvorin, A.V. (2011) Electrotechnological installations. 
Krasnoyarsk, SFU [in Russian].

14. poleshchuk, m.A., Atroshenko, m.G., puzrin, A.l., shevtsov, 
V.L. (2014) Estimation of possibility for producing full-
strength joint of large steel parts using the method of auto-
vacuum brazing of threaded profile. The Paton Welding J., 
10, 35–37.

15. Vajnerman, A.E. (1981) Mechanism of intercrystalline pen-
etration in surfacing of copper alloys on steel. Avtomatich. 
svarka, 6, 22–29 [in Russian].

16. Serebryanik, I.P., Atroshenko, M.G., Poleshchuk, M.A. et al. 
(2018) Properties of steel-copper bimetal produced by brazing 
in autonomous vacuum. The Paton Welding J., 5, 12–16. DOI: 
http://dx.doi.org/10.15407/tpwj2018.05.03

17. GOST 14019‒2003. Metallic materials. Method of bending 
tests.

ORCID 
I.P. Serebryanyk: 0000-0001-8654-1331, 
m.A. polieshchuk: 0000-0020-5992-4641, 
T.O. Zuber: 0000-0003-0789-1128, 
A.Yu. Tunik: 0000-0001-6801-6461

CONFLICT OF INTEREST 
The Authors declare no conflict of interest

CORRESPONDING AUTHOR 
m.A. polieshchuk 
e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine. 
E-mail: dep_6@paton.kiev.ua

SUGGESTED CITATION 
I.P. Serebryanyk, M.A. Polieshchuk, T.O. Zuber, 
A.I. Borodin, A.Yu. Tunik, O.A. Los (2022) 
characteristics of formation and properties of brass‒
steel joint produced by autovacuum cladding. The 
Paton Welding J., 10, 25–29.

JOURNAL HOME PAGE 
https://pwj.com.ua/en

received: 11.07.2022 
Accepted: 01.12.2022



30

THE PATON WELDING JOURNAL, ISSUE 10, OcTObER 2022 ISSN 0957-798X

                                                                                                                                                                                

                                                                                                                                                                                                    

Copyright © The Author(s)

DOI: https://doi.org/10.37434/tpwj2022.10.05

hIGher current hArmOnIcs 
In trAnsfOrmer pOwer sOurces 
wIth pulseD DevIces Of welDInG Arc stAbIlIZAtIOn
A.M. Zhernosekov1, O.A. Andrianov2, S.V. Rymar1, O.F. Shatan1, A.O. Mukha1

1e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine 
2Ukrainian National Committee of International Chamber of Commerce (ICC Ukraine) 
19B Reitarska Str. 01034, Kyiv, ukraine

ABSTRACT
transformer power sources of welding arc of industrial frequency alternating current generate into the mains the level of higher 
current harmonics, which is by an order of magnitude lower by the value of the coefficient of general harmonic distortion, 
than that of the inverter power sources. Here, their high electromagnetic compatibility with other equipment of the mains is 
achieved. Moreover, they are much easier to maintain and more reliable. Harmonic composition of current during AC welding 
was calculated at application of pulsed devices of arc stabilization. It is shown that application of stabilizing pulses with the 
polarity opposite to that of arc current, is more advantageous that the use of pulses with the polarity coinciding with that of arc 
current. Advantages as to welding process effectiveness and smaller generation of higher current harmonics are also observed.

KEYWORDS: welding power sources, transformers, welding arc, stabilizing pulses, higher current harmonics

INTRODUCTION
Over the last decades great success has been achieved 
in development and wide introduction of inverter-type 
welding arc power sources with digital systems of 
control and regulation of welding current curve shape. 
however, application of the welding arc of industrial 
frequency alternating current is still is demand [1–3]. 
Alternating current arc is supplied from traditional 
welding power sources, in which the welding trans-
former is the main power electromagnetic component. 
Such modern power sources, fitted with additional 
block of control of the welding arc and impact on it 
are widely used in industry.

Use of pulsed stabilization devices (SD) of arc 
burning, combined with the traditional AC power 
sources is a promising direction of applying pulsed 
impact in AC welding [4, 5]. Application of these de-
vices allows lowering the transformer open-circuit 
voltage and reducing the consumption of their active 
materials.

so far there is no single solution on the nature of 
stabilizing pulse parameters, such as pulse energy, its 
feeding (injection) time as to the moment of welding 
current zero crossing, and current polarity. This prob-
lem was partially formulated and solved in works [3, 
6]. The optimization criterion was selected to be the 
minimum of power source open-circuit voltage, at 
which the arc is still stable, and the phase shift dif-
ference between the welding current and the stabiliz-
ing pulse was the variable parameter. Figure 1 shows 
the determined dependencies of welding transform-
er minimal open-circuit voltage, at which the arc is 
burning, on the difference in phase shift between the 
welding current and the stabilizing pulse, when the 
stabilizing pulse polarity coincides with the welding 
current polarity and it is opposite to welding current 
polarity. Analysis of the derived curves shows that the 
dependencies have pronounced minima, and the op-
timization problem can be solved. One can also see 
that application of stabilizing pulses of polarity op-
posite to arc current polarity has an advantage, as the 
curve of minimum open-circuit voltage Uo.-c min in this 
case is located lower than at application of pulses of 
polarity coinciding with that of the welding current. 
The following explanation of this fact is given: the 

Figure 1. Dependencies of minimal open-circuit voltage of the 
welding transformer, at which the arc burns, on the difference of 
phase shift between the welding current and stabilizing pulse: 
1 — stabilizing pulse polarity coincides with welding current po-
larity; 2 — stabilizing pulse polarity is opposite to welding cur-
rent polarity [3, 6]
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stabilizing pulse is directed opposite to the welding 
current, it does not interfere with the power source 
operation and promotes the power source operating as 
a stabilizing device after the pulse is over.

STATEMENT OF THE RESEARCH PROBLEM
Inverter sources for arc welding have flexible ad-
justment parameters, and open up wide prospects for 
their application. However, as shown by experience 
of industrial application of electric welding equip-
ment, the traditional power sources based on weld-
ing transformers still remain in demand [1, 4]. This 
is attributed, primarily to the reliability of their main 
power electromagnetic component — the transform-
er, and to the fact that inverter sources generate a con-
siderable level of higher current harmonics into the 
mains, have low electromagnetic compatibility [7] 
and are not as reliable. The traditional power sources 
generate a much smaller harmonic spectrum into the 
mains [7, 8]. Moreover, the traditional equipment of 
Ac welding arc is much easier to maintain than the 
welding inverter power sources, which often supply 
Dc current to the arc. In Dc welding the interaction 
of the arc own magnetic field and the welding circuit 
field deflects the arc due to magnetic blowing, having 
extremely negative consequences.

however, the questions of higher current harmon-
ics generation by the traditional AC welding power 
sources fitted with arc stabilization devices, are still 
insufficiently studied. Investigations described in this 
paper address this issue.

The objective of this work is calculation of the 
current harmonic composition during AC welding by 
traditional transformer power sources at application 
of pulsed devices of arc stabilization and analysis of 
higher current harmonic generation by them.

INVESTIGATION RESULTS
Improvement of the traditional welding power sources 
follows the path of reduction of welding transformer 
weight. In these sources stable arc ignition, its burn-
ing and welding process stability are associated with 
high levels of open-circuit voltage. If this is ensured 
by welding transformer voltage, it leads to an essen-
tial increase of its weight. At PWI this problem was 

solved, in particular, by application of voltage multi-
pliers [9], or arc stabilization devices [10, 11], which 
allow lowering the transformer secondary voltage.

Investigations of the influence of circuit design 
solution and regulation methods on external charac-
teristics of the traditional transformer power sources, 
analysis of the influence of these characteristics on the 
stability of welding arc burning, as well as investiga-
tions of the dynamic processes in Ac electric circuits 
at application of stabilizing pulses is rather fully de-
scribed in works [3, 6, 12]. Let us focus here on de-
termination and analysis of the harmonic composition 
of alternating welding current at different circuit solu-
tions and methods of regulation of the characteristics 
of the traditional welding arc sources.

PWI has accumulated extensive experience of 
development of different types of pulsed devices of 
AC arc stabilization. Application of such devices in 
practice allows improvement of the quality of weld 
formation, raising the welding process efficiency, pro-
moting power saving and also using more efficient 
modes and inexpensive electrode for DC welding [5].

TYPICAL POWER COMPONENTS 
OF AC WELDING POWER SOURCE WITH 
A PULSED ARC STABILIZATION DEVICE
when designing the traditional power sources, it is ra-
tional to select welding transformers with developed 
magnetic scattering fields. Welding current regulation 
can be ensured by the design of welding transformer 
proper, or it can be performed by electric methods, for 
instance, application of an additional reactor, switched 
by electronic keys. The advantage of such an electric 
regulation method consists in that the welding arc 
powering by current without zero pauses is provided.

figure 2 gives the electric circuit of welding pow-
er source with thyristor regulation of welding current. 
the source consists of welding transformer tr, choke 
L, two back-to-back thyristors VS1 and VS2, connect-
ed in parallel to it, arc stabilization device (SD), the 
output of which is connected to arc gap A. welding 
transformer tr includes three windings with turn 
number w1, w2, w3. secondary winding w2 is connect-

Figure 2. electric circuit of welding power source with thyristor regulation of welding current
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ed in series with choke L and welding arc A. winding 
w3 powers sD.

each of thyristors VS1 and VS2 is connected with a 
phase shift by angle ψ relative to voltage on winding 
with turn number w2. regulation of the power source 
welding current is performed by changing angle ψ. 
The value of the angle remains unchanged ψ = const 
during the welding process.

At welding current crossing zero, sD generates a 
current pulse which is fed to the electric arc facilitat-
ing its reignition. sD allows lowering the open-circuit 
voltage in the secondary winding with turn number 
w2 of welding transformer tr, due to lowering of arc 
ignition voltage.

INVESTIGATIONS OF ELECTROMAGNETIC 
PROCESSES IN AC POWER SOURCES WITH 
THYRISTOR REGULATION
Analysis of transient processes in the power source 
(Figure 2) at welding arc modeling as anti-EMF with 
arc voltage UA, is shown in work [6]. We will use 
these results to calculate the harmonics spectrum.

Figure 3 [6] shows the oscillogram of arc current, 
its voltage and open-circuit voltage.

The law of welding current variation at the first 
stage, taking into account the fact that in the initial 
phase φ0 = φ the initial current is equal to zero, I0 = 0:
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where Um is the amplitude value of voltage in the 
winding with turn number w2; ω is the angular fre-
quency; t is the time; Ls is the transformer scattering 
intensity.

From formula (1) not only the law of welding cur-
rent variation i1 in the section from φ to ψ, but also 

the initial effective value of current I1 for the second 
switching stage can be determined:
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the law of welding current variation in the sec-
tion from ψ up to ψ + α is found from the following 
expression:
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It is obvious that at the moment of time, when 
current i2 becomes equal to I1, the section with dura-
tion ωt = α ends. Equating the expression for current 
i2 at moment of time ψ + α to value I1 (formulas (2) 
and (3)), we obtain an equation for determination of 
switching duration α
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After blanking the respective thyrisor (VS1 and 
VS2), starting from moment of time ψ + α, the law of 
welding current variation is described by the follow-
ing expression
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One can see that the right sides of formulas (1) and 
(5) are identical, so we will use the latter to facilitate 
further calculations.

Figure 3. time dependencies of arc current IA, arc voltage UA and open-circuit voltage E
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Knowing currents i1, i2, i3, as well as the time inter-
vals of their flowing and setting the angle of switching 
of thyristors VS1 and VS2, we will determine the ex-
pression for welding current in the half-period:
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having determined the time dependencies of cur-
rents at three commutation stages (Figure 3), we can 
find the harmonics composition of welding current:

 
( ) ( ) ( )cos sin ,h h

h
i t a h t b h t

∞

=  ω + ω  ∑
 

(7)

where h is the harmonic number; coefficients
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and current module
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figure 4 shows the harmonics composition of 
welding current [ih] at arc powering by alternating 

current (arc as anti-EMF). One can see from the figure 
that even current harmonics are absent.

The coefficient of Total Harmonics Current Dis-
tortion (THD) [13] is found by the following formula:
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The result coincides with harmonics balance meth-
od earlier obtained in work [14].

ANALYSIS OF AC ARC STABILITY 
AND MODELING ITS DYNAMICS
We will study the influence of stabilizing pulses on 
the welding arc. A peculiarity of this study, based on 
mathematical modeling method, consists in selection 
of the dynamic model of the welding arc. the weld-
ing arc model in the form of anti-EMF used above 
for studying the dynamic processes in electric circuits 
with an arc is unsuitable, as it is essentially static.

the generalized mathematical model of a dynam-
ic arc [15, 16] developed at PWI, provides the most 
adequate description of electric arc dynamics as an 
electric circuit element. It takes into account not 
only the nonlinearity of volt-ampere characteristic, 
but also the thermal inertia of the arc column. These 
are exactly the thermal processes, and, primarily, the 
ionization-deionization process, which affect the con-

Figure 4. harmonics composition of welding current |ih| at arc powering by AC: arc as anti-EMF (a): dynamic model of welding arc (b); 
arc with stabilizing pulses, when pulse polarity coincides with arc current polarity (c); pulse polarity is opposite to arc current polarity 
(d): a — THDi = 9.1 %; b — 9.2; c — 15.7; d — 7.4



34

A.m. Zhernosekov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

ductivity of arc column plasma. the column of 50 hz 
Ac arc has enough time to deionise at each change of 
polarity that requires higher voltage to maintain the 
discharge. If the power source cannot provide the re-
quired voltage, the arc is extinguished.

let us consider an electric circuit (without connec-
tion of a pulsed stabilizer) which is shown in Figure 5, 
and which is a simplified schematic of the power part 
of traditional Ac welding sources connected to arc A. 
A system of differential equations describing this cir-
cuit, consists of Kirchhoff’s equation and equation of 
the generalized mathematical model of a dynamic arc
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where i is the current of reactor L and resistor R; 
E(t) is the power source voltage, having the form of 
E(t) = Um sin(ωt ‒ φ) in the general case; Um is the 
open-circuit voltage amplitude; φ is the phase shift 
angle; iθ is the current of the arc static state; θ is the 
characteristic time (time constant of the arc); iA is the 
arc current.

In order to find the harmonics composition of the 
welding current, we will use the results of work [6] 
and sequence of actions to solve the system of equa-
tions (1).

Figure 6, a [6] presents modeling results, from 
which one can see that the shape of arc voltage has 
pronounced ignition peaks in each half-wave, which 
exceed the arc voltage. Increased voltage is ensured 

both by presence of inductance and by phase shifting 
between arc current and power source voltage.

Knowing the time dependencies of current, we can 
determine its harmonics composition (see figure 4, 
b). Although this harmonics composition is different 
from the spectrum obtained at arc modeling as an-
ti-emf (compared to figure 4, a) THDi distortion co-
efficient practically does not differ.

One of the variants of arc stabilization by current 
pulses fed from an additional power source, is shown 
in figure 5 with connected sD pulsed current source. 
The system of differential equations which describes 
transient processes at the pulse stage, follows from 
system (11), if arc current [3, 6].

 iA = i + J(t) = i + Jm sin Ωt, (12)

where Jm and Ω are the amplitude and frequency of 
current pulses.

As one can see from Figure 6, b [6] additional 
pulses lower the arc voltage, which almost does not 
change during the Ac half-wave.

The system stability can be studied, when chang-
ing the parameters of the current pulses and the pa-
rameters of the main power source. the computer 
software packages include procedures for integration 
of systems of regular differential equations. these 
procedures, however, ensure continuous integration 
and they are not suitable for integrating systems, 
where the right parts are different in different time in-
tervals. Their direct application is impossible. Their 
upgrading, modification and adaptation for this class 
of problems are required. We will describe a proce-
dure, which was used in these studies.

There is a modified method of shooting and meth-
od of multiple shooting to derive periodic solutions in 
autonomous electric circuits with an arc [17], which 
can be applied for nonautonomous circuits with an 
arc. Operation experience [6] showed that reduction 
of the Cauchy problem to a boundary value problem 

Figure 5. Simplified scheme of power components of the tradi-
tional Ac welding power sources

Figure 6. time dependencies of arc current iA, arc voltage UA and open-circuit voltage E obtained as a result of modeling: a — without 
current pulses; b — with current pulses
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with the conditions of half-wave matching at the level 
of I and Iθ
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θ θ
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is unjustifiably cumbersome and requires powerful 
computing devices (here, i(t0, t, I, Iθ) and iθ( t0, t, I, Iθ) 
are formal designation of the solution of the system 
studied by us). This is explained by the need for an 
additional solution of the variation problem.

some computer math packages, for instance, 
mathcAD, allow formally writing the conditions of 
matching in the half-wave and solving these equa-
tions without involving the variational methods. the 
matching solutions at zero current have the following 
form:

 
, ,0, 0; , ,0, .i I I Iθ θ θ

π π   ϕ = ϕ =   ω ω     
(14)

here, Iθ and φ are the unknowns to be determined.
This is exactly the path, which is promising due to 

its simplicity at application of its results for harmon-
ics analysis.

HARMONICS ANALYSIS 
OF STABILIZATION MODES
figure 7 shows time dependencies of currents and 
voltage in the power source with stabilizing pulses 
[3, 6], derived by the above-given formulas, which 
coincide quite well with experimentally obtained os-
cillograms [5]. Figure 7, a presents a case when the 
pulse polarity coincides with arc current polarity, and 
figure 7, b — when pulse polarity is opposite to arc 
current polarity.

these time dependencies of current were used to 
derive by formulas (8) and (9) its harmonics compo-
sition, shown in figure 4, c, d. figure 4, c gives the 
harmonics composition of current in the power source 
with stabilizing pulses, when the pulse polarity coin-
cides with that of arc current, and fig, d shows the 
case when pulse polarity is opposite to that of arc cur-
rent.

As was mentioned above, the best is the mode, 
when the stabilizing pulse polarity is opposite to that 
of welding current [3, 6]. Its technological effective-
ness is confirmed in work [18]. Comparison of Fig-
ure 4, a, b, d demonstrates that application of such a 
mode is more promising also in terms of electromag-

Figure 7. Time dependencies of currents and voltages in a power source with stabilizing pulses: pulse polarity coincides with arc cur-
rent polarity (a); pulse polarity is opposite to arc current polarity (b)
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netic compatibility. The level of higher harmonics 
with thDi = 7.4 % is lower than of those with THDi = 
= 9.1 and 9.2 % for power sources without welding 
arc stabilizers.

CONCLUSIONS
1. One of the promising directions of application of 
pulsed impact in Ac welding is use of pulsed devic-
es of arc stabilization in combination with AC trans-
former power sources.

2. Application of stabilizing pulses with polarity 
opposite to that of arc current prevails. here, it is pos-
sible to obtain minimum weight and size parameters 
of the power source and achieve high electromagnetic 
compatibility due to a low level of higher harmonics 
generated into the mains.

3. Obtained value of the total coefficient of nonlinear 
distortions of current is lower than the existing standards 
for power quality. It opens up a prospect for upgrading 
the currently available and development of new com-
petitive power sources based on welding transformers 
with pulsed stabilization of the welding arc.
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DepOsItIOn Of cerAmIc cOAtInG On the surfAce 
Of A pOrOus mAtrIX Of InfrAreD GAs burner
O.V. Kolisnichenko, Yu.M. Tyurin, M.A. Polieshchuk

e.O. paton electric welding Institute of the nAsu 
11 Kazymyr malevych str., 03150, Kyiv, ukraine

ABSTRACT
A technology is proposed for deposition of a ceramic coating on the surface of Fechral porous matrix to improve the per-
formance of infrared burners. Multichannel detonation device allows forming coatings on the working surface without any 
significant changes of its surface permeability. Presence of Al2O3 ceramic coating on the pore walls changes the burning mode. 
The flame front moves into the matrix to a small depth behind the coating that leads to reduction of harmful emissions at fuel 
mixture combustion: carbon monoxide by 50 % maximum, nitrogen oxide by 10–15 %. The effectiveness of matrix radiation 
increases up to two times in the spectral infrared range of wave length from 5 up to 14 μm.

KEYWORDS: porous metal matrices, infrared radiation, detonation spraying, ceramic coating, harmful emissions, radiation 
intensity

INTRODUCTION
Application of porous materials in everyday life and 
in engineering is due to their unique properties. for 
instance, porous metal matrices have a small weight, 
combined with a high strength, which allows using 
them in light structural elements, acoustic insulation, 
energy absorption system and vibroextinguishers [1]. 
they also have a large area of inner surface and high 
heat conductivity, and, thus, are ideally suitable for ap-
plication as heat exchangers, heat sinks, boilers, burn-
ers and reactors for synthesis gas production. high 
penetrability of porous materials for the gas flow and 
their huge surface area ensure the high speed of heat 
transfer at low pressure gradients. At present, manu-
facture and application of infrared (IR) gas burners is 
developing intensively due to their high effectiveness. 
they are used in many technological and household 
appliances. In them a considerable part of energy 
from the heater is transferred to the heated object due 
to radiation. The operation of IR burner is based on 
complete oxidation of earlier prepared gas-air mixture 
on a permeable matrix, which radiates thermal energy 
in IR range at heating. Burning of gas mixtures on the 
porous matrix surface takes place at a lower tempera-
ture, compared to gas flaring due to intensive heat re-
moval from the zone of chemical transformation into 
the matrix body. The main characteristics of this type 
of burners are radiation flow density and, which is 
particularly important for household appliances, low 
quantity of toxic gases in the combustion products. 
In order to increase the effectiveness of IR burners, 
it is very important to ensure complete combustion 
of the gas mixture and respective lowering of carbon 
oxide due to longer time of combustion products stay-

ing in the high-temperature zone. It can be achieved 
by application of radiation screens in the form of net 
or perforated plates over the matrix surface, as well as 
by the method of gas combustion in the deep cavity 
of the matrix, or by transition from the topography of 
a flat to a bulk matrix [2]. Heat-conducting elements 
are also used in the form of plates, lying on the sur-
face, as well as those penetrating into the matrix body 
[3]. Such a design of IR burner allows increasing the 
gas mixture preheating during its movement through 
the permeable matrix and matrix surface temperature. 
Heat-conducting plates (recuperators) separate from 
the combustion products and transfer to the surface 
and into the matrix body an additional heat flow due 
to heat conductivity, and also ensure additional heat-
ing by radiation from the surfaces of heat-conduct-
ing elements, located in the area of the combustion 
products. Coating of the matrix surface by material 
with different thermophysical properties also changes 
the energy and ecological characteristics of the burn-
er device. Moreover, it can be used as an additional 
measure as to the structural methods of increasing 
the effectiveness of IR burners. The objective of this 
work was optimization of deposition technology and 
studying the structure and properties of a dense ce-
ramic layer on the surface of a porous matrix of a gas 
burner, as well as testing gas burners with a ceramic 
coating, determination of the effectiveness of reduc-
ing the harmful additive emission and increasing the 
efficiency.

EQUIPMENT, MATERIALS 
AND PROCEDURES OF INVESTIGATION
The object of study was a porous matrix of 
250×250×10 mm size from Fechral alloy with bulk 
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porosity ην ≈ 0.9, surface permeability η = 0.4 and 
average pore diameter of 0.5–0.8 mm. Alumini-
um oxide was selected as the coating material with 
maximum application temperature of 1650 °C, that 
is higher than the porous matrix heating temperature 
during operation. the coating on the working surface 
and in the matrix pores was formed from AMPERIT® 
740.0 Al2O3 powder (Figure 1) of H.C. Starck Com-
pany (5.6–22.5 μm fraction) by detonation spraying 
method. Used for this purpose was a multichamber 
detonation sprayer (MCDS) developed at PWI [4]. 
Investigations of optimization of the ceramic coat-
ing deposition modes were conducted in automated 
equipment (Figure 2), consisting of MCDS, manip-
ulator, standard low-pressure gas panel (up to 3 atm) 
for feeding oxygen, propane and air, scraper powder 
feeder of SX-03-2 type of Guangzhou Sanxin Metal 
S&T Co., Ltd. (China), and automated system of tech-
nological process control.

One of the key parameters, determining the physi-
cochemical processes of material interaction and the 
actual possibility of high-quality coating formation, is 
the speed and temperature of the powder particles at 
the moment of collision with the substrate. With this 
purpose, the mode of compressed detonation com-
bustion of the gas mixture in specially profiled cham-

bers is realized. The accumulated combustion energy 
from two chambers in the cylindrical barrel ensures 
formation of a high-speed jet of detonation products, 
which accelerates and heats the sprayed powder. 
here, the speed of powder, for instance Al2O3, reaches 
1000 ± 200 m/s [5]. Coating deposition by thermal 
methods on thin-walled parts is a complicated task, 
because of the strong thermal impact on the surface. 
It may lead to intensive overheating, sprayed surfaces 
oxidation and, consequently, deterioration of adhe-
sion, and usually also destruction of the product prop-
er. the process cyclicity is one of the advantages of 
the detonation method that allows lowering the spray-
ing zone temperature. Air blowing (6 m3/h) through 
the entire back surface of the porous matrix was re-
alized for additional cooling of the product. Gas and 
powder feeding was continuous. the detonation se-
quence frequency was 16 Hz, powder consumption 
was 0.6 kg/h, speed of MCDS longitudinal movement 
relative to the product was 50 mm/s. the composition 
and flow rate of the combustible gas mixture compo-
nents are given in Table 1.

Investigations of the microstructure and elemen-
tal composition of the layer of Al2O3 ceramics were 
conducted using scanning electron-ion microscopes 
Quanta 200 3D and Quanta 600 (REM), fitted with 
energy-dispersive X-ray spectrometer of peGAsus 
system of eDAX company. porosity was determined 
by metallographic method with elements of qualita-
tive and quantitative analyses of pore geometry with 
application of optical inverted microscope Olympus 
GX51. Investigations of the ceramic layer and sub-
strate hardness were conducted using automated sys-
tem DM-8 of microhardness analysis by microVick-
ers method at 25 g loading on the indenter.

RESULTS AND THEIR DISCUSSION
thermal spraying methods are effectively applied to 
create an impermeable surface layer on porous ma-

Figure 1. Appearance of AmperIt® 740.0 Al2O3 powder in 
REM Quanta600 FEG, 10 kV accelerating voltage

Figure 2. Device for coating deposition using mcDs

Table 1. Composition and flow rate of combustible gas mixture 
components 

Combustible mixture components Gas flow rate, m3/h

1st chamber

О2 3.9

Air 0.1

С3Н8 0.71

2nd chamber

О2 3.6

Air 0.11

С3Н8 0.66
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trices of heat exchangers [6, 7]. Unlike heat exchang-
ers, the coatings on IR burners must preserve open 
porosity. As was noted above, one more problems, 
which comes up during thermal spraying of coat-
ings on thin-walled and laced products is the large 
heat flow, leading to product overheating. A series 
of experiments were conducted on determination of 
the influence of spraying distance on the process of 
ceramic coating deposition on porous matrices. the 
distance was varied in the range of 100–200 mm at 
other technological parameters remaining constant. 
At 200 mm distance, the powder speed reaches the 
maximum value at a slight reduction of the maximum 
temperature of powder particle heating [8]. At large 
distances, the combustion product temperature and 
speed also decrease, leading to reduction of gas-dy-
namic and thermal impact on the thin walls of matrix 
pores. As a result of the conducted experiments, it was 
established that at the set technological parameters of 
spraying with mcDs and additional air cooling the 
minimal distance from the nozzle edge to the surface, 
at which no matrix destruction or overheating occurs, 
is 180 mm. Deposition of the ceramic coating on po-
rous matrices was performed with sixfold overlapping 

of spraying tracks. Appearance of the coated product 
is shown in figure 3.

At spraying the coating follows the surface relief 
and does not lower the surface permeability of the 
matrix (Figure 4, a). The thickness of the coating on 
the matrix surface is equal to 100 μm on average. On 
the matrix transverse fracture one can see that due to 
reflection from the membranes the coating forms not 
only on the surface, but also on the walls of the matrix 
subsurface pores and reaches a thicknesses of 20 μm.

the ceramic layer microhardness is equal to 
1320 ± 25 HV0.025, porosity is below 2 %. Values of 
microhardness measurements cross the layer have 
little discrepancy that is indicative of the homogene-
ity of the layer of deformed powder particles which 
closely adhere to each other and also of its phase and 
structural homogeneity. the coating adheres to the 
matrix without defects or delaminations. Considering 
the high-temperature conditions (higher than 1400–
1450 °C) of formation of Al2O3 coating on the thin 
walls of the pores, we can state that its phase compo-
sition is represented predominantly by α-Al2O3 modi-
fication [9]. Elemental composition of the matrix and 
coating material determined by the method of anal-

Figure 3. Porous matrix with a coating

Figure 4. Matrix after spraying: a — appearance of surface pores; b — coatings on pore walls at 2 mm depth from the matrix surface
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ysis of the spectra of characteristic X-ray radiation 
(Figure 5) is given in Table 2. Heat conductivity of 
Al2O3 coating in the working temperature range of Ir 
burner (up to 1300 °C) is equal to 6 W/(m∙K) on av-
erage, and that of fechral material of the porous ma-
trix is 16 W/(m∙K). Difference in heat conductivity as 
shown below, influences the process of combustible 
mixture burning proper.

testing porous matrices with and without coating 
was conducted in work [10]. Combustion of mixtures 
of natural gas with air on the surface of porous ma-
trices with a ceramic coating was tested at variation 
of specific thermal load. Radiation temperature of 
the surface of uncoated and coated areas and the re-
spective temperatures on the matrix reverse side were 
measured. Visible glow of the surface of initial matrix 
area without coating was brighter than that of an area 
with a ceramic coating. however, the area surface 
temperatures measured by a pyrometer, turned out 
to be exactly the opposite. The temperature of a sur-
face with a ceramic coating was approximately 200 K 
higher. Such a significant temperature difference can 
be explained by that in the coated matrix area the 
flame front penetrates deeper into the matrix pores 
as a result of reduction of the coefficient of surface 
heat conductivity, and the area of contact of the reac-
tion zone with the pore surface becomes larger. The 
temperature of the matrix subsurface layer rises. The 
radiation pyrometer records increased temperature, as 
the ceramic coating is transparent in a broad spectrum 
of If radiation. In matrices with a ceramic coating, the 
flame zone moves into the pores below the matrix sur-

face, and redistribution of energy evolving at gas mix-
ture combustion takes place. The energy radiated by 
the surface becomes greater. The combustion product 
temperature and energy carried out by the combustion 
products, decrease.

Energy redistribution results in increase of the co-
efficient of radiation efficiency of the burner at ceram-
ic coating deposition. the effectiveness of radiation 
of a matrix with a ceramic coating is up to 2 times 
higher in the spectral range of wave lengths from 5 to 
14 μm. The amount of harmful emissions in the com-
bustion products is also reduced (carbon monoxide — 
2 times, nitrogen oxide — by 10–15 %).

At mixture depletion (increase of excess air co-
efficient), the temperatures of the surface layer and 
reverse side of both the matrix areas decrease mono-
tonically that is related to reduction of the mixture 
calorie content. Here also the temperatures of a matrix 
with the ceramic coating are higher in the entire range 
of excess air parameter variation. Thus, unlike the 
surface burning on a porous metal matrix, a change of 
burning mode occurs at deposition of a thin ceramics 
layer on its surface. The flame front penetrates into 
the matrix to a small depth beyond the coating film, 
and its temperature grows significantly. Distribution 
of energy generated due to the combustible mixture 
burning, takes place. As the temperature of the matrix 
surface layer becomes higher, it results in enhance-
ment of the radiation flow, and simultaneous lowering 
of the temperature of the combustion products that 
should lead to lowering of the rate of formation of 
nitrogen oxides and carbon monoxide.

In the matrix area with a ceramic coating at a high 
thermal load, nitrogen oxide formation is reduced 
2 times. At the mixture dilution by air the content of 
carbon monoxide and nitrogen oxides drops mono-
tonically. Close to the boundary of surface combus-
tion at power density of 33 w/cm2, carbon monoxide 
concentration is just ~10 ppm, and nitrogen oxide 
concentration is close to 3 ppm. Experiments showed 
that owing to ceramic coating, the thermal strength of 
the matrix increased, the concentration limits of sur-
face combustion became wider that allows extending 

Figure 5. Spectrum of characteristic X-ray radiation of the material of matrix (a) and coating (b)

Table 2. Elemental composition of a porous matrix and coating, wt.%

element Porous matrix coating

O 3.57 33.53
Al 9.25 59.27
cr 20.69 2.43
fe 64.11 4.78
mn 1.28 ‒
mg 0.34 ‒
c 0.37 ‒
si 0.39 ‒
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the service life of porous metal matrices and reducing 
the material content of burner devices.

CONCLUSIONS
1. Detonation method with application of mcDs was 
used for deposition of an aluminium oxide coating on 
the surface of a porous matrix with preservation of its 
surface permeability.

2. presence of a ceramic coating with a smaller co-
efficient of heat conductivity than that of the matrix 
material, changes the modes of burning of the com-
bustible gas mixture. The flame front penetrates into 
the matrix to a small depth beyond the coating layer, 
improving the performance of IR burners.

3. Application of a porous matrix with a ceram-
ic coating in IR burners allows increasing the burner 
efficiency and reducing the amount of harmful emis-
sions in the combustion products (carbon monox-
ide — 2 times, nitrogen oxide — by 10–15 %), and 
significantly extending the burner operating life.
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ABSTRACT
A plasma device for plasma-powder spraying of multilayer, composite and gradient coatings was studied. Experimental studies 
of energy characteristics of plasma arc generator with curvilinear arc channel were performed during operation in plasma-gen-
erating air with the purpose of proving the principal possibility of its long-term service with acceptable energy and life char-
acteristics. It is shown that losses into the plasmatron design elements depend on arc current and plasma gas flow rate, and the 
nature of this dependence does not differ in principle from regular plasmatrons: the losses increase with a rise in current and 
somewhat decrease at an increase of gas flow rate. Volt-ampere characteristics of the plasma generator are falling. However, the 
presence of the arc channel bend as a factor stabilizing the arc length, leads to appearance of a neutral region of VACh with a 
certain tendency to growth at a current rise. Here, the stable range by arc current operation is limited. A variant of improvement 
of the studied plasmatron design with widening of its functional capabilities of multicomponent coatings deposition is given.

KEYWORDS: plasma-powder spraying, gradient coatings, multilayer coatings, plasma arc generator with a curvilinear chan-
nel, plasma-generating air, volt-ampere characteristics, efficiency, specialized plasma device

INTRODUCTION
A considerable number of parts with coatings of met-
allurgical, chemical, aircraft and other equipment 
operate under high loads and sharp fluctuations of 
ambient temperature. In this case, artificially created 
functional surface layers of products should retain 
their properties throughout the entire service life. the 
chemical composition and structure of coatings and, 
accordingly, physical and mechanical properties of 
the material, from which they are created, can differ 
sharply from the properties of the base material (for 
example, ceramic coatings on metal bases). Often, 
there is a problem of violation of the mechanical in-
tegrity of the “coating-base” system caused by a sharp 
difference in the coefficients of thermal expansion 
(CTE) of materials of the base and the coating. Com-
posite coatings of different functional purpose with 
metal and ceramic components are also widely used. 
moreover, the formation of such coatings occurs from 
components that are separately fed into the zone of a 
composite coating formation.

for today, the most widespread methods for creat-
ing surface layers of such a type are thermal powder 
spraying (in particular, plasma) and plasma-powder 
surfacing [1, 2].

Also, the idea of creating an “adiabate” internal 
combustion engine has not lost its relevance for today 
[3]. Creating a ceramic diesel with a heat-insulated 
combustion chamber (called adiabate) will provide an 
increase in the efficiency of the engine by 1.5 times 

and reaching the specific mass (per a unit of power) 
by almost 30 % less than in the conventional design. 
Such engines can operate on fuels of broad fractional 
and deteriorated composition, i.e., they are multifuel, 
since a high temperature of the combustion chamber’s 
walls contributes to inflammation of hard-flammable 
fuels. In the course of creating an adiabate engine, 
along with the use of monolithic parts of ceramics, 
the use of metal parts with thermal barrier ceramic 
coatings is provided.

Most often, as a material of thermal barrier coat-
ings (TBC), zirconium and aluminium oxides are 
used, which is predetermined, first of all, by their low 
heat conductivity [4]. The working temperature of zir-
conium oxide coating, which is stabilized by Y2O3, is 
close to 1090 °С. TBC of the new generation based 
on lantan phosphate and lantan hexoluminate are con-
sidered challenging. these materials can operate at 
temperatures of 1100‒1600 °С.

Thermal barrier coatings usually consist of two 
layers, that perform different functions. the upper 
layer (ceramic) perceives thermal and erosion effects 
of gas flow and, having a low thermal conductivity, 
reduces the temperature of a part, that is protected. 
under the ceramic layer, a heat-resistant layer is lo-
cated, which protects the base from oxidation and 
helps to increase the adhesion strength of the ceramic 
layer with the base metal. An additional decrease in 
heat conductivity of ceramic coatings can be reached 
by their multilayered deposition.
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the use of an intermediate layer of a metal ma-
terial partially solves the problem of harmonization 
of CTE materials of the base and a functional coat-
ing, but a complete solution is possible only in case 
of gradual transition from CTE of the base material 
to cte of the upper coating layer material. the tran-
sition can be realized in a step way by increasing a 
number of transition layers with a variable value of 
CTE [4, 5], or in the form of a coating with a smooth 
change in physical properties of the coating material 
in the direction from the base to the surface of a prod-
uct. such coatings are positioned as gradient.

Creating a gradient coating is possible by using 
already prepared mixtures of the base functional coat-
ing (ceramic) and the underlayer material [4, 5]. Such 
ready mixtures have a variable proportion between 
components. first, a coating layer, consisting of only 
a metal component is deposited, and then subsequent 
layers are deposited of ready mixtures, in which the 
content of a ceramic component gradually increases. 
the most upper functional coating layer contains only 
a ceramic component. such a method guarantees the 
necessary ratio between components in each layer, but 
it requires the presence of several feeding dispensers 
(according to a number of layers), which are switched 
on in series, or refilling the powder with a new ratio 
of components of a one dispenser (with mandatory 
cleaning from the previous powder).

The more challenging way is the use of a complex 
of the equipment, containing a such number of dis-
pensers, that is equal to a number of components of 
the composition in the future coating (in the simplest 
case there are two of them) [6].

the operation of such feeding dispensers is real-
ized at the same time according to a certain algorithm, 
which determines the efficiency of operation of each 
one. The control (changing the ratio between compo-
nents in a gas-powder flow) can be carried out in the 
function of time, if it is possible to accurately deter-
mine the thickness of the layer being deposited by the 
efficiency of the dispenser and the coefficient of using 
the material, or in the function of a number of passes, 
if the thickness of a coating produced in a one pass is 
known. The control is also possible if hardware de-
vices for in-process determination of the coating layer 
thickness are used. the implementation of the algo-
rithm requires a microprocessor control unit that has 
a feedback from the coarse of the coating formation 
process.

Another problem in the realization of technology 
of depositing gradient coatings is to organize the pro-
cess of heating the source material, which contains 
components with sharply different physical proper-
ties. Taken into account a significant spatial heteroge-

neity of temperature, concentration and high-velocity 
fields of high-temperature gas flow, it is almost im-
possible to determine one place of introducing com-
ponents of the source material that would provide op-
timal conditions for heating and accelerating of both 
metal as well as ceramic component (needless to say 
about protection of the material from the undesired 
effect of active gases from the environment). The ce-
ramic component of the source material requires high 
temperature and comparatively long-term stay in the 
active area of the plasma jet. the metal component 
provides protection against oxidation and restriction 
of the intensive evaporation process by minimizing 
the time of staying in the region of ultra-high tem-
peratures.

considering that the most common way to intro-
duce the source material into the plasma jet is intro-
ducing it outside the plasma generator design, the 
wide opportunities for optimizing the conditions of 
heating and accelerating the powder are not provided 
by the designs of modern sprayers. The introduction 
of the source material (for the ceramic component) 
at an angle directly into the arc channel significant-
ly reduces the reliability of the process because of 
the high probability of sticking the material on the 
walls of the arc channel and the emergency operating 
modes of the plasmatron. In addition, the reliability of 
the design decreases due to the need to pass the water 
jackets for cooling the heat stressed elements of the 
plasma generator design [6].

It is impossible to feed the source material coax-
ially with the plasma jet due to the presence of the 
central water-cooled electrode in the arc generators of 
a linear circuit [7].

the aim of the work is to prove a fundamental pos-
sibility of creating a new generation of plasma devic-
es for deposition of coatings of a complicated struc-
ture — multilayered and gradient from materials with 
substantially different physical and mechanical prop-
erties on the base experimental results of arc burning.

PROCEDURE OF EXPERIMENTS
the studies were conducted in a two-electrode plas-
matron with the arc channel, consisting of several 
sections placed at an angle to each other. the spatial 
stabilization of the arc is of eddy type.

As a plasma-generating substance, air and a mix-
ture of air with propane-butane was used. The gas 
mixture was preliminary prepared and supplied into 
the plasma generator already with a known compo-
nents ratio.

the electric parameters of the device (arc voltage 
and arc current) were measured by electron and point-
er instruments.
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the losses into the plasma generator design ele-
ments were determined by measuring the flow rate 
of cooling liquid and its temperature at the inlet and 
outlet of cooling circuits of the corresponding units. 
The temperature was measured by mercury laboratory 
thermometers with a division value of 0.1 °C.

RESEARCH RESULTS AND DISCUSSION
The known direct methods for deflection of the flow 
from the axis of the arc channel by applying angular 
nozzles [7] allow deflecting the jet to a certain angle 
by changing the direction of leakage of an already 
formed jet. Such a method has a significant draw-
back — deflection of the plasma jet at the stage of a 
developed turbulent flow causes a sharp increase in 
thermal losses into the nozzle wall at the place of ro-
tation of the plasma jet, which deteriorates the energy 
parameters of the plasmatron and significantly short-
ens the life of an initial electrode.

This disadvantage can be eliminated if the plas-
ma jet can be turned at the stage of its formation. 
for this purpose, the arc channel is produced of two 
parts joined between each other at some angle. Under 
these conditions, most of the main region of the arc is 
placed on the inlet, and the smaller part of the main 
region of the arc and its near-electrode region is on 
the outler region of the arc channel, at an angle to the 
initial and main regions of the arc [8].

Such a burning organization of the arc allows pro-
tecting the walls of the arc channel to some extent at the 
point of changing the direction of movement of the gas 
flow from the heat of the heated part of the gas by means 
of the cold layer of gas between the channel wall and the 
electric arc, stored at the mentioned stage of a plasma jet 
formation and not fully formed plasma jet.

figure 1 shows the variant of the device for imple-
mentation of the described method.

the output electrode of the device, in which the 
arc channel is placed, consists of two designing units, 
fixed together. Each characteristic region of the arc 
channel is located within its design unit and has an 
individual independent cooling system. the inlet area 
of the arc channel is characterized by a relatively 
low level of thermal losses [7]. Therefore, the unit in 
which it is located may have air cooling (natural or 
forced). Within the frames of the same unit, the angu-
lar transition of the inlet region of the arc channel to 
the initial region of the outlet arc channel is located 
and the powder line passes.

the end region of the outlet arc channel usually 
has water cooling. In order to rationally use the vol-
ume of material and increase the overall life of the 
output electrode, in the outlet part of the output elec-
trode a number of channels are made, each of which, 
under certain conditions, can serve as the end region 
of the outlet arc channel. Under specific conditions, 
only one of the channels, in which the inlet hole co-
incides with the outlet hole of the initial region of 
the outlet arc channel, serves as the end region of the 
outlet arc channel. All other channels are reserve and 
sequentially involved in operation when the position 
of the outlet part of the output electrode relative to its 
inlet part changes.

The experimental studies of the mock-up of the 
plasma sprayer, created according to the proposed 
scheme, showed the technical serviceability of the de-
sign in the case of operation at current loads typical 
for plasma spraying and the use of plasma-generating 
mixtures of the N‒O or N‒O‒C‒H system. The study 

Figure 1. Plasmatron with assembled arc channel: 1 — fitting pipe; 2 — regions of arc channel; 3 — outlet part of the anode; 4 — 
captive nut; 5 — body part; 6 — powder feed channel; 7 — inlet part of the anode; 8 — cathode; 9 — inlet part of the arc channel; 
10 — initial region of the outlet part of the arc channel; 11 — end region of the outlet part of the arc channel
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of energy characteristics was carried out in the exist-
ing mock-up of the sprayer (Figure 2).

to power the plasmatron, a thyristor current source 
of APR-402 type was used which stabilizes the arc 
current in the range of 100‒450 A when the operating 
voltage changes from 100 to 250 v.

the cathode unit and the outlet part of the arc 
channel within the anode had a direct water cooling, 
and the inlet part of the arc channel had a natural air 
cooling.

Variable operating parameters of the plasmatron 
were the consumption of plasma-generating air (gas 
pressure in front of the sprayer) and the arc current.

The main results of the experimental studies are 
shown in Figures 3‒5.

The value of the arc voltage is determined by the 
arc current and the consumption (pressure) of the plas-
ma-generating gas. As the gas flow increases, the arc 
lengthens and, accordingly, the integral value of the 
voltage drop on it increases. As the current increases, 
the arc shortens and the voltage drop becomes lower 
(Figure 3).

A characteristic feature of the investigated plasma-
tron is the fact that at a current above 170‒180 A, a 
neutral region of the static volt-ampere characteristics 
(VACh) with a tendency of transition to a growing arc 
current above 220‒230 A is observed.

Obviously, this is a consequence of fixing the length 
of the arc at the turn of the arc channel in a certain range 
of changes in the current and consumption of plas-
ma-generating gas. The beginning of the process of sta-
bilization of the arc length depends on the consumption 
of plasma-generating gas — the lower the consumption, 
the lower the threshold value of the current, at which the 
stabilization of the arc length begins.

An increase in the current to the level of 270‒300 A 
leads to the transition to an emergency mode of the 
plasma generator operation, which is characterized by 
a jump-like shortening of the arc with its pulling into 
the narrow part of the arc channel. this mode of the 
plasmatron operation is characterized by increased 
energy losses at the initial region of the arc channel. 
And taking into account that this region in the par-
ticular case has a natural air cooling, this will lead 
to overheating of the electrode material and a sharp 
acceleration of its erosion process.

figure 4 shows the dependences of the losses into 
the anode unit of the plasmatron on the operational 
parameters of the device.

Figure 2. plasmatron with curvilinear arc channel

Figure 3. volt-ampere characteristics of plasma sprayer

Figure 4. Dependence of energy losses into the anode unit of the 
plasma generator on arc current and pressure of plasma-generat-
ing gas
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energy losses into the inlet part of the arc channel 
(region with a smaller diameter) during normal oper-
ating modes are practically determined by heat losses 
through arc radiation, therefore they decrease with a 
drop in current and an increase in the consumption of 
plasma-generating gas due to a decrease in the aver-
age mass temperature of the plasma.

the losses into the outlet part of the arc channel 
are mainly determined by the arc current. Simultane-
ously, with an increase in the consumption of plas-
ma-generating gas, as a result of thickening of the 
cold gas interlayer between the arc and the wall of the 
arc channel and the reduction in the region of a devel-
oped turbulent flow of a high-temperature gas flow 
within the ranges of the arc channel, the total level of 
losses into the output electrode decreases slightly.

the losses into the cathode unit increase as the 
arc current grows under the condition of a constant 
consumption of plasma-generating gas, and decrease 
slightly when its consumption increases (Figure 5). 
An increase in the consumption of cold plasma-gener-
ating gas intensifies the process of heat removal from 
the design elements of the cathode unit due to inten-
sive blowing of the outer surface of the thermochem-
ical cathode and its attachment unit. under these con-
ditions, recovery of a part of the energy of the electric 
arc occurs, which is not lost, but is used for preheating 
of the plasma-generating gas.

The thermal efficiency of the plasmatron, calculat-
ed from the measured energy losses, in this particular 
case has quite high values in the entire range of arc 
current changes. Although it should be taken into ac-
count that the presence of a region with natural air 
cooling in the output electrode, the losses into which 
are not taken into account in the calculations, gives 
slightly overestimated values of the calculated effi-
ciency (Figure 6).

As the arc current grows, there is a decrease in 
the efficiency value, but, starting from current values 
of 160‒170 A, a slowdown in the rate of a decrease 
in the efficiency and its stabilization at the level of 
0.76‒0.8 is observed. It should be noted that high effi-
ciency values of 0.8‒0.86 are typical for the operation 
of a plasma generator with an increased consumption 
of plasma-generating gas. such modes of operation 
are usually not typical for coating processes due to 
low values of the specific energy of the high-tempera-
ture gas flow.

In the case of using a plasmatron as a sprayer of 
dispersed material with the introduction of powder 
together with the transporting gas coaxially with the 
outlet region of the arc channel, a change in the burn-
ing conditions of the electric arc and the nature of the 
heat exchange with working gases should be expect-
ed. the transporting gas takes an active part in the 
formation of the plasma flow, because it is supplied 
to the area of the electric arc. the location of the arc 
binding spot in this case will also partially depend on 
the consumption and composition of the transporting 
gas. Whereas the shape and nature of the arc binding 
spot will depend in a certain way on the composition 
of the transporting gas with the potential possibility of 
transition to diffusive arc binding under certain con-
ditions.

the presence of the arc channel region with air 
cooling in the plasmatron makes it possible to lay the 
powder line through the anode unit without crossing 
its cooling jackets (see Figure 1). However, only two 
variants for feeding components of the composite 
material remain practically real: at the place of bend-

Figure 5. Dependence of energy losses into the cathode unit of 
the plasma generator on arc current and pressure of plasma-gen-
erating gas

Figure 6. Dependence of the plasmatron efficiency on arc current 
at different pressure values of plasma-generating gas
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ing the arc channel (under condition that air cooling 
is used) and outside the arc channel at the section of 
the sprayer nozzle. All other require crossing of the 
electrode cooling jackets and the corresponding com-
plication of the design with the loss of the device re-
liability. This in a certain way limits the possibilities 
of technology optimization by changing the place of 
introduction of individual components of the source 
material into the high-temperature gas flow in order 
to take into account their physical and geometric char-
acteristics.

the further improvement in the design of the stud-
ied plasma generator largely solves the mentioned 
problem and allows creating a specialized plasma 
device with wide functional capabilities for apply-
ing multilayer and gradient coatings (Figure 7). For 
this purpose, in the output electrode (anode), a cone-
shaped cavity is created, on the surface of which the 
inlets of the channels for feeding dispersed materi-
al are located. the channels are connected with the 
corresponding end regions of the arc channel. In this 
case, the location of each channel and the place of 
its connection with the arc channel are determined by 
a difficulty in melting of the used material and may 
be different for the available end regions of the out-
let arc channel (in the specific case, there are 8 such 
sections).

the device shown in figure for deposition of a 
multilayer composite coating consists of three struc-
tural units fixed to each other. Each characteristic re-
gion of the arc channel is located within its designing 
unit and has an individual independent cooling sys-
tem. the inlet region of the arc channel is character-
ized by a low level of heat losses. Therefore, the unit 

in which it is placed, can have (under certain condi-
tions) air cooling (natural or forced). Within the same 
unit, the angular transition of the inlet region of the 
arc channel to the initial region of the outlet arc chan-
nel is located and the powder line passes. usually, the 
end region of the outlet arc channel has water cooling 
and is placed at an angle to the longitudinal axis of the 
outlet part of the output electrode. for the rational use 
of the material volume and to increase the overall life 
of the output electrode, a whole number of channels 
was made in the outlet part of the output electrode, 
each of which, under certain conditions, can serve as 
the end region of the outlet arc channel. In a specific 
case, only one of the channels, in which the inlet hole 
coincides with the outlet hole of the initial region of 
the outlet arc channel, serves as the end region of the 
outlet arc channel. All other channels are reserved and 
are sequentially involved in operation when the posi-
tion of the outlet part of the output electrode changes 
relative to its inlet part of the output electrode. A pos-
sible number of channels is determined based on the 
design, taking into account the mandatory presence of 
a wall of a certain thickness between adjacent chan-
nels, necessary for effective heat removal deep into 
the output electrode. At the end of the output elec-
trode, a cone-shaped cavity is made, on the surface of 
which the holes are located. the holes are connected 
with the outlet regions of the arc channel. the inlet 
place of the holes into the outlet regions of the arc 
channel is determined taking into account the melt-
ing point of a specific component of the composite 
material from which the coating is formed. A refrac-
tory component of the composite material can be in-
troduced in the transition area from the inlet region 

Figure 7. Design of plasma generator for deposition of multicomponent coatings: 1 — fitting pipe; 2 — end region of the outlet part of 
the arc channel; 3 — cavity; 4, 9 — powder feed channels; 5—– outlet part of the anode; 6 — regions of the arc channel; 7 — captive 
nut; 8 — body part; 10 — inlet part of the anode; 11 — cathode; 12 — inlet part of the arc channel; 13 — initial region of the outlet 
part of the arc channel
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of the arc channel to the initial region of the outlet 
arc channel. the direction of the initial movement of 
the powder particles and the plasma flow coincide, so 
a refractory component will not have a radial com-
ponent of velocity (relative to the longitudinal axis 
of the arc channel) and will be in the high-tempera-
ture zone for the maximum possible time. All other 
components of the coating material can be introduced 
through the holes placed at different distances from 
the section of the nozzle of the plasma device. the 
choice of the working channel from the entire set of 
the channels is made based on the melting point and 
dimensions of the second component of the compos-
ite material. these criteria determine the location of 
joining the powder line with the arc channel of the 
plasma device and, accordingly, the choice of one or 
another reserve region.

the arrangement of channels for feeding powder 
on the surface of the inner central conical cavity does 
not require crossing the cooling jacket of the output 
electrode, because the water cooling of the electrode 
occurs only on the side of its outer surface.

In case of transition to spraying of another compo-
sition of materials, it is possible to replace the channel 
with one of the reserve ones, which is more suitable 
for feeding new component of the composite material. 
In the case of a long-term spraying of one composi-
tion, the reserve channels are made identical from the 
point of view of the place of the powder line location. 
In this case, the presence of reserve channels allows 
stabilizing the quality of the coating and increasing 
the overall life of the device. In order to prevent the 
deterioration of the quality of the coating and the effi-
ciency of the spraying process when the geometric di-
mensions and configuration of the arc channel change 
due to the erosion of the electrode material, the outlet 
regions of the arc channel are periodically replaced.

CONCLUSIONS
1. the use of plasma generators with a curvilinear 
arc channel is rational in the case of creating multi-
layer composite coatings with components that differ 
sharply in their physical and mechanical characteris-
tics.

2. The complex configuration of the arc channel 
somewhat limits the range of steady operation of the 
plasma generator in terms of the arc current and con-
sumption of the plasma-generating gas mixture.

3. the general nature of dependences of the energy 
characteristics of a plasmatron with a curvilinear arc 

channel on the basic mode parameters is identical to 
similar dependencies for traditional plasma genera-
tors with a rectilinear arc channel.

4. The influence of operating modes of plasma 
generators with a curvilinear arc channel on their life 
characteristics requires further studies in order to es-
tablish rational operating modes.
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ABSTRACT
the process of complete plasma evaporation of the initial solid material for the synthesis of si nanoparticles as applied to lithi-
um-ion batteries and energy storage devices was studied in this work. The use of numerical modeling methods made it possible 
to determine the flow parameters of a two-phase high-temperature flow — temperature fields, velocities and concentrations. To 
study the processes of evaporation and subsequent synthesis of nanopowders, a plasma reactor with an electric arc plasmatron 
with a linear circuit and using an argon-hydrogen mixture as a plasma-forming gas was developed. The influence of the external 
magnetic field on control of the plasma jet parameters was studied in a series of experiments using an electric arc plasmatron 
in plasma laboratory installations of 30 and 150 kW power. The influence of the magnetic field on the configuration, geometric 
dimensions and structure of the initial section of the plasma jet was determined. The initial dispersed material — silicon powder 
was fed to the section of the plasmatron nozzle in a radial pattern. Experimental confirmation of the phenomenon of elongation 
of the high-temperature initial section of the plasma jet in an axial magnetic field was obtained. It was experimentally estab-
lished that the creation of a peripheral gas curtain significantly improves the characteristics of heat and mass transfer in the 
reactor. The influence of two-phase flow, heat exchange and mass flow of nanoparticles, including on the surface of a plasma 
reactor with a limited jet flow, in the processes of obtaining silicon nanopowders was studied. The obtained regularities can be 
used to develop and put into operation a pilot plant for high-performance production of nanosilicon powders.

KEYWORDS: plasma-chemical synthesis; arc reactor; plasma jet; nanosilicon; lithium-ion battery; numerical modeling

INTRODUCTION
Rapid growth of sales of electrocars outlines the prob-
lem of increase of batteries manufacture. The most 
powerful source of autonomous electric supply is the 
batteries based on lithium-ion technologies. Theoreti-
cal boundaries of a battery efficiency are always limit-
ed by key components, i.e. anode, cathode, electrolyte 
and separator. modern anode-electrodes of lithium-ion 
batteries (LIB) based on graphite materials have ca-
pacity around 372 mA·h/g. theoretically replacement 
of the standard carbon anodes by silicon-based mate-
rials increases anode capacity almost by order to 3579 
mA·h/g [1]. It is expected that in the nearest future the 
silicon anodes will lead to the most significant lith-
ium-ion breakthrough, since graphite is a weak link 
in the battery, which takes more space than any other 
component. Appearance of silicon (Si) anodes of ultra 
high capacity, which can completely replace graphite, 
increases energy density of ion-lithium elements and 
can dramatically reduce cost of lithium-ion batteries, 
in particular in energy sector [2]. It is proved on prac-
tice that application of silicon instead of graphite as a 
negative electrode in the lithium batteries allows ris-
ing battery capacity as minimum in three times. The 
battery of the same size and weight could be able to 

provide several times more capacity or vice versa at 
the same capacity reduction of the battery size ensure 
several times. the main disadvantage of silicon is its 
swelling in saturation with lithium at recharging with 
concurrent increase of mechanical stresses in the vol-
ume of electrode layer, which promote loss of elec-
tric contact of active material with current supply and 
increase of corrosion. This results in low stability of 
cycling of electrodes. In order to increase the specific 
indices of power and capacity of lIb the main efforts 
of the researchers are directed on development of sili-
con nanomaterials [3]. In general silicon is one of the 
most perspective elements for the next generation of 
electrode materials in lithium-ion batteries due to its 
high theoretical specific power.

Up to the moment scientific community dramati-
cally succeeded in development of silicon-containing 
anodes, which can provide significant improvement 
of energy density. the crucial moment is regulation 
of the volumetric expansion of silicon, i.e. necessity 
in nanoparticles application.

the most promising proposals in literature are re-
lated with application of nanostructuring in connec-
tion with the structures which can adjust to the change 
of volume during lithiumization such as yolk-shell 
or porous structures [4]. The final electrode materi-
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al consists of agglomerated silicon nanoparticles of 
5 nm size, encapsulated inside hollow carbon struc-
tures of microsize. At that high specific capacity of 
the electrode is provided, namely 1570 mA∙h/g, with 
preservation of 65 % capacity after 250 cycles of deep 
discharge.

The work [1] states that even at solution of the 
problem of optimum nanomaterials for LIB their 
commercialization is still not satisfactory because of 
two reasons. The first one is a complex and expensive 
methods of manufacture of nanomaterials, in particu-
lar of complex morphology. The second one is non-
commercial standards, which are used for testing of 
novel nanostructures. Any proposed solutions finally 
have to stand commercialization test. for this it is nec-
essary to take into account the issue of scaling at early 
stage of technology development. cost and quality of 
silicon powders are the main problems, which require 
attention at further investigations. At that it is pro-
posed to make more efforts in development of a sys-
tem of nanoparticles manufacture, which can provide 
a set distribution by size as well as compatibility with 
processing scales, i.e. tones per year. figure 1 shows 
characteristics of anode material for different current-
ly commercially available companies–manufacturers 
of silicon nanoparticles.

for indices on figure 1, a testing was carried out 
in the semi-centers with different output powders un-
der similar conditions.

nanopowders of elements and their inorganic 
compounds can be synthesized by different methods 
in gas-phase, liquid-phase and solid-phase processes 
that include physical and chemical deposition from 
gas phase (so called aerosol methods), solution depo-
sition, mechanical chipping and others. production of 
nanoparticles in thermal plasma of electric discharges 
(arc, high-frequency (HF) and ultra high frequency) 

is one of the leading directions of researches and de-
velopments on creation of basics of the new plasma 
technologies. Plasma-jet processes [6] are acceptable 
in all aspects for large-scale production of nanosilicon 
powders of different shape.

The silicon nanoparticles with carbon coating are 
considered as a perspective anode material for lithi-
um-ion batteries of the next generation (Figure 2, a, 
b) [3]. At the same time development of economic and 
eco-friendly method of their high-efficient synthesis 
is still complicated that prevents practical realizing. 
such investigations are important for deep under-
standing of the processes of plasma synthesis (fig-
ure 2, c) and development of batteries with perfect 
characteristics [7].

It is believed that the technology of gas-phase 
plasma-chemical synthesis is of great potential for 
production of silicon nanoparticles. In comparison 
with other methods of synthesis the gas-phase plas-
ma-chemical process has unique advantages. this is a 
one-stage production with possibility of high efficien-
cy of synthesis with application of output material in 
any desirable shape (solid, liquid or gas phase). Be-
sides, application of the plasma parameters provides 
regulation of material modification, product mor-
phology and surface chemistry. thus, these methods, 
when developed, can be considered a step ahead for 
promotion of large-scale production.

The problem of LIB development is determined 
in general [2]. As for technological peculiarities of 
plasma the work [8] provides a 3D modeling using 
a calculation method depending on time of plasma 
jet. It is shown that superposition of a uniform mag-
netic field due to Lorentz force and Joule heating 
promotes laminarization of flow, extension of plas-
ma jet and temperature profile becomes more filled. 
this results in more effective heating of powder 

Figure 1. Characteristics of anode material for different commercially available companies (Tekna (1), Nano Amor (2), Sigma (3), 
Gnm (4)) manufacturers of silicon nanoparticles [5]: a — comparison of stability during cycling between commercially available sili-
con nanoparticles; b — Coulomb efficiency of the first cycle for four considered powders; c — element analysis of tested commercially 
available powders
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particles and suppression of turbulent diffusion of 
silicon vapors and nanoparticles by vortexes that in 
turn affects their shape. In scope of the first task it 
is necessary to perform experimental check of effi-
ciency of theoretically described phenomenon with 
application of hydrogen plasmatron of 30 [9] and 
150 kW [10] power.

It is necessary to consider that without special 
measures deposition of the nanoparticles on a wall in 
a reactor will take place in the plasma process of pro-
duction of nanopowders at gas-dispersed flow pass-
ing. Generation of a layer of sintered material results 
in overlaying of reactor section and complete viola-
tion of technological mode of the process [11].

the aim of the research is derived from the fact 
that there are problems to be solved on a way of cre-
ation of a large-scale production of nanosilicon for 
lithium-ion batteries.

AIM AND TASKS OF THE RESEARCH
the aim of this research lies in overcoming the is-
sue of high productive manufacture of cheap silicon 
nanostructures for lIb including process scales. the 
next tasks are to be fulfilled in order to reach the set 
aim, namely increase the efficiency of evaporation/

dissociation of a precursor material of silicon nano-
powders in the area of high-temperature initial section 
of a plasma jet; provide the conditions for continuous 
removal of synthesized nanoparticles from a reactor 
working zone.

RESEARCH METHODS
In order to realize the tasks set there was developed a 
plasma reactor using electric arc plasmatron of linear 
scheme with application of argon-hydrogen mixture 
as a plasma-forming gas.

using a system of electromagnet control the pos-
sibility is provided for change of magnetic induction 
by set law. The researches on effect of the magnetic 
field on the processes of formation and evaporation 
of a gas-powder flow in a plasma jet were carried out 
by means of determination of configuration, geome-
try sizes and structure of the initial jet section. the 
dispersed material is the silicon powder being fed to 
plasmatron nozzle section on a radial scheme.

A series of experiments using electric arc plas-
matron on laboratory plasma units of 30 and 150 kW 
power (Figure 3) was carried out for analysis of the 
effect of external magnetic field on regulation of plas-
ma jet parameters.

Figure 2. Properties and synthesis of nanosilicon particles with carbon coating produced in thermal plasma per one pass: a — TEM 
image of silicon nanoparticle in carbon coating; b — comparison of cyclic loss of LIB capacity with different silicon nanoparticles 
on anode (1 — silicon nanoparticles; 2 — silicon nanoparticles with amorphous carbon; 3 — silicon nanoparticles with graphitized 
coating); c — process of obtaining of plasma synthesis of nanoparticles in carbon coating
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numerical modeling was used as a tool in de-
signing the process and reactor for the nanopowders 
synthesis. It provided the information on temperature 
fields, velocities and concentrations.

RESEARCH RESULTS 
AND THEIR DISCUSSION
A series of the experiments using the electric arc lin-
ear scheme plasmatron [9] was carried out for detec-
tion of the effect of external magnetic field on regu-
lation of the plasma jet parameters. the plasmatron 
is oriented on application of argon-hydrogen mixture 
as a plasma-forming gas. The electromagnet is fixed 
in relation to the plasmatron nozzle system in such a 
way that a part of arc column, its area with connection 
spot to the electrode, initial area of plasma-forming 
jet and nozzle part of arc channel were located in a 
zone of effect of magnetic field.

A value of magnetic induction is determined by the 
current value in a coil and can be changed by set law 
using the electromagnet regulation system. the result 
of directed orientation of the column part and arc end 
area is rebuilding of the temperature profile and ve-
locities of plasma jet, which is formed in the nozzle 
part of arc channel. It is well represented on figure 4, 
where appearance of the plasma jet with and without 
magnetic field at the same operation mode is shown.

regulation of the parameters of plasma jet is par-
ticularly relevant on the stage of evaporation/dissoci-
ation of the precursor (in form of powder or gas) in 
the process of nanoparticles synthesis.

It is known that in general case the channels of 
transfer of gas and solid phases in two-phase flows 
of such type do not match. this results in coming of 
part of the material being processed in the area of rel-
atively low temperatures and velocities of working 
medium. Instead the consequence of difference in the 
conditions of heating and acceleration of the particles 
is a decrease of a coefficient of raw material use. Cor-
rection of mutual position of phases of the two-phase 
flow will allow to some extent improving this index 
of the process efficiency. The investigations of effect 
of the magnetic field on the process of formation and 
evaporation of gas-powder flow in the plasma jet was 
carried out by means of determination of configura-
tion, geometry and structure of the initial jet section. 
Dispersed material (silicon powder) was fed on the 
nozzle end section of plasmatron by radial scheme.

electric power of the plasmatron is 30 and useful 
one is 22 kw. consumption of the components of plas-
ma-forming gas: GAr = 3.3; Gh2

 = 0.7 m3/h. based on 
obtained estimations the specific efficiency of evapo-
ration of 5–20 mm size particles of silicon powder in 
argon-hydrogen electric-arc plasma jet makes up to 

Figure 3. General view of the laboratory plasma units for nanosilicon synthesis of power, kW: a — 30; b — 150

Figure 4. Appearance of plasma jet*: a — without external magnetic field; b — with external magnetic field
           
*Photo is provided by Dr. of Tech. Sci. Pashchenko V.M.
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10 kw per 1 kg. silicon powder with consumption of 
Gsi = 2.0 kg/h (Figure 5) was used in the experiments. 
consumption of a transporting gas argon was opti-
mized for 2 kg/h efficiency for the purpose of blow-
ing of the powder on the axis of plasma jet and it was 
kept constant. The final aim of the experiments was 
to provide stable evaporation of all powder without 
presence of tracks of melted particles shining at the 
output of initial section of the plasma jet (Figure 6).

Also the work was directed on the examination 
of two-phase flow, heat exchange and mass flow of 
nanoparticles, including on a wall of plasma reactor with 
limited jet flow in the processes of silicon nanopowders 
production. these dependencies are important for opti-
mizing the technological parameters and design of the 
processes of plasma synthesis of nanopowders.

The reactor is a stationary working flow-through 
device at atmospheric pressure (Figure 7). It includes 
a zone of discharge of plasmatron of indirect action, 
assembly for raw material supply into a high-tempera-
ture flow, reactive volume, quenching device, imbed-
ded heat-exchanger and filter for release of condensed 
products from gas-dispersed flow.

current production methods of nanopowders of 
metallic silicon are expensive and make 30 000 US 
dollars per 1 kg. The most powerful unit (to 200 kW) 
teknano-200 plasma nanopowder synthesis of cana-
dian company Tekna based on induction plasma tech-
nology with working gases (Ar, O2, n2, h2, he and 
etc.) provides efficiency up to several kg/h of nano-
materials depending on their properties [12]. 

following from this, the present work is an attempt 
to demonstrate the possibility of high-productive man-
ufacture of nanosilicon for lIb from cheap and avail-
able raw material, namely silicon powder of metallur-
gical property with grain-size composition (Figure 5). 
the electric-arc reactor is made on traditional scheme 
(Figure 7). Issues of movement of dispersed phase, its 
heating, melting, evaporation and further condensing 
into nanoparticles in a plasma jet are sufficiently stud-
ied and have many years of history [6, 9, 11]. On prac-
tice realization of this condition lies in providing the 
sufficient time for staying of polydispersed powder 
flow in the high-temperature jet till complete evap-
oration. The reactor realizes the limited jet flow with 
abrupt channel expansion. A channel zone, located 
behind abrupt expansion (section of flow detachment 
and to section of flow attachment), is a zone of flow 
recirculation formed by vortexes. The vortexes are 
also formed in the plasmatron channel below the flow 
from powder input, which is transported by gas, into 
the plasma jet. These vortexes and the next turbulent 
dissipation down the flow are the most critical source 
of heat- and mass exchange of dusty plasma with the 
reactor walls. this as a result leads to deposition of 
the particles on the reactor walls and forced stop of 
the process. removal of these phenomena will pro-
vide stable continuous work of the reactor.

numerical modeling was used as a tool in design 
of the process and reactor for nanopowders synthe-
sis. It provided the information on temperature fields, 
velocities and concentrations. figure 8 shows typi-

Figure 5. size of the particles of raw silicon powder

Figure 6. Appearance of plasma jet: a — at absence of powder feed without magnetic field; b — powder feed without magnetic field; 
c — powder feed with magnetic field
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cal results of modeling of the plasma reactor in zone 
of powder injection into a flame jet and behind the 
abrupt channel expansion of outlet of plasmatron an-
ode nozzle and reactor inlet.

based on modeling results the protection was put 
for the wall in a zone of recirculation flow behind 
the abrupt channel expansion of reactor and behind 
quenching device from the effect of high-enthal-
py two-phase flow using wall mounted gas shields. 
There is a twist of a peripheral flow in the reactor 
(Figure 7) or blowing in through porous wall. Down 
the flow efficiency of the shield is reduced, however, 
it should protect the surface of the reactor wall until 
the quenching device.

Based on preliminary estimations the specific effi-
ciency for target product makes around 10 kw·h/kg, 
at which complete evaporation of the silicon powder 
in argon-hydrogen plasma jet is achieved. using the 
plasmatron with electric power 150 kw (figure 3, b) 

and useful 100 kw the silicon powder was fed into the 
reactor through two injectors with 5 kg/h consumption 
(Figure 7). Diameter of the outlet nozzle of plasma-
tron anode made 20 mm. plasma-forming gas is argon 
(75 %) + hydrogen (25 %) with 25 m3/h consumption. 
Temperature of jet axis is 15000 K. Shielding gas is 
argon (75 %) + hydrogen (25 %) with 10 m3/h con-
sumption. Quenching gas is argon (75 %) + hydrogen 
(25 %) with 100 m3/h consumption.

Inner reactor diameter is 200 mm, length of 
quenching device is 500 mm. wall of the reactor is 
water-cooled with partial recuperative heat removal 
in shielding gas.

formation of nanoparticles in the plasma reactors 
with limited jet flow takes place as a result of con-
densation from gas phase and usually accompanied 
by deposition of obtained nanoparticles on the reac-
tor surfaces that limit high-temperature gas-dispersed 
flow. The issues of local heat and mass transfer in 
the plasma reactor are of high importance for perfor-
mance of directed plasma synthesis of nanopowders 
with set properties. Due to this there was carried out 

Figure 7. electric arc reactor for plasma chemical synthesis of 
nanopowders: 1 — zone of attachment of arc anode spot; 2 — 
magnet; 3 — powder + transporting gas; 4 — heat flow and dust 
deposition probe; 5 — concurrent blow in, gas shield; 6 — granu-
lating gas; 7 — water cooling; 8 — zone of nanoparticles growth; 
9 — zone of powder particles evaporation; 10 — zone of heating 
and melting of powder particles

Figure 8. Vortex flows in nozzle channel of plasmatron anode be-
hind the place of powder injection and abrupt expansion at reactor 
inlet: a — without shield; b — with gas shield through porous 
blow in

Figure 9. Distribution of density of heat flows on reactor wall 
under different working conditions: 1 — without gas shield; 2 — 
with gas shield; 3 — with gas shield and powder feed

Figure 10. Distribution of density of mass flows on reactor wall 
in synthesis of silicon nanopowders: 1 — without gas shield; 2 — 
with gas shield
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an experimental investigation of distribution of den-
sity of heat (Figure 9) and mass (Figure 10) flows of 
nanoparticles on the plasma reactor surface. measure-
ment of a value of heat flow on the reactor wall was 
carried out by means of registration of the values of 
loss of cooling water and variation of its temperature 
in the probes of heat flow installed on the reactor wall. 
The powder was collected separately from each probe 
and weighed after experiment for evaluation of distri-
bution of density of mass flows on the reactor wall.

The first stage of the process is evaporation of the 
raw material at high temperature of high-enthalpy 
thermal arc plasma. Output particles of silicon move 
along the flow up to a tail of plasma jet, heat and evap-
orate. Temperature of plasma flow is quickly reduced 
transferring energy to the raw material. On the second 
stage a saturated vapor in the process of quenching un-
dergoes homogeneous nucleation and heterogeneous 
condensation as a series of processes of nanoparticles 
production. thermal arc plasma is a corresponding 
tool for silicon processing with its unique properties 
such as high conductivity in comparison with metal-
lic materials, high latent heat of evaporation and high 
temperature of vapor formation. besides, synthesis of 
silicon nanomaterials is affected by unique character-
istics of electric arc plasma jet, namely sufficient heat 
emission from thermal plasma to silicon in the initial 
section and fast temperature drop beyond it that is fa-
vorable for the second stage of the process.

Phenomenon of extension of a high-tempera-
ture initial area of the plasma jet in longitudinal 
magnetic field was experimentally proved (see Fig-
ure 4). At that there is an improvement of heating of 
polydisperse phase with concurrent increase of effi-
ciency and possibility of application of larger powder 
particles. complete evaporation of such silicon raw 
material requires sufficiently long time of staying in 
a high-temperature zone. The external magnetic field 
suppresses turbulent vortexes and formation of coars-
er nanopowders is expected due to suppression of tur-
bulent diffusion of silicon vapors and nanoparticles 
by the vortexes on the plasma periphery.

Distribution of density of heat flow along the reac-
tor length is nonuniform. without gas shield it has a 
maximum in the area of attachment of near-boundary 
layer of the jet to reactor wall. The value of heat flow 
density is determined by radiant and convective heat 
exchange and depends on plasma power. Distribution 
of heat flow density with gas shield and dusty flow is 
greatly varied.

Distribution density of mass flows on the reactor 
wall at silicon nanopowders synthesis without gas 
shield also has extreme nature with a maximum in 
the zone of attachment of near-boundary layer to the 

wall. Relative parts of mass flows on the reactor wall 
remained unchanged even at increase of duration of 
synthesis in the scope of up to 60 min under given 
consumption of the output raw material. Increase of 
thickness of deposited nanoparticles layer reduces 
heat flow on the reactor wall due to increase of layer 
thermal resistance. Moreover, increase of experiment 
duration to 60 min provides rise of the average size 
of nanoparticles, in particular in a zone of maximum 
heat flow.

A gas shield in a form of peripheral vortex flow 
was used for stabilizing the high-temperature zone of 
flow in the reactor (see Figure 7) and decrease of in-
tensity of dissipation due to reduction of the turbulent 
pulsations of velocity (laminarization of flow) and, re-
spectively, increase of time of reagents staying in this 
zone. Presence of the vortex flow created by swirler 
results in significant change of distribution of heat and 
mass flows to the reactor wall (Figures 9, 10) and de-
crease of their value. The results of the experiments 
show that creation of the peripheral vortex flow sig-
nificantly change the characteristics of heat- and mass 
exchange in the reactor. It should be expected that 
optimizing can result in elimination of deposition of 
powder nanoparticles on the reactor wall and provide 
the conditions of continuous work.

CONCLUSIONS
1. An important result of the carried investigations is 
the experimental proof of the possibility of significant 
increase of efficiency of plasma-chemical reactor us-
ing electric-arc plasma. this was reached thanks to 
two conditions, namely possibility of maximum ap-
plication of energy of plasma jet due to its laminar-
ization in the magnetic field and multijet introduction 
of raw material; provision of nonequilibrium process 
when velocity of evaporation of the particles of source 
silicon in the plasma jet exceeds vapor diffusion with 
temperature equalizing. This provides efficiency of 
the process more than equilibrium.

the second important result of the investigation is 
positive application of the gas shield for provision of 
continuous process of synthesis of silicon nanoparticles.

2. The result of performed modeling and experi-
mental check on the plasma units of 30 and 150 kw 
power showed that application of additional effects on 
the plasma jet by magnetic field at the outlet of noz-
zle-anode of the plasmatron and gas shield at the in-
let of reactor provide complete evaporation of source 
silicon powder with specific energy consumption 
10kw·h/kg.

3. Carried investigations showed that the vortex 
flow of gas shield results in significant change of dis-
tribution of heat and mass flows to the reactor wall 
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and 2 and 7 times decrease of their value in this per-
formance, respectively. It is expected that optimizing 
can result in elimination of deposition of nanosilicon 
powder on the reactor wall and provide the conditions 
for continuous work.

Further development of the process based on this 
investigation should be performed in a direction of 
synthesis of nanosilicon particles with carbon coating 
in thermal plasma per one pass.
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