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StreSS-Strain State of welded 
and brazed aSSemblieS of diSSimilar materialS 

with Soft interlayer 
at temperature-force loading

V.V. KVaSnytSKyi1, m.V. matViienKo2, e.a. buturlya2, 
V.f. KVaSnytSKyi2 and g.V. yermolayeV2

1National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute» 
37 Peremohy Prosp., 03056, Kyiv, Ukraine. E-mail: kvas69@ukr.net 

2Admiral Makarov National University of Shipbuilding 
9 Geroiv Ukrainy Prosp., 54025, Mykolaiv, Ukraine

There was researched a stress-strain state (SSS) at temperature-force loading of cylinder assemblies of materials of 
similar strength, but different by temperature coefficients of linear expansion (TCLE), with soft (lower yield limit than 
in base metal) interlayer and average temperature coefficient of linear expansion. Fields and distribution diagrams of 
stresses and plastic deformations of assemblies were analyzed. Investigation of SSS showed that effect of mutual tem-
perature (cooling) and force (compression) loading of assemblies with soft interlayers appears in increase of radial and 
circumferential stresses in both materials, increase of equivalent ones in the material with high TCLE and the interlayer 
and axial ones in the joined materials, and, respectively, decrease of equivalent in the material with lower TCLE. Tan-
gential stresses at that remain virtually the same as at purely temperature loading. In change of cooling by heating the 
materials change their places. The value of maximum plastic deformations in the interlayer material at interface with 
base material close to external surface at mutual temperature-force loading reaches 2.3 %. At that, axial tension stresses 
in brittle materials with low TCLE (ceramics, graphite, etc.) during cooling in the assemblies with soft interlayer reduce 
by value of compression external stresses, i.e. risk of brittle fracture reduces. 7 Ref., 8 Figures.

K e y w o r d s :  diffusion welding, brazing, dissimilar materials, soft interlayer, stresses, deformation, computer 
modelling, mutual temperature and force loading

The main problems of joining of dissimilar mate-
rials are the processes of activation of surfaces being 
joined and formation of residual stresses [1, 2]. In-
termediate interlayers are used to solve these prob-
lems. In brazing such an interlayer is a brazed weld. 
Residual stresses also play important role in working 
capacity of fabricated assemblies after cooling [3, 4]. 
Therefore, investigation of such layers is relevant.

The simplest methods of evaluation of stress-strain 
state (SSS) are the engineering methods of calculation 
in limits of elasticity, based on hypothesis of flat sec-
tions, however, they do not allow considering effect of 
many factors even for simple assemblies. Methods of 
mathematical modeling are the most versatile and per-
spective at current stage of development of computer 
engineering and programming. Works [5–7] by finite 
element method using ANSYS computer complex have 
investigated the processes of SSS formation in dissim-
ilar materials joining including metals with nonmetals. 
Works [6–7] studied SSS with interlayers at axial and 
temperature loading, respectively. Since many assem-
blies are subjected to axial as well as thermal loading, 
therefore this work investigates SSS at mutual loading 
taking into account plastic deformations.

Aim of the present paper is to determine effect of 
soft intermediate interlayers having lower yield limit 
in comparison with materials being joined on SSS for-
mation in arc diffusion welding and brazing.

main material of investigations. The investi-
gations were carried out by the computer modeling 
method using ANSYS software complex. Axial sym-
metric problems were solved for assemblies of cylin-
der-cylinder type of 20 mm diameter, total height h = 
= 21 mm and interlayer thickness s = 1 mm (Figure 1). 
Considering specifics of assemblies, presence of large 
gradients of stresses in a narrow zone close to inter-
layer there was used a gradient division with variable 
dimensions of finite elements, sizes of which in a joint 
zone were selected in such a way as they make not 
less than 10 over interlayer thickness. PLANE 183 
type finite elements were used. Joined materials 1 and 
2 had similar yield limits, but different temperature 
coefficients of linear expansion (TCLE = 20·10–6 and 
10·10–6 1/deg). The soft interlayer had considerably 
lower yield limit (σy = 38 MPa), than in base metal 
(σy = 250 MPa) and average TCLE (15·10–6 1/deg). 
Elasticity modulus and Poisson’s coefficients of all 
materials were taken similar and equal to 2·105 MPa 

© V.V. KVASNYTSKYI, M.V. MATVIIENKO, E.A. BUTURLYA, V.F. KVASNYTSKYI and G.V. YERMOLAYEV, 2019
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and 0.3, respectively. This allows outlining the effect 
of particularly plastic constituent of deformation on 
assembly SSS. Taken properties of materials at given 
loading provided plastic deformation of the interlay-
er only. Joined materials at that were elastically de-
formed over the whole volume that allows using ob-
tained results to joints of brittle materials.

Loading was performed using mutual compression 
by 40 MPa force and decrease of assembly tempera-
ture (after joint formation) per 100°. Obtained at such 
loading results are true at change of cooling by heat-
ing (in welding with thermal cycling), but materials 
1 and 2, having different TCLE, change their places 
at that. Modeling results were compared with similar 
assemblies at various types of loading (only force and 
only temperature). Fields and distribution diagrams of 
all constituents of stresses and plastic deformations of 
assemblies were analyzed.

Analysis of modeling results showed that SSS 
nature in whole corresponds to general principles of 
mechanics and regularities set earlier in [5–7]. Effects 
of temperature and force loading are algebraically 
summed, as a result of what the fields of radial and 
circumferential stresses remain virtually the same 
as at purely temperature loading. Axial compression 
stresses in material 1 rise and tensile ones in materi-
al 2 reduce by value of compression load. Tangential 
stresses noticeably rise at the interface of «soft» in-
terlayer with material 1 and decrease at interface with 
material 2 in comparison with purely temperature 
loading. In this case it is obviously demonstrated the 
algebraic summing of the effects from the difference 
of TCLE and plastic deformation of interlayer and 
significantly higher level of stresses at temperature 
loading in comparison with force one.

The field of equivalent stresses changes equiva-
lently. The latter at mutual loading noticeably rises in 
material 1 and reduces in material 2 in comparison 
with purely temperature loading.

In accordance with equivalent stresses there is a 
change of the field of plastic deformations. As in the 
case of purely temperature loading the maximum of the 
latter is accumulated close to external surface of assem-
bly, but their distribution over interlayer thickness dis-
tinctly change. They are maximum at the interface with 
material 1 and reduce with distance from it.

Nature and level of distribution diagrams of radial 
stresses along the butt in the materials being joined at 
mutual temperature and force loading match with na-
ture of corresponding distribution diagrams at purely 
temperature loading (Figure 2). At that the maximum 
radial stresses in the materials being joined reduce by 
15–20 MPa. Circumferential stresses have similar to 
radial distribution in the materials being joined.

The pattern is completely different in the soft in-
terlayer material. Application of pressure at tempera-
ture decrease considerably (in several times) rises 
plastic deformations from side of material 1 (with 
higher TCLE) and to lower degree from side of mate-
rial 2 (with smaller TCLE) at that changing their sign 
(Figure 3).

The distribution diagrams of axial stresses along 
assembly generatrix displace to the side of compres-
sion by value of axial load of 40 MPa (Figure 4). As a 

figure 1. Physical (a) and FE (b) models of assemblies with inter-
layer (1, 2 — materials being joined)

figure 2. Distribution diagrams of radial stresses in materials 1 (a) and 2 (b) along butt with «soft» interlayer at temperature-force (1), 
temperature (2) and force (3) loading
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result tensile stresses in material 2 (with small TCLE) 
decrease reducing the risk of its brittle fracture.

Tangential stresses being unchangeable on the 
largest part of the butt increase in the vicinity of ex-
ternal cylinder surface rising from side of material 1 
by 10 MPa (Figure 5, a) and decreasing by 10 MPa 
from material 2 side (Figure 5, b).

There is a respective change of the distribution di-
agrams of equivalent stresses. Level of these stresses 
rises by value of applied pressure 40 MPa in material 
1 (Figure 6, a) and decreases by 40 MPa in material 
2 (Figure 6, b). Their distribution in both materials 
being joined remains close to uniform.

In the material of «soft» interlayer being plastically 
deformed the value of equivalent stresses in the big-
ger part of the butt keeps the level of around 40 MPa 
from material 2 side with smaller TCLE (Figure 7, b). 
From the side of material 1 with larger TCLE the dis-
tribution is nonuniform, there is a clearly expressed 
stagnation zone close to assembly axis, in which 
equivalent stresses reduce to 10 MPa. In the vicinity 
of external surface of assemblies they vice-versa rise 
up to 80 MPa (Figure 7, a).

Plastic deformations in the «soft» interlayer ma-
terial have nonuniform distribution, gradually rising 
from ones close to 0, in the stagnation zone, up to 1 % 
and more in the vicinity to the external surface. At 
that on the interface with material 1 in this zone at 
mutual loading they are several times higher than at 
purely temperature loading (Figure 8, a). On the inter-
face with material 2, vice versa, distribution is more 
uniform than at purely temperature loading (Figure 8, 
b), but their level is lower.

Mutual force (compression) and temperature 
(cooling) loading create more favorable conditions 
for development of plastic deformations in the «soft» 
interlayer than purely temperature. Their value and 
nonuniformity of distribution rise from the side of 
material 1(with higher TCLE) and they reduce, but 
distribution becomes more uniform from the side of 

figure 3. Distribution diagrams of radial stresses in material of «soft» interlayer on butts with material 1 (a) and 2 (b) at tempera-
ture-force (1), temperature (2) and force (3) loading

figure 4. Distribution diagrams of axial stresses on generatrix of 
assembly with «soft» interlayer at temperature-force (1), tempera-
ture (2) and force (3) loading

figure 5. Distribution diagrams of tangential stresses on butts of materials 1 (a) and 2 (b) with «soft» interlayer at temperature-force 
(1), temperature (2) and force (3) loading
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material 2 (with lower TCLE). Obviously that the ma-
terials change places in alteration of cooling by heat-
ing, i.e. thermal cycling under pressure shall promote 
formation of physical contact and activation of pro-
cesses of joint formation.

Analysis of the results of SSS investigation 
showed that effect of mutual temperature and force 
loading of assemblies with soft interlayers appears at 
some increase of radial and circumferential stresses 
in both materials, rise of equivalent ones in material 1 
and interlayer and axial in materials being joined and, 
respectively, decrease of equivalent ones in material 

2, tangential stresses at that remain virtually the same 
as in purely temperature loading.

The value of maximum plastic deformations in the 
interlayer material on the interface with base materials 
in the vicinity of external surface at temperature-force 
loading significantly rises and makes around 2.3 %.

conclusions

1. At mutual loading by compression and cooling (cool-
ing under pressure) the axial tensile stresses in the brit-
tle materials with low TCLE (ceramics, graphite, etc.), 
responsible for their fracture in cooling after welding 

figure 6. Distribution diagrams of equivalent stresses in joined materials 1 (a) and 2 (b) on butt with «soft» interlayer at tempera-
ture-force (1), temperature (2) and force (3) loading

figure 7. Distribution diagrams of equivalent stresses in material of interlayer on butt with materials 1 (a) and 2 (b) at tempera-
ture-force (1), temperature (2) and force (3) loading

figure 8. Distribution diagrams of plastic deformations in material of interlayer on butt with materials 1 (a) and 2 (b) at tempera-
ture-force (1), temperature (2) and force (3) loading
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(brazing) in the assemblies with «soft» interlayer, re-
duce by the value of compression load. It means that 
risk of brittle fracture in the assemblies with «soft» in-
terlayer reduces in cooling under pressure.

2. Tangential and equivalent stresses in the butt 
zone (on interface), determining formation of metal-
lic (physical) contact and activation of process of joint 
formation in diffusion welding, at mutual loading by 
compression and cooling of assemblies with soft in-
terlayer noticeably rise in material with higher TCLE 
in cooling and material with lower TCLE in heating. 
At that, distribution of equivalent stresses is close to 
uniform. Thus, thermal cycling under pressure shall 
promote formation of physical contact and activation 
of processes of formation of joint in assemblies with 
«soft» interlayer.

3. Plastic deformations in the material of «soft» 
interlayer on the interface with material having lower 
TCLE at mutual loading on cooling stage are more 
uniformly distributed, but their level is lower than in 
purely temperature loading. At mutual compression 
and heating the same takes place on the interface with 
material having higher TCLE. It can be assumed that 
welding with thermal cycling under pressure provides 

in the assemblies with «soft» interlayer more uniform 
distribution of plastic deformations in the interlayer.
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Structure and propertieS 
of wear-reSiStant materialS baSed 

on co–mo–cr–Si–b alloying SyStem
a.m. KoStin and V.a. martynenKo

Admiral Makarov National University of Shipbuilding 
9 Heroiv Ukrainy Prosp., 54000, Mykolaiv, Ukraine. E-mail: volodymyr.martynenko@nuos.edu.ua

The aim of the work was to study the structure and properties of Co–Mo–Cr–Si–B alloying system for the case of its 
application as a wear-resistant material for hardening the contact surfaces of blades of ship gas turbine engines. The 
studies were performed with application of the methods of high-temperature differential thermal analysis, electron 
microscopy, X-Ray micro and X-Ray structural analyses. Hardness and microhardness of phase components were 
measured, adhesion activity of experimental alloys was investigated using the sessile drop method. It is shown that 
experimental compositions have a balanced structure based on solid solution of cobalt alloyed with molybdenum and 
chromium, with hardening by complex silicides, borides and carbides, have acceptable mechanical properties and melt-
ing temperature below the temperature of irreversible softening of high-temperature nickel alloys, and are characterized 
by high adhesive activity, which creates favourable prerequisites for their use in ship gas turbine construction. 10 Ref., 
1 Table, 4 Figures.

K e y w o r d s :  high-temperature nickel alloys, wear-resistant materials, structure phase composition, hardness, melt-
ing temperature, adhesive activity

An important problem in marine engineering is the 
need to increase the effectiveness, reliability and ser-
vice life of gas turbine engines. These parameters are 
primarily determined by the intensity of wearing of 
contact surfaces of blades, which are in the most se-
vere operating conditions. In this connection, the ma-
terials and technologies of hardening the contact sur-
faces require development of new advanced solutions.

At present, there exists a rather wide selection of 
wear-resistant materials, which can be deposited on 
the contact surfaces with melting or without melting 
of the base material [1]. In this case, the decisive cri-
teria of adaptability-to-fabrication of wear-resistant 
materials are their melting temperature and possible 
methods of deposition. Under the conditions of spe-
cific production, the above criteria can have mutually 
exclusive action that essentially complicates selection 
of optimum compositions and technologies [2].

In ship gas turbine construction high-temperature 
nickel alloys of ChS88U-VI, ChS70U-VI and other 
types are used for manufacturing the turbine blades. 
These alloys are hardened by disperse precipitates 
of g′-phase Ni3(Al, Ti) which is prone to coagulation 
during contact interaction at high temperatures that 
creates favourable conditions for increase of wearing 
intensity, also due to intensification of the processes 
of oxidation of the surface layer, which is depleted in 
alloying elements.

These alloys are practically unweldable by the 
traditional methods of fusion welding, so that their 

heating temperature should not exceed 1210–1220 °C 
at deposition of wear-resistant material. Otherwise, 
an irreversible lowering of base metal strength is ob-
served, caused by degradation of g′-phase and crack-
ing in the deposition area [1]. In this connection, the 
alloy which hardens the contact surface, at deposition 
in the liquid state should have the melting tempera-
ture not higher than 1210–1220 °C. At higher intrin-
sic melting temperature it can be joined to the base, 
for instance, by brazing. However, the turbine blade 
design does not always allow application of this ef-
fective method.

Thus, it is convenient to classify wear-resistant 
materials for ship gas turbines into two groups by 
their melting temperature: below and above 1210–
1220 °C.

An extremely complicated problem is develop-
ment of alloys, which belong to the first group, have 
the required level of wear resistance at working tem-
peratures (up to 900 °C) and can stand short-term 
thermal loads at up to 1150 °C temperature «pulses» 
that is close to the conditions of g′-phase dissolution 
in the base metal. 

The known alloys of the first group include, for 
instance, KBNKhL-2 composition, which has the 
melting temperature at the level of 1070–1090 °C that 
does not allow the alloy to stand short-term heating up 
to temperatures of 1150 °C [3].

All the other known nickel- and cobalt-based al-
loys can be included into the second group, for in-
stance VZhL-2, VKNA-2M [4], V3K-r [5], Stellite 12 © A.M. KOSTIN and V.A. MARTYNENKO, 2019
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[6], Kh30N50Yu5T2 [7], Kh25N10V8 [4], KhTN-61 
[8], KhTN-62 [9], Tribaloy T-800, T 400, T 401 alloys 
[10], etc. The above-listed alloys have melting tem-
perature above 1220 °C which makes their application 
extremely difficult at deposition on contact surfaces 
of blades of ship gas turbine engines by surfacing.

The main technological process, which is used for 
deposition of wear-resistant materials in enterprises 
of SC GTRPC «Zorya»–«Mashproekt», is the method 
of oxy-acetylene flame spraying without base metal 
melting. Additional fluxing of the surface by PV-200 
flux is used, in order to increase the adhesive activity 
of the process. The surfacing process is accompanied 
by an insignificant dissolution of base metal to the 
depth of up to 0.1 mm that guarantees formation of a 
common transition zone, which is responsible for the 
bond strength. Thus, physicochemical and metallurgi-
cal processes, which run during the surfacing process, 
have a lot of common features with that of brazing. In 
this case, adhesion activity of surfacing materials is 
extremely important.

In this connection, the objective of our work was 
development of a high-temperature material with the 
required level of wear resistance at working tempera-
tures (up to 900 °C), with melting temperature below 
1210–1220 °C, which would have satisfactory adhe-
sion activity for ship high-temperature nickel alloys 
and could stand the temperature and dynamic condi-
tions of their operation, that is an urgent problem.

The National University of Shipbuilding together 
with SC GTRPC «Zorya»–«Mashproekt» developed 
promising wear-resistant high-temperature materials 
KMKh and KMKhS which satisfy the above require-
ments [2].

KMKh and KMKhS alloys were developed on the 
base of Co–Mo–Cr–Si classical system with addition-
al alloying by boron and chromium carbide [2]. Alloy 
matrix is a solid solution of cobalt (b-modification) 
alloyed by molybdenum and chromium, which read-
ily withstands contact and thermal loads up to tem-
peratures of 1000 °C, inclusive. Simultaneous addi-
tion of silicon and boron allows at the melting stage 

lowering the alloy temperature to the required level 
and at the same time significantly increasing their ad-
hesion activity. After melt solidification, boron and 
silicon actively form a uniformly distributed, thermo-
dynamically stable highly-dispersed hardening phase, 
which consists of complex silicides and borides (CoB, 
Mo2B, MoSi, CoSi) that imparts the required wear re-
sistance level to the alloys. X-Ray structural analysis 
was performed in DRON-3 diffractometer. Addition-
al presence of chromium carbide (Cr2C6) in KMKhS 
alloy somewhat lowers its melting temperature com-
pared to KMKh alloy and stabilizes its structure and 
properties.

Test alloys were produced by induction melting in 
vacuum of the order of 10–2 Pa with subsequent an-
nealing at the temperature of 1100 °C for 1 h. The 
characteristic electronic structure of the alloys is 
shown in Figure 1. Both the alloys demonstrate the 
regular two-phase structure, the density and unifor-
mity of which increases at transition from KMKh al-
loy to KMKhS alloy. The hardness of KMKh alloy is 
equal to approximately HV10 – 710–715, that of alloy 
KMKhS is HV10 – 735–740. Average microhardness 
Hm50 of phase components of alloy KMKh is equal 
to 4771 MPa (Figure 1, region 1) and 2365 MPa (re-
gion 2), and for alloy KMKhS it is 661 MPa (region 3) 
and 3213 MPa (region 4), respectively.

Distribution of concentrations of alloying elements 
in phase components of test alloys was determined 
using scanning electron microscope-microanalyzer 
REMMA 102-02. The results are given in the Table. 
Analysis of obtained results of distribution of alloying 
elements in phase compositions showed that the base 
of cobalt-based alloys, up to 67 wt.% for KMKh alloy 
and 59 wt.% for KMKhS alloy, additionally contains 
from 4 up to 11 % molybdenum and from 25 up to 26 
% chromium, with slight alloying with silicon of up 
to 2.5 wt.%. The hardening phase, contrarily, simul-
taneously with lowering of base level of cobalt alloy-
ing to 50 wt.% and of chromium, to 16 wt.%, also 
contains an increased concentration of molybdenum, 
up to 33 wt.% and of silicon, up to 9 wt.%, that pro-

figure 1. Electronic structure of KMKh (a) and KMKhS (b) alloys (for description of 1–4 see the text)
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motes formation of complex-alloyed hardening phase 
(CoB, Mo2B, MoSi, CoSi). The base of the alloys and 
hardening phases contain the same chemical elements 
as those in the alloy composition, in different propor-
tions, that ensures their good structural compatibility 
and smooth change of physical properties at transition 
through the interphase. Boron and carbon concentra-
tion was not determined in the work, in connection 
with limited capabilities of the used equipment.

Alloy melting temperature was determined by the 
method of high-temperature differential thermal anal-
ysis. Characteristic thermograms of melting and crys-
tallization of alloys KMKh and KMKhS are given in 
Figure 2. Data of thermal analysis (DSC) are indica-
tive of the fact that at preservation of an optimum ra-

tio of silicon and boron in the alloys, KMKh and KM-
KhS alloys have only one thermal effect in the heating 
and cooling curves. The above effect determines the 
solidus temperature for KMKh alloy on the level of 
1185–1190 and 1165–1170 °C for KMKhS alloy. At 
deviation from the recommended ratio, the stability 
of phase composition is disturbed, and there is the 
possibility of phase reaction running with formation 
of nonequilibrium phases. It results in appearance of 
additional effects on the thermal curves that leads to 
increase or lowering of the alloy melting temperature 
and formation of a wider interval of crystallization 
that is undesirable.

Adhesion activity of KMKh and KMKhS alloys 
was studied by the sessile drop method at melting in 

Alloying element concentration in phase components of test alloys in keeping with Figure 1

Region 
number

Alloying element

Co Mo Cr Si Ni

1 50.78–46.03 
47.62 (48.41)

33.60–26.37 
31.3 (29.99)

16.60–12.25 
13.83 (14.43)

7.75–6.25 
7.24 (7.0) –

2 68.25–63.73 
67.01 (65.99)

8.37–4.55 
5.49 (6.46)

26.11–24.98 
25.69 (25.55)

2.11–1.52 
1.81 (1.82) –

3 46.06–45.33 
45.78 (45.70)

32.23–29.79 
30.70 (31.01)

14.01–12.22 
13.24 (13.12)

8.78–8.55 
8.70 (8.67)

1.81–1.45 
1.58 (1.63)

4 59.06–56.41 
57.7 (57.74)

9.15–11.96 
10.61 (10.56)

26.38–25.67 
26.18 (26.03)

2.98–2.64 
2.81 (2.81)

3.06–2.35 
2.71 (2.71)

Note. Numerator — max and min value, wt.%, denominator mean value, wt.% (at.%).

figure 2. Differential scanning calorimetry of samples of KMKh (a) and KMKhS (b) alloys
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the vacuum of the order of 10–2 Pa on the substrate of 
standard high-temperature nickel alloy VZh 98. The 
time of soaking at temperatures from 1175 to 1210 °C 
was 3 min. Measurements of specific area of spread-
ing and angles of wetting for the above experimental 
conditions are shown in Figure 3. Characteristic mac-
rostructure of the zone of interaction of KMKh and 
KMKhS alloys with high-temperature alloy VZh-98 
is shown in Figure 4.

Analysis of the obtained results showed that at 
heating temperatures of 1175–1185 °C both the alloys 
have insufficiently stable wetting and spreading char-
acteristics, the scatter of measured values being more 
than 15 %. Wetting angles exceed 12° for KMKhS 
alloy and 20° for KMKh alloy that is insufficient in 
terms of adaptability to fabrication.

Starting from the temperature of 1190 °C, both the 
alloys demonstrate high adhesion activity in the spec-
ified working temperature range of surfacing (1190–
1210 °C). The most stable steady characteristics of 
wetting and spreading for both the test alloys are fixed 
in the temperature range of 1190–1195 °C. Wetting 

angles are within the range of 13–15° for KMKh alloy 
and 8–10° for KMKhS alloy. Specific spreading areas 
exceed 0.5 mm2/mg for both the alloys, that is more 
than sufficient in terms of adaptability-to-fabrication, 
and creates favourable prerequisites for their indus-
trial application. Good adhesion with the substrate 
material is observed in the entire temperature range 
without formation of brittle intermetallic components. 
Here, the dissolution depth remains minimum right up 
to the temperature of 1210 °C and does not exceed 
0.1 mm (see Figure 4) that guarantees preservation 
of the deposited metal properties and minimizes its 
effect on the base metal. More over, the melting tem-
perature of both the alloys increases the critical heat-
ing temperature of turbine blades to 1150 °C during 
possible short-term overspeeding in operation, and 
does not exceed the limit admissible short-term heat-
ing temperature of high-temperature nickel alloys of 
ChS88U-VI type (1210–1220 °C) that is a mandatory 
requirement to the properties of new adhesion-active 
surfacing materials.

figure 3. Dependence of specific spreading area Ssp (a) and wetting angles q (b) of KMKhS (1) and KMKh (2) alloys on temperature

figure 4. Characteristic macrostructure of the zone of interaction of KMKh (a) and KMKhS (b) alloys with VZh 98 alloy (T = 1210 °C)
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conclusions

1. Structure of KMKh and KMKhS alloys consists of 
solid solution of cobalt (b-modification) alloyed with 
molybdenum and chromium with hardening by com-
plex silicides and borides (CoB, Mo2B, MoSi, CoSi), 
KMKhS alloy additionally contains chromium car-
bide (Cr2C6).

2. Melting temperature determined by the meth-
od of differential thermal analysis, is equal to 1185–
1190 °C for KMKh alloy, and 1165–1170 °C for KM-
KhS alloy.

3. KMKh and KMKhS alloys are characterized 
by high adhesion activity relative to high-tempera-
ture alloy VZh 98. Steady characteristics of wetting 
and spreading are fixed at temperatures above 1190–
1195 °C. For KMKh alloy the wetting angles are equal 
to 13–15°, for KMKhS — 8–10°. Specific spreading 
areas exceed 0.5 mm2/mg.
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Fusion welding of cast high-temperature nickel alloys with high content of strengthening disperse phases is problem-
atic. Even more serious problem is welding of intermetallic-based materials. Therefore, different methods of brazing 
are widely used for such materials joining. TLP-bonding (Transient Liquid Phase Bonding) is a term which has the 
most often application abroad. Considering that brazing filler materials have lower melting temperature than base 
metal, the concentration of depressants (reducing brazing filler metal melting temperature) in a brazed weld shall be 
reduced to the minimum in order to increase working temperature of brazed joints in brazing process. The depressants 
of high-temperature brazing filler metals are divided on several groups. Interaction of Ni3Al-based alloy with brazing 
filler metals containing silicon, boron, zirconium and hafnium was investigated in the work. SBM-3 brazing filler metal 
of Ni–Cr–Co–Al–Ti–Ta–Re–W–Mo–Hf–B system was developed based on investigations results. 17 Ref. , 7 Figures.

K e y w o r d s :  brazing, nickel alloys, strengthening phase, depressants, brazing filler metal development, melting 
temperature

The efficiency of gas turbines significantly depends 
on the temperature of working gas. Therefore, for the 
manufacture of guides and working blades, materials 
with higher heat resistance are developed. Such are the 
new alloys based on intermetallics, in particular, based 
on the intermetallic Ni3A1. The promising methods of 
their joining are welding in the solid state, for exam-
ple, friction welding, diffusion welding in vacuum with 
fused or nonfused interlayers or brazing [1, 2]. Braz-
ing is a more universal method of joining, but its main 
problem is providing strength properties of brazed 
joints, which are close to those of the base metal. Good 
results are provided by TLP-bonding technology.

Ni3A1intermetallic-based alloy is a structur-
al material for gas turbines of a new generation [3, 
4]. Ni3A1 phase has a face-centered cubic lattice, in 
which chromium, molybdenum and tungsten are lim-
itedly soluble, and the solubility of elements in this se-
ries decreases. The metals like titanium, tantalum and 
niobium dissolve in the γ′-phase, substituting alumi-
num and strengthening it. Cobalt has a high solubility 
in nickel, substituting nickel in the γ-solid solution. 
The ordered structure of the γ′-phase provides its high 

stability and operation of the alloy up to 1200 °C. The 
intermetallic, alloyed with small amounts of tantalum 
and chromium, has a high resistance in oxidizing en-
vironment at the temperatures up to 1100–1200 °C.

When joining different structures based on inter-
metallic Ni3A1, operating at high temperatures and 
increasing the efficiency of gas turbines, joining tech-
nologies are required having both similar and dissim-
ilar combinations with other high-temperature alloys. 
The solution to this problem is certainly relevant.

problem statement. Aircraft materials science 
is successfully developed and intermetallic materials 
based on Ni3A1have been known since the end of the 
last century [5, 6]. Investigations of methods of their 
joining began to be actively carried out only recently, 
and for the first time the possibility of applying existing 
brazing filler metals for brazing of high-temperature 
nickel alloys was considered in the works. These braz-
ing filler metals can be divided into three groups [2]:

1) nickel-based alloyed brazing filler metals using 
silicon and boron as depressants, which in most cases 
are introduced together to reduce brazing temperature 
and concentration of each of them;

© V.V. KVASNYTSKYI, G.F. MYALNITSA, M.V. MATVIIENKO, E.A. BUTURLYA and DONG CHUNLIN, 2019
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2) brazing filler metals based on alloyed nickel 
with the use of elements of the IV and V groups of the 
Periodic Table as depressants;

3) brazing filler metals of the system Ni–Pd.
In Ukraine and abroad, brazing filler metals of the 

first group, for example, VPr11, VPr11-40N, BNi1, 
BNi2, BNi5, VPr42, NS12, NS12A, STEMET 1301, 
STEMET 1311 are the most widely known. Complex 
alloyed brazing filler metals containing silicon and 
boron are VPr24, VPr27 and oth.

In works [7–9], complex alloyed brazing filler 
metals VPr36, VPr37 and VPr44 were investigated 
for brazing of high-temperature nickel alloys ZhS32, 
ZhS36 and EP975 alloy with VKNA-4U alloy based 
on the intermetallic Ni3A1. The results obtained 
are little described, but the mentioned brazing filler 
metal systems show the possibility of increasing the 
high-temperature strength of brazed joints of alloys 
based on the intermetallic Ni3A1.

The aim of the work is to study the interaction of 
the alloy based on the intermetallic Ni3A1 with braz-
ing filler metals of different systems and to increase 
the strength of joints, produced by TLP-Bonding 
technology, to the level of 70–80 % of the strength of 
the base metal.

materials and procedure of investigations. For 
investigations, an experimental high alloy based on 
intermetallic Ni3A1with the following content of 
basic elements (wt.%) was melted: 0.085 С; 6.6 Cr; 
11.63 Co; 4.67 W; 1.49 Mo; 5.61 Si; 7.44 Ta; 1.6 Hf; 
2.0 Ti; Ni is the rest. Microstructure of the alloy is 
shown in Figure 1. In the initial heat-treated state, the 
alloy has a uniform γ + γ′ structure with a high share 
of γ′-phase (68–72 vol.%).

The sizes and shape of specimens for investiga-
tions and mechanical tests were determined accord-
ing to the accepted standard procedures (ISO 783–89) 
and the data given in work [10].

The base of the studied brazing filler metals was 
nickel alloyed with the same elements as the base 
material of the system Ni–Co–Cr–A1–Ti–Ta–W–Mo. 
For this purpose, the available computer programs for 
calculating the content of phases and critical tempera-
tures were used. To reduce the melting temperature, 
as a depressant, boron and silicon and similarly zirco-
nium and hafnium were together or separately intro-
duced to the alloy.

The wetting quality of the high-temperature alloy was 
evaluated by wetting angle at different temperatures. The 
spreading of brazing filler metal was determined by spe-
cific spreading area. After that, the specimens were cut 
at the center of a drop of brazing filler metal and wetting 
angle was determined from a photo of macrosection.

To investigate the flow of brazing filler metal into 
the gap, wedge-shaped specimens with the sizes of 
20×12×3 mm (lower) and 20×6×3 mm (upper) were 

used, which were exposed one on the other along the 
length with a zero gap on a one side and a gap of 0.3 
or 0.6 mm on the other.

The formation of joints of butt welds was inves-
tigated on cylindrical specimens with a diameter of 
13 mm and a length of 35 mm.

Structural investigations were carried out using 
optical metallography and scanning electron micros-
copy. The chemical composition was determined by 
local X-ray spectrum microanalysis by individual 
points and by area. The structure of high-tempera-
ture alloys was detected by chemical etching in a 
solution consisting of 10 g of chlorine iron, 30 ml of 
hydrochloric acid and 120 ml of alcohol or Marble’s 
reagent: 100 ml of HCl, 20 g of CuSO4, 100 ml of 
H2O with addition of H2SO4 (0–20 ml). Murakami’s 
reagent was used to differentiate between carbides 
and σ-phase: 10 g of red blood salt, 10 g of potassium 
hydroxide or 7 g of sodium hydroxide.

Differential thermal analysis was carried out in 
thermal analyzer HTDTA-8M with simultaneous 
measurement of temperature of the investigated spec-
imen and the reference under heating and cooling in 
electric resistance furnace. The rate of heating and 
cooling was automatically maintained constant.

Investigations on determination of melting and crys-
tallization temperatures were carried out in the atmo-
sphere of high-purity helium. The rate of heating and 
cooling was 0.8 °C/s. Specimens with the mass of 1 g 
were placed in the crucibles of yttrium oxide Y2O3. The 
temperatures of phase transformations were determined 
using a calibration curve constructed on the melting 
points Al, Cu, Fe, and Pt. The cooling curves were used 
to qualitatively control the number of phase transitions 
and to determine the temperatures of the start of crystal-
lization. The error of the results was ±7 °C.

Determination of mechanical characteristics was 
carried out during static short-term and long-term ten-
sile tests of cylindrical specimens.

figure 1. Microstructure (×45) of melted alloy based on Ni3Аl 
(magnific. by 1.5 times)
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At the first stage, as applied to the melted alloy 
based on Ni3A1, according to the results of the analy-
sis of sources [7–9], for investigations and correction 
of composition brazing filler metal VPr36 was select-
ed. To reduce the temperature of brazing, correction 
of the composition of brazing filler metal VPr36 was 
also carried out by the authors of works [11, 12], who 
introduced silicon into brazing filler metals for this 
purpose, using brazing filler metal NS12, containing 
12 % of Si. For alloy based on Ni3A1, a higher melt-
ing point of brazing filler metal is required, and to 
increase heat resistance of joints, the silicon content 
in the base metal is strictly limited. Therefore, sili-
con was not used in our investigations. In addition, in 
brazing filler metal it was necessary to use alloying by 
analogy with high-temperature alloys of a new gener-
ation, which was taken into account in this work.

When choosing depressants, the investigations were 
taken into account considered in work [13], in which the 
prospective use of such depressants as zirconium and 
hafnium in brazing filler metals was established.

Therefore, at the second stage of investigations in 
brazing filler metals for brazing intermetallic alloy, 

zirconium and hafnium were used as depressants. 
These elements form unlimited solutions between 
themselves and replace each other in the intermetal-
lics of nickel in any ratios. The temperature of brazing 
using brazing filler metals with hafnium was 1225–
1230 °С, and using brazing filler metals with zirconi-
um was 1200–1210 °С.

The spreading of brazing filler metal with zirconium 
over the intermellic alloy is shown in Figure 2, where it 
is seen that spreading area of brazing filler metal consists 
of the central zone of brazing filler metal at the points 1 
and 2, the peripheral zone at the point 3 and the halo of 
a drop at the point 4. The chemical composition of the 
metal in these zones is significantly different. In the cen-
tral zone, the composition varies in height of the drop, 
but contains elements of the base of brazing filler metal. 
Further, in the peripheral zone and in the halo of a drop, 
the concentration of zirconium grows and an eutectic 
layer appears, which repeats micro roughness of the sur-
face and envelops separate particles of brazing filler met-
al. With the introduction of 2.5 % of Zr in certain areas 
of the surface, its concentration increases to 11–12 wt.%. 
When introducing 5.0 % of Zr into brazing filler metal, 
in some areas the concentration of zirconium reaches 
21 %, the concentration of niobium (up to 30 %) and 
tungsten (up to 14 %) sharply increase, the concentration 
of nickel (21–25 %), aluminum and titanium decreases, 
which testifies the formation of intermetallics.

An analogue of zirconium is hafnium, which, un-
like zirconium, has a low diffusion mobility of atoms. 
Both elements have a low solubility in nickel and 
similar state diagrams with nickel. A low solubility 
of hafnium and zirconium in nickel along with the 
formation of eutectics broaden the temperature range 
of melting and crystallization of brazing filler metals, 
which is bad for alloys based on Ni3A1intended for 
operation at temperatures up to 1200 °C. Brazing fill-
er metals with zirconium and hafnium have a good 
wetting of the alloy based on Ni3A1 at a vacuum of 
10–3 Pa, as well as an uneven distribution in the brazed 
weld. The wetting angles, depending on the composi-
tion of brazing filler metal and temperature, vary from 
13 to 5 degrees. Taking into account a high affinity 
of zirconium and hafnium to oxygen during brazing, 
it is necessary to strictly control the pressure in the 
working vacuum chamber (not more than 3·10–3 Pa) 
and the leakage value, not more than 3·10–5 Pa·m2·s–1.

Brazing filler metals with zirconium for brazing 
the alloy ZhS6U were also used in work [14]. Two 
brazing filler metals of the system Ni–Co–Cr–Ti–
Nb–A1–(Me)–Zr, containing 1 and 2 % of Zr were 
investigated. Their temperatures are: solidus — 1101 
and liquidus 1231 °C with 2 % of Zr and respective-
ly 1141 and 1259 °С with 1 % of Zr. For application 

figure 2. General view of spread drop (a) and microstructure of 
near-surface layer of brazing filler metal alloy in the halo of drop 
(b) and closer to its center (c) brazing filler metal with zirconium 
(see description 1–4 in the text)
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brazing filler metal with 1 % of Zr is recommended. 
As to the brazing temperature, brazing filler metal is 
not suitable for brazing alloy based on Ni3A1. Braz-
ing filler metals with zirconium and hafnium are well 
studied in works [15–18] as-applied to high-tempera-
ture nickel alloys with a brazing temperature up to 
1210 °C. An increase in brazing temperature can lead 
to a degradation of the structure of the base metal.

At the third stage, brazing filler metal with the use 
of boron as a depressant was investigated. These braz-
ing filler metals are the most studied and widespread in 
industry. During the development of brazing filler met-
al two problems were solved: the choice of the base of 
brazing filler metal and the determination of the nec-
essary concentration of boron to provide the necessary 
liquidus and solidus temperatures. Brazing filler metals 
with boron traditionally have a high manufacturability.

When choosing a base of brazing filler metal, gener-
al provisions of the development of high-temperature 
alloys were used based on the influence of each of the 
alloying elements, including alloys of a new genera-
tion, on mechanical properties, formation of strength-
ening phases as well as brittle phases, heat resistance, 
liquidus, solidus, solvus temperatures, temperature of 
evolution and number of phases, their composition 
and other. At the same time, aircraft materials, in par-
ticular, intermetallic Ni3A1 and alloys for marine gas 
turbines, operating at lower temperatures, but under 
conditions of high-temperature salt corrosion (HSC), 
were considered. The operating conditions of marine 
turbines significantly affect the chromium content in 
alloys, reducing their heat resistance.

The found ways to increase heat resistance and re-
sistance against HSC allowed creating alloys for marine 
turbines of a new generation with an increase in their op-
erating temperature by 50–60 °С [19]. Accordingly, it is 
necessary to increase heat resistance of joints, as well as 
brazing temperature. To do that, it is necessary to create 
new brazing filler metals, using the same principles of 
alloying, which are used to create alloys.

Many other problems are common to aircraft and 
ship gas turbine building, which allows using the 
same calculation methods and computer programs. 
When choosing the base of brazing filler metals, cal-
culations were also used, but with the same base sys-
tems of brazing filler metals, the concentrations of a 
number of elements in them are significantly different. 
For example, the resistance of alloys against the for-
mation of σ-phase depends on the group of elements, 
including chromium. Therefore, at a high chromium 
content, it is necessary to reduce the concentrations of 
other elements, strengthening a solid solution, at the 
same number of electronic vacancies and for this pur-
pose the alloy was doped with elements, which are the 

most effective strengtheners. Such alloying is used in 
high-temperature alloys of a new generation.

To calculate the second problem (choice of boron 
concentration), it is necessary to have a regression 
equation of the effect of boron on the liquidus and sol-
idus temperature of the brazing filler metal base. There 
is not enough statistical data to do that. Therefore, the 
problem was solved experimentally. Several alloys 
were melted (brazing filler metal base), to which boron 
was added at three different concentrations. The pro-
duced specimens were subjected to HTDTA, investiga-
tions on wetting and spreading of brazing filler metal. 
In Figure 3, a the thermogram of one of the melted al-
loys is shown (brazing filler metal base), and in Fig-
ure 3, b — HTDTA results after addition of boron.

The spreading of one of the brazing filler metals in 
the alloy based on Ni3A1 is shown in Figure 4.

Depending on the base of brazing filler metal and 
boron concentration, the wetting angle and specific 
spreading areas are changed. The main role is played 
by brazing temperature. All melted brazing filler met-
als wet the alloy well, but the temperature range of 
brazing filler metal application was determined by the 
wetting angle of not more than 10°. The optimum an-
gle is 3–5°. The specific area of spreading during the 

figure 3. HTDTA curves for base of brazing filler metal (a) and 
after introduction of boron (b)

figure 4. Spreading of batch weight of 100 mg of powder of braz-
ing filler metal SBM-3 on alloy Ni3А1 at temperatures of 1250 (a) 
and 1265 °С (b)
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temperature of investigations of 1250–1265 °С was 
1.7–2.0 mm2/mg.

The formation of a brazed joint was estimated by the 
structure of the weld, its chemical composition (by area 
and phase), as well as by the maximum and minimum 
gaps, which are filled without defects at a temperature 
of brazing. This can be determined most accurately by 
brazing wedge-shaped specimens with a change in the 
gap from zero to 0.6 mm. The depth of dissolution of 
the base metal was also determined on such specimens. 
Regardless of the chemical composition of brazing filler 
metal, with an increase in the temperature of brazing the 
depth of dissolution of base metal increases, and it is as 
larger as wider the gap and the higher the boron concen-
tration. The change in the concentration of boron also 
changes the number and composition of phases: γ, γ′, 
MxCy, M3B. When analyzing by areas, the composition 
of the alloy varies little. The combined volume fraction 
of the carbide and boride phases increases already with 
increasing boron concentration from 1.0 to 1.2 wt.%, 
and the content of chromium, molybdenum and tung-
sten is almost half decreased.

The microstructure of the weld metal, brazed with a 
filler metal containing 2.5 % of Re, is shown in Figure 5.

According to the results of the analysis of the 
structure and chemical composition of melted speci-
mens, brazing filler metal SВМ-3 was developed, the 
microstructure of joints of which is shown in Figure 6.

Analyzing the results of investigations of phases 
and chemical composition of joints of the alloy based 
on Ni3A1, produced by TLP-bonding method with 
brazing filler metal SBM-3, it should be noted that the 
matrix of brazing filler metal has a composition close 
to that of the base metal, plus individual elements, 
which is not in the base metal, but they are introduced 
into brazing filler metal. The structural composition 
of the weld metal and base metal are close. The joints 
structure has no continuous eutectic interlayers, car-
bide, boride or carboboride precipitations.

Brazed joints pass heat treatment, including 
high-temperature homogenization and staged cooling. 
The mode of heat treatment of the alloy includes heat-
ing up to 1180 °C with the exposure of 2 h → heating 
to 1265 °С with the exposure of 2 h and air cooling, 
heating up to 1050 °С with the exposure of 4 h and 
air cooling. After heat treatment, the boride eutectic 
is absent due to the formation of highly-dispersed 
borides and carboborides, which are characterized 
by the presence of active carbide and boride formers, 
which are clearly determined on the spectra during lo-
cal X-ray spectral analysis. All such inclusions have a 
low aluminum content.

Mechanical tests of joints were carried out at op-
erating temperatures with the determination of short-
term and long-term strength on the basis of 50 and 
100 h of tests. The test for the short-term strength of 

figure 5. Microstructure of weld metal in brazing of wedge specimen with a gap of 361 (a) and 297 µm (b)

figure 6. Microstructure (×250) of joint of the alloy based on 
intermetallics Ni3A1 in brazing with a constant gap of 0.08 mm 
by brazing filler metal SBM-3

figure 7. Microstructure of joint of alloy based on Ni3Al with 
brazing filler metal SBM-3
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the polycrystalline base metal at 900 °C showed a 
mean value: σt = 830 MPa, σ0.2 = 720 MPa; at 1000 °C 
σt = 530 MPa; σ0.2 = 460 MPa. The strength of joints 
was at the same level. The fracture of the specimen 
occurred on the base metal. The microstructure of a 
joint in the butt zone is shown in Figure 7.

The long-term strength of joints of Ni3A1based al-
loy at a temperature of 900 °C on the basis of tests of 
100 h amounted to 900

100σ  = 280 MPa, which is equal 
to 81.9 % of the strength of base metal, based on 50 h 
of 900

50σ  = 320 MPa, which is 85.6 % of the strength 
of base metal.

On the basis of the carried out investigations, 
brazing filler metal SBM-3M for brazing of high-tem-
perature nickel alloys of marine gas turbines was also 
developed, a significant difference of which from 
brazing filler metal SBM-3 is a higher chromium con-
tent. Both brazing fillers metals are developed on the 
base of Ni–Co–Cr–A1–Ti–Ta–Re–W–Mo–B system.

conclusions

1. The work proposes new approaches to the choice 
of alloying elements of brazing filler metals base, pro-
viding a solid solution and dispersion strengthening. 
In particular, the introduction of tantalum and rhenium 
into brazing filler metals, which are used for alloying of 
high-temperature alloys of turbines of a new generation 
and have a higher efficiency in increasing heat resis-
tance and heat strength and reducing the concentration 
of molybdenum and tungsten or replacing them.

2. At a brazing temperature of 1250 °C, the wetting 
angles of high-temperature alloy based on Ni3A1 inter-
metallics by brazing filler metal SBM-3 do not exceed 
7°, as to the chemical composition and structure, the 
weld metal is close to the base metal, short-term strength 
at 900 °C is at the level of the base metal, and the long-
term strength of TLP-joints on the basis of 50 and 100 h 
of tests is not lower than 80 % of the base metal.

3. The results of the work showed that the creat-
ed brazing filler metal SВМ-3 and the TLP-bonding 
technology correspond to the aims of investigations.

4. According to the results of work for experimen-
tal industrial use, brazing filler metals of Ni–Co–Cr–
A1–Ti–Ta–Re–W–Mo–B system were melted with 
Hf and without it.
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The paper presents the main technical means and methods of pulsed control of the process of consumable electrode 
gas-shielded arc welding, developed over the recent years at PWI and Admiral Makarov National University of Ship-
building. A lot of attention is given to methods using systems of pulsed impact on the processes of electrode metal trans-
fer, weld formation and deposited metal structure. Good prospects for application of systems with pulsed dozed feed of 
electrode wire are shown, and results of effective control of welding and surfacing processes are given. Methods of arc 
welding with pulsed feed of shielding gas and with two-jet gas shielding are considered, and problems are indicated, 
which prevent extensive application of these processes. The paper gives the results of some studies of the influence 
of external electromagnetic impact on electrode metal transfer, weld formation and crystallization, and presents some 
examples of effective application of this method of welding process control. Analysis of the methods of mechanical 
impact on the welding process using different oscillator systems was performed. The possibility is shown of combined 
control of electrode metal transfer, deposited bead formation and its metal structure, depending on the scheme of os-
cillation application and oscillation process parameters. The good prospects for this method application for surfacing 
operations are pointed out. 34 Ref., 2 Tables, 12 Figures.
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Welding and related technologies are continuously, 
actively and comprehensively developing. Theoret-
ical and technological prerequisites, engineering de-
velopments for manufacturing new products are cre-
ated in the traditional fields of welding production, as 
well as mastering other spheres of application, which 
were earlier considered inaccessible for a broad range 
of tasks, for instance, wet underwater welding [1].

A weld, or deposited layer are the result, which is 
achieved using mechanized or automated equipment 
for arc welding and surfacing. Operating (service) 
properties of welded, reconditioned or strengthened 
items (structures) depend on the structure of the depos-
ited metal and heat-affected zone, weld surface shape, 
geometrical parameters of the penetration zone [2].

There exist quite a large number of techniques 
and methods for influencing the characteristics of the 
welded joint or deposited layer, including technologi-
cal, technical characteristics and those related to elec-
trode materials and shielding media. Here, we should 
also take into account the influence of the material 
being welded, conditions and media, in which the arc 
process is conducted.

The objective of this work is analysis and pros-
pects for application of technical means, which are 

part of welding equipment systems, as well as auxil-
iary systems.

Developments of PWI and Adm. Makarov NUS 
are considered for analysis of the main technical 
means, used for pulsed control of parameters of the 
weld and deposited layer. The diversity of technical 
means is generalized and shown in Figure 1.

Inverter-type pulsed welding current sources be-
came widely accepted in welding and surfacing 
equipment for any purpose, implementing the electric 
arc process using consumable electrode. The shape of 
output voltage pulses and their frequency depend on 
the problems being solved. These are mainly the prob-
lems of control of electrode metal transfer, including 
creation of conditions for optimum transition of mol-
ten metal drops into the liquid pool.

Widely accepted are the processes with control algo-
rithms, where different variants of feedbacks are used 
[3]. As an example, let us note the process of electrode 
metal drop transfer at continuous feeding of electrode 
wire, in which the source voltage is stabilized at the 
stage of drop formation, and a current pulse is supplied 
at the stage of breaking of the neck of the drop between 
the electrode and the pool (Figure 2) [4].

Pulsed impact of welding current source allows to:
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● control electrode metal transfer through drop 
separation and its transportation into the weld pool as 
the main impact of current pulse of the arc process;

● create vibrational oscillations of molten metal 
pool as concurrent impact of electrodynamic forces.

Controllable transfer of electrode metal can be also 
obtained using pulsed feed of electrode wire. This ap-
proach is becoming more and more widely accepted 
that is largely determined by the capabilities for im-
provement of technical means and technological de-
velopments in this direction. Different designs of me-
chanical gearless converters of rotational movement 
of drive electric motor shaft into pulses of movement 
of wire movers can be noted [5]. Such engineering 
solutions allow assigning the preselected mode of 
electrode wire feed by the movement step and pulse 
duty cycle. However, the application of such designs 
is limited. Pulsed feed devices with quasi-wave con-
verters are an exception [6]. As a rule, quite inexpen-
sive d.c. commutator motors are used as drive electric 
motors in such devices.

Pulsed feed systems with application of brushless 
electric motors, namely step and valve, have been 
developed and their development is carried on. Their 
operational parameters are determined by software, 
based on digital control systems. Use of such electric 
motors implies a gearless design of wire feed mecha-
nism that improves system response. Batch-produced 
sets are mainly used as electric drives with step elec-
tric motors. Such sets were used with success in the 
automatic machine for wet underwater welding [7] 
and in other types of equipment [8].

Electric drives with valve electric motors and 
digital control were developed in Ukraine specially 
for various-purpose welding equipment [9], but they 
became the most common in systems of electrode 

wire feed for implementing pulsed movement with 
controlled characteristics, for instance, wet welding 
in aqueous environment. The possibilities of pulsed 
feed influencing bead formation are illustrated by 
examples of flux-cored wire surfacing in water (Fig-
ure 3). Here, the number of nonmetallic inclusions is 
increased, and mechanical properties of the deposited 
layers are improved.

Modern valve electric drives ensure up to 50–
60 Hz frequency of pulsed feed of electrode wire with 
controllable parameters (step, amplitude, relative 
pulse duty cycle) and possibility of movement reverse 
in feed pulse cycle. Moreover, the signal of feedback 
by arc process parameters can be entered into the 
valve electric drive regulator. A drive with current or 
voltage feedback, realizing dosed feed of electrode 
wire can be used as an example [10, 11]. Changing 
the parameters of dosed feed of electrode wire allows 
controlling the weld shape at unchanged parameters 
of welding or surfacing mode (average current, volt-
age and arc movement speed).

One of the basic effects at pulsed feed of electrode 
wire is also the possibility of producing a disoriented 
structure of the deposited metal. Detailed metallo-

figure 1. Technical means of influencing the properties of the weld or deposited layer

figure 2. Algorithm of operation of control system of pulsed 
welding current source
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graphic studies of samples, deposited under the same 
conditions and with the same energy parameters of 
the process, but using different methods of electrode 
wire feed, are indicative of significant changes in the 
deposited metal structure, and reduction of the quan-
tity of nonmetallic inclusions [12].

We should also note the greater stability of the pro-
cess of metal transfer at application of systems with 
dosed wire feed. In the oscillograms of the surfacing 
process performed with dosed wire feed (Figure 4), a 
clear regularity of the controlled electrode metal trans-
fer is observed that eventually leads to metal structure 
improvement. Lowering of the degree of alloying el-
ements burn out is observed at the same time. Welds 
and deposited layers produced by arc welding, also 
have improved mechanical properties, for instance, 
strength, wear resistance and toughness [13].

Results of welding (surfacing) with 1.0 mm elec-
trode wire of 0.9 mm thick plates from an aluminium 
alloy can provide evidence of the effectiveness of ap-
plication of dosed feed of electrode wire (Figure 5) 
[14]. In terms of quality indices, these joints practi-
cally do not differ from welds produced by noncon-
sumable electrode argon-arc welding, but as regards 
the efficiency the process with dosed feed of electrode 
wire exceeds argon-arc welding 1.5–2.0 times.

Pulsed feed of shielding gas and two-jet gas shield-
ing are relatively new processes of controlling the arc 
welding process.

During the shielding gas feed pulse, the velocity of 
gas outflow from the nozzle increases, gas-dynamic 
pressure on the drop at the electrode wire tip rises, 
and finer drops move into the pool, but at greater fre-
quency [15]. Here, as a result of reduction of the time 
of drop transfer into the liquid pool, the intensity of 
alloying element burning out changes.

Among the different variants of pulsed feed of 
shielding gases, the main ones are the following two: 
with feeding one type of gas and with alternative 
feeding of several types of gases, the second variant 
being more effective. In [16] it is shown that alter-
native feeding of argon and helium results in a new 
technological process, in which the effect of pulsed 
impact on the weld pool arises due to pulsed change 
of pressure in the arc gap (because of different densi-
ty and ionization potential of argon and helium). This 
promotes producing metal of the weld and deposited 
layer with fine-grained metal structure with high val-
ues of metal ductility and strength.

The appearance of welds (surface shape, ripple) 
depends not only on the type of shielding gas, but also 
on pulsed feed frequency. Gas feeding with pulse fre-

figure 3. Microsections of beads, deposited with controlled pulses of electrode wire feed

figure 4. Oscillograms of surfacing process with electrode wire 
feed: a — discontinuous; b — dosed

figure 5. Appearance of beads, obtained with dosed feed of elec-
trode wire, on sheet metal structures: 1 — surfacing with semi-au-
tomatic machine; 2, 3 — butt welding with semi-automatic ma-
chine; 4 — surfacing with automatic welding machine
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quency of up to 20 Hz has a predominant effect on 
weld geometry [17–19].

Despite the obvious advantages of arc welding and 
surfacing with pulsed feed of shielding gas, wide ac-
ceptance of the method, in our opinion, is prevented by 
inertia of the shielding gas feed system. Here, placing 
the gas valve even directly at the nozzle cannot provide 
an effective solution of the problem. It should be also 
taken into account that with increase of the pulsed feed 
frequency, it is more difficult to ensure shielding gas 
feeding in individual portions without mixing.

The process of welding with two-jet gas shielding 
is interesting from the view point of its effect on the 
weld and improvement of shielding gas feed system 
[20]. With such a welding process, the shielding gas 
jet is enclosed in an outer jet, which stabilizes the in-
ner jet, lowers its turbulence, limits air suction into 
the arcing zone and protects the near-weld zone. In-
creased gas-dynamic pressure of the inner gas jet pro-
motes cooling of the molten electrode metal drop at 
its movement from the electrode tip and lowers alloy-
ing elements loss. More intensive mixing of the main 
and electrode metal takes place in the weld pool.

Developments of welding equipment systems with 
combined effects on the welding process, formation 
of the welded joint and deposited layer are of great 
interest. Engineering capabilities of application of 
the method of controlling electrode metal transfer at 
simultaneous impact of welding current source and 
pulsed feed mechanism with different operating al-
gorithms on electrode wire melting were studied in 
[21]. Pulsed-feed mechanism with one-sided grips 
and electric magnets allowing synchronization of 
wire feed pulses with mains frequency were used for 
experimental studies [22].

It is found that the current pulse should always 
precede the pulsed movement of electrode wire. At 
optimum synchronization parameters controllable 
transfer of electrode metal is achieved in welding with 
short-circuiting of the arc gap, and in a number of cas-
es controllable transfer without the short-circuiting 
phase with less than 3 % electrode metal losses, is 
possible. Use of pulsed feed allows control of welded 
joint formation (Figure 6).

On the whole, the advantages of application of a 
combined pulsed impact of welding current source 
and electrode wire feed mechanism are as follows:

● range of stable welding modes, possibility of 
controlling the geometrical characteristics of the 
welded joint and deposited layer are expanded;

● high level of control of electrode metal transfer 
is achieved, both in welding with short-circuiting and 
without it;

● operational conditions of pulsed feed mecha-
nisms are facilitated, as there is no need to form pulses 
with high values of accelerations of wire movement in 
the pulse;

● problems of weld metal structuring are solved 
at a rather high level with reduction of crystal dimen-
sions and respective increase of mechanical proper-
ties of the item being welded or surfaced;

● electrode metal drop stays in the zone of impact 
of high temperatures for a shorter time, and alloying 
element loss is lowered, accordingly.

The problem of combined impact on metal transfer 
was solved at the E.O.Paton Electric Welding Institute 
at development of a new method of arc mechanized 
and automatic welding with dosed feed of electrode 
wire. Here, arc feedbacks are used for feeding the cur-
rent pulse from the power source at any time at the 
stage of impact of electrode wire feed pulse. This is a 
promising direction, which can be accepted in welding 
and surfacing of various steels and aluminium alloys, 
and with application of both solid and flux-cored wires.

Research work is carried on in the direction relat-
ed to a combined pulsed impact from welding current 
source and system of shielding gas pulsed feed. Some 
research results [18] contain materials on two weld-
ing processes: with alternating feed of several kinds 
of shielding gases and pulsed-arc process with pulsed 
feed of shielding gas.

Combined impact on the welding process by the 
second method ensures formation of the weld with a 
high quality of the surface and has a positive influ-
ence on weld metal structure, improving its mechan-
ical properties.

Considering the inertia of the gas feed system, 
complexity of selection of gas equipment, as well as 
certain problems in ensuring synchronization of oper-
ation of the welding current source and shielding gas 
feed system can be regarded as the common draw-
backs of the above ingenious welding methods with 
a combination of pulsed impact of shielding gas and 
welding current source.

figure 6. Beads deposited at different parameters of the process 
of control of electrode metal transfer due to combined effect 
of pulses of current source and electrode wire feed mechanism 
(1–4 — ineffective pulse synchronization)
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Next, we will consider promising developments 
on control of formation of the welded joint and de-
posited layer, using technical means, which, as a rule, 
are not included into the list of the main systems of 
welding-surfacing equipment, but are used for a con-
siderable increase of their effectiveness. In particu-
lar, we should note the fact that different methods of 
influencing the weld pool formation using technical 
means, realizing various pulsed or oscillatory impact, 
differ by the frequency spectrum of their effective im-
pact, as part of them influences the overall volume of 
molten metal, and another part acts locally.

Oscillations of the torch of automated welding 
equipment are performed, mainly, in order to fill wide 
grooves or increase the deposited metal width [23]. 
The frequency of these oscillations is usually equal 
to 0.2–2.0 Hz, and it is limited by inertia properties of 
the torch oscillatory system. The concomitant result 
of operation of torch oscillators is their impact on the 
structure of weld metal and deposited layer. It is found 
that transverse oscillations of the arc allow reducing 
the dendritic heterogeneity of weld metal and width 
of heat-affected zone that promotes improvement of 
mechanical properties of the weld and deposited lay-
er [24]. Transverse oscillations of the torch movement 
can be realized by two main methods, namely swinging 
of the torch or parallel displacements of the carriage 
with the welding torch attached to it. In the first case, 
the electrode wire extension is changed that also influ-
ences formation of the welded joint or deposited bead.

An example of original and effective application 
of torch oscillations to solve the problem of welding 

over a larger gap is development of a device for weld-
ing-in plugs inside a pipe of 157 mm diameter with 
10 mm wall thickness by wet method in a liquid medi-
um at more than 200 m depth, performed by PWI [25]. 
Torch oscillations are realized from the electrode wire 
feed mechanism by special eccentric mechanism, al-
lowing adjustment of oscillation amplitude. Special 
features and results of welding with application of the 
developed torch oscillator are illustrated by Figure 7.

In particular, the oscillogram (Figure 7, b) clearly 
shows the arc process current pulses, resulting from 
the change of electrode extension in the extreme 
points of oscillations. Such pulses are close to current 
pulses in welding with mode modulation and have the 
respective effect on weld characteristics.

Let us briefly consider the known systems of weld-
ing process control and formation of welded joint and 
deposited layer, using the magnetic fields [26]. Quite 
often the complexity of application of these engi-
neering systems limits their mounting in systems of 
automatic equipment for welding and surfacing. In a 
number of cases, however, their use is necessary and 
has prospects for application in the future.

The effectiveness of controlling the above pro-
cesses, using external pulsed magnetic fields was 
proved experimentally [27]. It is found that applica-
tion of axial pulsed fields allows not only controlling 
the frequency of transfer and dimensions of electrode 
metal drops, but also changing the transfer type, for 
instance, from globular to jet transfer. Losses of elec-
trode wire metal for spattering become smaller with 
increase of electromagnetic pulse frequency. Con-

figure 7. Appearance of welds and oscillograms of current and voltage in welding-in plugs: a — regular process; b — torch oscillations 
(arrow shows current supply oscillation)
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trolled electromagnetic field, acting on weld pool 
liquid metal enables changing the weld geometry and 
thereby serves as a means of increasing the hot crack-
ing resistance of the metal.

In order to obtain the required structure and ge-
ometry of the deposited layer at surfacing operations, 
different methods are used, which are based on ad-
justment of the heat input into the processed metal 
and physicochemical impact on the arc and weld pool 
[13, 28]. Control of the structure ensures the required 
mechanical characteristics of the deposit metal, and 
control of penetration dimensions promotes increase 
of surfacing process efficiency and reducing the frac-
tion of base metal in the deposited layer.

Work associated with development of high-fre-
quency direct (without additional converters) oscilla-
tor of electrode wire using new engineering means and 
original application of a number of physical effects 
is aimed at solving this range of problems [29, 30]. 
Mechanical generator of high-frequency electrode os-
cillations provides a combined impact, at which the 
conditions of simultaneous control of metal transfer 
through the arc and of deposited layer geometry at au-
tomatic submerged-arc surfacing are realized.

The generator features the capability of creating 
high-frequency electrode oscillations, consisting of 
two harmonics with the required values of frequency 
and amplitude. The harmonics with a higher frequen-
cy provides an increase of electrode melting stability, 
and that with a lower frequency, but greater ampli-
tude, promotes increase of deposited bead width and 
reduction of base metal penetration depth. Improved 
design of mechanical oscillator (Figure 8), allows, 
unlike previous developments, inducing electrode os-
cillations along or across the deposited bead and ad-
justing their amplitude, irrespective of the length of 
electrode extension, required by the technology [31].

Mounting the mechanical oscillator on standard 
equipment for automatic welding allows achieving 
the following results, depending on amplitude-fre-
quency characteristics of induced oscillations:

● ensuring microdrop transfer of metal as a result 
of gravitation-capillary dispersion;

● controlling metal transfer;
● controlling deposited layer geometry due to heat 

flux dispersion.
Possibilities of combined control of surfacing pro-

cess characteristics using high-frequency transverse 
mechanical oscillations of the electrode can be as-
sessed by the results presented in Table 1 [32]. Oscil-
lations with frequencies close to the resonance ones 
have an especially significant effect.

Considering the good technological results (metal 
structure, geometrical parameters of deposited lay-

figure 8. General view (a) and scheme of inducing high-frequen-
cy oscillations of electrode wire (b): 1 — electrode wire; 2 — 
current supply; 3, 6 — current supply fastening components; 4 — 
vibration component of mechanical oscillator; 5 — flexible spiral; 
L — length of mobile (elastically fastened) part of current supply 
with the electrode; lk — arm of application of the force from me-
chanical oscillator; lex — electrode extension

figure 9. Scheme of weld pool harmonic oscillations

table 1. Influence of the frequency of electrode oscillations on surfacing characteristics

Oscillation frequency, Hz 0 680 (resonance) 1295 3820 (resonance) 5800

Deposited bead 
macrosection

Base metal share in 
deposited bead 0.36 0.13 0.30 0.22 0.25

Electrode melting 
coefficient, g/(A∙h)

15.0–15,2 
15.1

16.5–17.2 
16.9

15.1–15.5 
15.3

18.0–18.9 
18.6

15.8–16.3 
161.1
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ers), produced at surfacing with high-frequency con-
trolled oscillations of electrode wire, we believe it is 

expedient to apply them also in other processes using 
a consumable electrode.

PWI is working on application of other oscilla-
tory processes, also at lower frequency. It was noted 
above that weld pool vibrations lead to a change of the 
structure of weld metal or deposited layer. Plane or 
plane-parallel movements of vibrators in the form of 
vibrating tables of different design are usually applied 
to excite oscillations of molten metal of the pool.

Based on achievements of modern mechanotron-
ics with computerized control of drive systems, new 
engineering solutions and techniques are proposed for 
making an impact on the weld pool with controlled 
oscillations parameters, such as frequency, amplitude, 
and shape. Figure 9 gives the scheme of inducing os-
cillations of the surfaced item, which are transverse 
relative to the weld, Figure 10 is a fragment of an ex-
perimental unit, and Figure 11 shows the deposited 
bead appearance.

A step motor with gearless transmission of move-
ment directly to the work table was used as the drive 
for transverse oscillations. The unit was applied to 
perform experimental verification of the developed 
mathematical model of the surfacing process with 
item oscillations [33], which showed satisfactory con-
vergence of results (Table 2).

An essential increase of the deposited bead width 
at accordingly reduced height as a result of weld 
pool oscillations is indicative of higher efficiency of 
this surfacing process, compared to the conventional 

figure 10. Unit for transverse oscillations of the surfaced item: 1 — control module; 2 — oscillation parameter regulator; 3 — oscil-
lation drive electric motor; 4 — work table

figure 11. Beads deposited with oscillations of unit work table 
with frequency, Hz: 1 — 4.67; 2 — 4.0; 3 — 3.0; 4 — 2.0; 5 — 
without oscillations

figure 12. Scheme of welding-surfacing process using mechani-
cal vibrator of the weld pool: 1 — electrode wire; 2 — torch; 3 — 
welding arc; 4 — weld pool; 5 — item; 6 — vibrator waveguide; 
7 — generator; n — waveguide rotation frequency; e — half-am-
plitude of waveguide oscillations

table 2. Results of checking the adequacy of the mathematical 
model

Experiment 
number

Oscillation 
frequency, 

Hz

Deposited bead width, mm
Error, %

calculation experiment

1 4.67 15.4 14.0 10
2 4.0 13.6 13.0 4.6
3 3.0 12.0 14.0 14.3
4 2.0 11 14.0 21.4
5 0 – 8.0 –
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method, performed under the conditions of stationari-
ty of the surfaced item. Moreover, improved structure 
of the deposited metal provides higher service charac-
teristics of the surface layer [34].

Results of the performed studies give ground to be-
lieve that the technology with item oscillations should 
be developed in the direction of application of other 
parameters of the oscillatory process. The considered 
surfacing process can be used at manufacture or re-
pair of parts of agricultural machinery, components of 
stamping or metal-cutting tools [34], etc.

Recently, a method of welding-surfacing with ad-
dition of mechanical oscillations into the weld pool, 
using an additional vibrator, was proposed (Fig-
ure 12).

When performing the welding or surfacing pro-
cesses, the vibrator waveguide, immersed into the 
liquid metal of the weld pool behind the arc, moves 
together with it at speed Vw. The position of the 
waveguide working end (distance from welding arc 
lim, immersion depth him, angle of inclination aim) is 
determined by weld pool dimensions, and oscillato-
ry process parameters (frequency and amplitude) are 
set by oscillatory mechanism generator. The effect of 
mechanical mixing of the weld pool consists in struc-
turing the deposited metal and, as a consequence, in 
improvement of mechanical properties of the joint or 
deposited layer.

conclusions

1. At great diversity of methods and techniques of 
controlling the welded joint operating properties, cor-
rect selection of welding method and modes is the de-
terminant factor to produce a joint with the required 
mechanical and special characteristics. However, a 
versatile welding process, which, allowing for various 
external conditions of conducting the process, ensures 
absolutely equal strength and quality of the joints, has 
not been developed yet.

2. The main directions of effective improvement 
of welded joint quality are rational application of 
the methods of pulsed and vibrational impact on the 
welding process, using welding equipment systems 
proper, as well as auxiliary systems, allowing control 
of the deposited metal properties.

3. The results of mechanical impact on the charac-
teristics of welded joint or deposited layer can be sig-
nificantly enhanced by application of different meth-
ods of combined impact, selecting the most effective 
of them, taking into account their cost-effectiveness.

1. Paton, B.E. (2003) Current trends of research and develop-
ment in the field of welding and strength of structures. The 
Paton Welding J., 10–11, 5–11.

2. Makovetskaya, O.K. (2012) Main tendencies at the market of 
welding technologies in 2008–2011 and forecast of its devel-
opment (Review). Ibid., 6, 32–38.

3. Mironov, S. (2003) Inverter power sources for arc welding. 
Svarochn. Proizvodstvo, 4, 41–43 [in Russian].

4. Saraev, Yu.N., Bezborodov, V.P., Grigorieva, A.A. et al. (2015) 
Control of structure and properties of welded joints of critical 
technical systems by methods of adaptive pulsed arc welding. 
Voprosy Materialovedeniya, 1, 127–131 [in Russian].

5. Paton, B.E., Lebedev, V.A., Poloskov, S.I., Lendel, I.V. (2013) 
Application of mechanical pulses for control of processes of 
automatic and mechanized consumable electrode welding. 
Svarka i Diagnostika, 6, 16–20 [in Russian].

6. Paton, B.E., Lebedev, V.A., Pichak, V.G., Poloskov, S.I. 
(2009) Evolution of systems of pulsed wire feed for welding 
and surfacing. Ibid., 3, 46–51 [in Russian].

7. Maksimov, S.Yu., Lebedev, V.A., Lendel, I.V. (2015) Sealing 
of heat exchanger pipes by «wet» welding at depth of 200 m. 
Voprosy Materialovedeniya, 1, 199–204 [in Russian].

8. Lebedev, V.A., Dragan, S.V., Trunin, K.K. (2016) Automatic 
submerged-arc welding with pulsed electrode wire feed by 
step motor. Svarochn. Proizvodstvo, 2, 27–34 [in Russian].

9. Lebedev, V.A., Guly, M.V. (2014) Fast valve electric drive for 
mechanized arc welding equipment. Mekhatronika. Avtomati-
zatsiya. Upravlenie, 6, 47–51 [in Russian].

10. Lebedev, V.A., Zhuk, G.V. (2017) Control of electrode met-
al transfer based on pulse algorithms of systems functioning 
with dosed electrode wire feed during mechanized arc weld-
ing. Tyazholoe Mashinostroenie, 6, 27–32 [in Russian].

11. Lebedev, V.A. (2016) Mechanized synergic welding with 
pulsed electrode wire feed. Naukoyomkie Tekhnologii v Mash-
inostroenii, 2, 19–24 [in Russian].

12. Lebedev, V., Reisgen, U., Lendel, I. (2016) Study of tech-
nological opportunities of GMA welding and surfacing with 
pulse electrode wire feed. Welding in the World, February, 
9–14.

13. Paton, B.E., Lebedev, V.A., Zhuk, G.V., Dragan, S.V. (2017) 
Mechanical pulse and vibration effects in equipment and tech-
nologies of mechanized welding and surfacing. In: Proc. of 
16th Intern. Sci.-Techn. Conf. on Vibrations in Engineering 
and Technologies (Ukraine, Vinnytsya, 26–27 October 2017), 
10–16.

14. Lebedev, V.A., Zhuk, G.V. (2017) Solution of problems of 
mechanized welding of thin sheet aluminium alloys based on 
application of programmable feed mechanism electric drives. 
Montazhnye i Spec. Raboty v Stroitelstve, 9, 21–24 [in Rus-
sian].

15. Denisov, L.S., Barsukov, I.V., Apolonik, S.A. (1998) Devel-
opment and analysis of equipment for welding with alternate 
gas supply. In: Proc. of Sci. Conf. on Advanced Engineering 
and Technology of Machine Building, Instrument Making and 
Welding Production. Kiev, Vol. 4, 310–313 [in Russian].

16. Tarasov, N.M., Tulin, V.M. (1982) Control of electrode met-
al transfer by short-time increase of the rate of shielding gas 
flow. Svarochn. Proizvodstvo, 8, 23–25 [in Russian].

17. Zhernosekov, A.M. (2012) Tendencies in development of con-
trol of metal transfer processes in shielding gases (Review). 
The Paton Welding J., 1, 29–33.

18. Zhernosekov, A.M., Sidorets, V.N., Shevchuk, S.A. (2013) 
Combined pulsed action of shielding gases and welding cur-
rent in consumable electrode welding. Svarochn. Proizvodst-
vo, 12, 9–13 [in Russian].

19. Kitsch, M. (2006) Metall-Inert Gas Schweissen von Alumini-
um mitgepulster Schutzgaszufuhr. Schweissen und Schneiden, 
58(1), 19–22 [in German].



26 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 8, 2019

SCIENTIFIC AND TECHNICAL

                                                                                                            

                                                                                                                                                                                                    

20. Chinakhov, D.A. (2009) Effect of double-jet gas shielding on 
performance of welded joints on GL-E36 shipbuilding steel. 
The Paton Welding J., 9, 29–32.

21. Paton, B.E., Lebedev, V.A., Mikitin, Ya.I. (2006) Method of 
combined control of electrode metal transfer process in mech-
anized arc welding. Svarochn. Proizvodstvo, 8, 27–32 [in 
Russian].

22. Fedko, V.T., Solodsky, S.A., Kryukov, A.V. (2004) Pulsed 
welding wire feed with controlled transfer of electrode metal. 
In: Proc. of Sci.-Techn. Conf. on Science-Education-Produc-
tion. Nizhny Tagil, Vol. 2, 100–103 [in Russian].

23. Makara, A.M., Kushnerenko, B.N. (1967) Transverse arc 
movements as the factor of improvement of structure and 
properties of welded joints. Avtomatich. Svarka, 1, 31–35 [in 
Russian].

24. Boldyrev, A.M. (1976) On mechanism of formation of weld 
metal structure at low-frequency oscillations in weld pool. 
Svarochn. Proizvodstvo, 2, 1–3 [in Russian].

25. Lebedev, V.A. (2019) Automatic underwater welding in in-
creased gap. Remont. Vosstanovlenie. Modernizatsiya, 3, 
16–20 [in Russian].

26. Sidorenko, P.Yu., Ryzhov, R.N. (2010) Application of pulse 
electromagnetic effects to control the process of electrode 
metal transfer in arc welding. The Paton Welding J., 6, 44–45.

27. Ryzhov, R.N. (2007) Influence of pulse electromagnetic ac-
tions on formation and solidification of welds. Ibid., 2, 49–50.

28. Lebedev, V.A., Tishchenko, V.A., Loj, S.A. (2019) Techni-
cal-technological effects in mechanized surfacing with modu-

lation of modes. In: Proc. of 19th Int. Sci. and Techn. Seminar 
on Modern Question of Production and Repair in Industry 
and Transport (Slovak Republik, Kosice, February 18–23), 
106–109.

29. Goloborodko, Zh.G., Dragan, S.V., Simutenkov, I.V. (2013) 
Automatic submerged-arc surfacing of structural steels with 
transverse high-frequency movements of electrode. The Pa-
ton Welding J., 6, 34–37.

30. Simutenkov, I.V., Dragan, S.V., Yaros, Yu.A. (2014) Stabili-
ty of arc process in automatic submerged-arc surfacing with 
high-frequency electrode oscillations. Zb. Nauk. Prats NUK, 
4, 43–48 [in Russian].

31. Simutenkov, I.V., Yaros, Yu.O., Dragan, S.V., Gal, A.F. (2015) 
Device for automatic submerged-arc surfacing. Ukraine Pat. 
10288, Int. Cl. B23K 9/00, No. u 201504821 [in Ukrainian].

32. Dragan, S.V., Simutenkov, I.V., Ignatenkov, O.V. (2012) Pro-
cedure for determination of parameters of electrode high-fre-
quency mechanical oscillations in automatic submergedarc 
surfacing. Visnyk Derzh. Mashynobudivnoi Akademii, 3(28), 
124–129 [in Russian].

33. Lebedev, V.A., Novikov, S.V., Zhuk, G.V. et al. (2018) Math-
ematical modeling of arc surfacing process with controlled 
variations of arc gap length. Tekhnologiya Mashinostroyeni-
ya, 3, 56–62 [ in Russian].

34. Lebedev, V.A., Solomichuk, T.G., Novykov, S.V. (2019) 
Study if a welding harmonic oscillation influences on the 
welded metal hardness and weld bead width. J. of Eng. Sci., 
6, 16–21.

Received 21.06.2019



27ISSN 0957-798X THE PATON WELDING JOURNAL, No. 8, 2019                                                                                                             

interview with yu. a. nikityuk, director of Spc ViSp

Yuriy Anatolievich, the title of your Company SPC VISP 
has association for many welders with the title of known 
enough in the USSR Vsesoyuznogo Instituta Svarochnogo 
Proizvodstva VISP (All-Union Institute of Welding En-
gineering), which was liquidated at the beginning of the 
1990th and was reorganized into Ukrainian Design-Tech-
nological Institute of Welding Engineering (UkrISP). Is 
there any connection? What are the main directions of ac-
tivity of your Company?
Yes, there is some connection. As it is well known, VISP 
and later on UkrISP were the main is the Soviet Union and 
Ukraine developers of mechanical welding equipment, 
means of complex mechanization and automation of weld-
ing engineering, units for deposition of thermal coatings. 
In the process of development of market economy UkrISP 
was unable to adapt to new challenges and was liquidated 
in 2004. Part of the workers of the Institute started another 
activity and part of the professional tried to continue work 
in welding sphere.
These people made a core of our company, which was reg-
istered in 2007. As time passed younger specialists having 

experience of work in other organizations joined our Company.
The main thematic scope of works typical for VISP and UrkISP was preserved. Giving credit to contribu-
tion of VISP into development of welding engineering and activity of professionals, many of whom was 
our teachers, we preserved historical memory about it in the title of Company.
Your company for sufficiently long time has been working under market economy conditions. What are 
the main constituents of successful activity of SPC VISP today in a difficult period of country existence? 
What are the problems?
First of all I would like to outline the complex approach to work, which covers the cycle: «designing–
manufacture–timely delivery of equipment–adjustment–training of customer specialists–service».
In a unified manner the work is organized in a subdivision of product engineers, mechanical designers, 
electricians, electronic engineers, programmers and setup men. These are competent specialists and won-
derful people, which always assist each other.
Winning a tender for supply of equipment is only possible under condition that the Company has specific 
history of successful development of competitive products. For example, last year we manufactured and 
implemented a unique machine for bead deposition at one of the subdivisions of Metinvest Company in 
Mariupol. This year we have won a tender for development, manufacture and supply at this enterprise of 
three more serious units. As for problems there are lots of them. One of them is financing of orders. Most 
of them are fulfilled using bank credits without prepayment of works by customer. And everybody knows 
what is a lending policy in our country. We risk. The staff problem has become more acute with rise of 
volumes. No one in the country really tries to find a radical and systematic solution.
Many people say that the industry research institutes almost have disappeared in the country. And what is 
the main reason? There are no government-wide mechanisms allowing regulation of this problem. Now 
to talk about renovation of industry research institutes in my opinion is not prospective. From my point 
of view, the industry research institutes should give way to innovation mobile complex companies having 
corresponding support of government including due to creation of expert-credit agency.
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Yuriy Anatolievich, please, tell about your recent developments. What are the perspectives of develop-
ment of your Company?
Let me give several examples of works fulfilled by us in the recent years. We have longstanding partner-
ship with enterprises of «Ukrzaliznytsya». We manufactured for them equipment for induction heating of 
surfaces for their quenching, leveling and fitting. There was also created a series of units for induction sur-
facing of flat surfaces (friction plates, automatic coupling devices, etc.). A unit for thermal restoration of 
surfaces of crankshafts was designed and manufactured. There was developed and manufactured a series 

of automatic machines for hardfacing of 
different spare parts of railway transport 
(rolls, tails, center bowls, bolsters, side 
frames of railway bogies).
For mining and smelting enterprises we 
have developed surfacing units, technol-
ogy and equipment for vibration treat-
ment of welded structures for the pur-
pose of reduction of residual stresses.
A unique manipulator of welded struc-
tures of 10 tones load-carrying capaci-
ty was designed and manufactured for 
Kremenchug plant «Kreddormash». By 
feedback from production men, it con-
siderably improved welders’ labor condi-
tions of work and increased productivity.
An equipped automatic line, automatic 

load-transfer devices and dosing devices applicable to manufacture of cartridges of self-rescue devices 
were delivered into Turkey.
SPC VISP has active cooperation with enterprises of defense complex of the country. As for perspectives 
of development of SPC VISP we see them in intensification of works on entry into foreign markets with 
supply of our traditional equipment as well as brand new equipment and technologies, which we develop 
together with researchers of the E.O. Paton Electric Welding Institute, V. Bakul Institute for Superhard 
Materials and other institutes of the NAS of Ukraine.
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Development and introduction of new energy-saving technologies meets the modern demands of Ukraine. In the paper 
background, current state and directions of development of investigations of the influence of electromagnetic fields on 
mechanical properties and stressed state of metallic materials and welded joints are considered. The possibility of their 
application for control of the stressed state, evolution of the structure, properties, and extension of the life of welded 
structures is shown. 49 Ref.
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Development of high-tech industries stimulates in-
crease of the requirements to metallic materials, the 
set of their main and special properties, and methods 
of their permanent joining.

Considering the current problems of Ukraine, a 
promising reserve for improving the state of its in-
dustry is development and introduction of new ener-
gy-saving technologies. Increase of strength, ductility 
and other mechanical characteristics can be achieved 
through combined treatment of metallic materials by 
pulsed electric current (PEC) and electromagnetic 
field (EMF) of a high intensity during a short period of 
time. Results of studying the electrophysical process-
es running in metallic materials under EMF impact 
give reason to think that the principles of controlling 
the mechanical properties with EMF application are 
an alternative to traditional technologies, at the same 
time having a number of advantages such as energy 
effectiveness and adaptability to fabrication.

The purpose of the paper is analysis of develop-
ment, current state and directions of solving the prob-
lem of EMF effect on mechanical characteristics and 
stressed state of metallic materials and welded joints. 
The question of controlling the structure and mechan-
ical properties of liquid metal with application of 
EMF in the welding process, that is a separate (and 
rather urgent) issue of engineering practice [1], is not 
considered in this work.

prospects for application of pulsed spark and 
current discharges for welded joint treatment. 
Methods of improvement of mechanical character-
istics of metals and alloys include different kinds 
of their PEC and EMF treatment [2]. High-voltage 
pulsed discharge in liquid is used in industrial technol-
ogy as a source of dynamic pressure, under the impact 
of which the treated materials can fail, be formed, and 
can change their structure and mechanical characteris-
tics. Electrohydropulse treatment (EHPT) consists in 
the action of mechanical loading on the object, which 
is initiated by high-voltage pulsed discharge of elec-
tric current in the current-conducting medium (water). 
There are numerous results that confirm the possibili-
ty of EHPT application for lowering the residual tech-
nological stresses. Investigations of EHPT effect on 
the stress-strain state of welded joints showed that it 
reduces tensile stresses in welded structures to 90 % 
due to activation of dislocation processes. By the ef-
fectiveness of lowering the level of residual welding 
stresses, EHPT is comparable to high-temperature 
tempering [3].

At the same time, EHPT method has a number of 
disadvantages, which may include the need to apply 
technological tanks with water, having a high metal 
content, which are characterized by a rather complex 
structure, because of higher rigidity, so as to resist the 
compression-tension waves, initiated by electrohy-
draulic effect.
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At the same time, EHPT is rational for applica-
tion in fabrication of large-sized welded products, 
for instance, cast-welded bed plates. Over the recent 
years, there was no further development of EHPT in 
Ukraine that is obvious from absence of publications, 
and is related to reduction of the volumes of heavy 
machine-building, but it has good prospects, provided 
the growth rate of local metal structure fabrication is 
restored.

Electric spark treatment, widely used in ma-
chine-building technology, can be regarded as a tech-
nique close to EHPT by the method of its realization 
(but not by its purpose). At electric spark treatment 
a PEC discharge is initiated on the surface of the 
billet that is part of the discharge circuit and is lo-
cated in the dielectric liquid (kerosene, oil). During 
this discharge, heat is generated that is consumed for 
melting, partial evaporation and explosive release of 
treated metal particles. The similarity between elec-
tric spark treatment and EHPT consists in that during 
their performance the current discharge runs in the 
liquid medium, and the discharge energy is provid-
ed by a capacitive storage. While EHPT realization 
requires a current-conducting medium, electric spark 
treatment requires a dielectric one. This method is ap-
plied at calibration, piercing holes and dies, cutting 
and grinding. At the same time, realization of electric 
erosion processes without application of current-con-
ducting and dielectric environments markedly wid-
ens the possibilities of application of electric spark 
treatment of large-sized metal structures, for instance, 
for strengthening the cutting surfaces of agricultural 
machinery parts [4]. The capabilities of this method 
allow realization of the processes of nanostructuring 
of the surface layers of structural steels and deposited 
surfaces, aimed at improvement of their tribological 
characteristics.

PEC treatment is used for strengthening the sur-
faces of friction contact, which is determined by in-
teraction of wheel-rail pair [5]. The principle of rail 
strengthening consists in electric spark deposition of 
coating of a discrete type with regions, having differ-
ent characteristics of hardness, impact toughness and 
friction coefficients. Discrete coating of the rail con-
tact surface was formed with application of electric 
spark treatment. One of the advantages of a discrete 
coating is its discontinuity that provides a minimum 
level of residual stresses, compared to a continuous 
coating. Coating was deposited by moving an elec-
trode from different metallic materials in the form of 
a disc over the surface being treated. PEC of specified 
duration and configuration was initiated between the 
electrode and the rail that provided a discrete metal 
transfer from the electrode to the rail. Application of 

the method ensured high tribological characteristics 
of both the rail contact surface, and wheel-rail pair 
[6]. Electric spark structure formation is promising 
from the viewpoint of its realization in the case of 
welded joints. Development of electric pulse nano-
structuring methods, as well as the implantation prop-
er of nanostructures in the specified regions of welded 
joint cross-section appears to be a promising method 
of improvement of metal structure service life.

investigation of electroplastic effect that is the 
base for promising technologies of welded joint 
treatment. Investigations in the field of physics of 
solids that have been conducted since 1960s, allowed 
establishing the phenomenon of an abrupt increase of 
ductility and lowering of metal resistance to deforma-
tion, due to simultaneous impact of active mechani-
cal loading and high-density PEC. This phenomenon 
was called the electroplasticity effect (EPE), and the 
deformation initiated by EPE — the electroplastic de-
formation (EPD). EPE opened up new possibilities, 
both for the technologies of mechanical forming of 
metals and alloys, including refractory materials [7], 
and for regulation of their stressed state [8]. In 1925 
Heckmann, studying the properties of crystals, ex-
pressed the idea about the interrelation between their 
mechanical, electric and thermal characteristics. As 
electrons are the main «carriers» of electric properties 
in metals, and the connection between the atoms is 
carried out by electrostatic forces, then influencing the 
energy spectrum of free electrons leads to a change of 
mechanical properties of metals [9]. The question of 
acceleration of the dislocation movement under the 
impact of a directed electron flow was studied, and 
it was shown that such acceleration can take place 
provided the electron speed is higher than that of the 
dislocations. It was found that PEC impact causes a 
jump, lowering the magnitude of the deforming force, 
and this phenomenon was observed only in the region 
of elastic-plastic deformations.

The main purpose of the majority of investigations 
conducted in 1970–1980s consisted in studying EPE 
mechanism. This became a stimulus for investigation 
of the influence of side effects: thermal and mechani-
cal (ponderomotive) action of PEC, as well as the im-
pact of nonuniformity of current density distribution 
over the sample cross-section (skin-effect) on lower-
ing of metal resistance to deformation.

Here, for the considered materials and PEC pa-
rameters in the above-mentioned works the skin-layer 
thickness exceed the sample diameter, i.e. the skin ef-
fect was practically absent.

The results of studying the influence of pinch-ef-
fect on EPE realization showed that the latter is de-
termined by intensity H of the magnetic field and 
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magnetic permeability of the material, as well as the 
sample surface area [10]. H value directly depends on 
current value and is inversely dependent on sample 
cross-section. Pressure P develops over the sample 
surface, as a result of pinch-effect, which is deter-
mined by the following expression:

 
2

00.5 ,P H= m
 

(1)

where m0 is the absolute magnetic permeability of the 
material.

Evaluation of the impact of pinch-effect on low-
ering of sample resistance to deformation showed 
that its contribution is not more than 0.4–6.0 % of 
the yield limit of metallic materials. This confirms its 
small influence on EPD [11].

When PEC flows through the metal, its tempera-
ture is increased due to Joule heating. During PEC 
impact increase of internal energy in the material is 
determined by pulse duration, current amplitude and 
magnitude of electric resistance. Thermal energy dis-
sipation in the metal can both lower its resistance to 
deformation at the moment of PEC impact as a result 
of thermal strength loss, and cause the change of me-
chanical characteristics [12].

It should be noted that the main focus of investiga-
tions of electric current impact on plastic deformation 
of metals, was both on establishing the physical es-
sence of the phenomena, and on technological appli-
cations of EPE in engineering practice. Investigations 
of EPE physical model were performed for a large 
number of metals and alloys of different classes, in 
different modes of PEC treatment performance, and 
kinds of loading in a broad temperature range. At 
present there exist a number of interpretations and 
descriptions of EPD and EPE mechanisms. The most 
well-known is the dislocation model of EPE, which 
is based on electron-dislocation interaction that leads 
to dislocation disruption from the stoppers and their 
capture by mobile conduction electrons. However, in 
[13], another EPE interpretation is proposed. Taken 
as its base is the gradient-dislocation model, where 
the chemical potential gradient j (j is the minimum 
energy, required for breaking the electron bonds 
with crystal lattice atoms) of vacancies in polycrys-
talline metallic materials is the determinant factor 
for dislocation movement in pulsed electromagnetic 
field (PEMF). Dislocation and gradient-dislocation 
physical models allow clarifying only the increase 
of ductile properties of metals. A gradient-diffusion 
physical model was proposed in [14], which provides 
clarification of the main effects, manifested in metals 
at PEC treatment. According to this model, at PEC 
impact due to the concentration of force lines of the 

electromagnetic field, not only grad j along the defect 
boundaries, but also localized fields of thermoelastic 
stresses form on such structure defects as micropores, 
cracks and delaminations.

Concurrent heating at PEC treatment of metal sam-
ples in the thermoelastic temperature region leads to 
reduction of the level of initial tensile stresses [15]. At 
similar heating without PEC application, the level of 
stresses in the metal after cooling to room temperature 
returned to its initial level. Here PEC effect (without 
taking into account the Joule heating) decreased with 
increase of the duration of an individual pulse, and 
at multiple PEC treatment material resistance to de-
formation increased with increase of the number of 
current discharges. In terms of electron-dislocation 
interaction, this is attributed to the fact that at one-
time PEC impact a single pulse acts on the material, 
which has considerable dislocation potential. In mul-
tiple impact modes the previous pulses take part of the 
dislocations out of the relaxation processes, and ma-
terial reaction to PEC impact is weakened. Change of 
PEC polarity also affects EPE manifestation. In [16] 
it is shown that at the same amount of electricity and 
amplitude of PEC, passing through the loaded sam-
ple, bipolar pulses cause smaller relaxation (jump) 
of stresses that unipolar ones. This is caused by that 
successive PEC of different polarity, while initiating 
the movement of dislocations in opposite directions, 
counteract each other. Hence, their resulting impact is 
smaller, than that with unipolar PEC. PEC impact on 
metal ductility is manifested in the region of plastic 
deformation that is accompanied by relieving of the 
deformation force, whereas EPE is not observed in 
the elastic deformation region. In [17] a method for 
determination of part of the energy of electric current 
pulse which is directly consumed for plastic deforma-
tion work was proposed, based on the mechanism of 
electroplastic deformation. This allows determination 
of the stress of the start of plastic flow initiated by 
PEC, for materials of different classes in the tempera-
ture range of 293–4.2 K.

At this moment EPE regularities have been stud-
ied in greatest detail, in keeping with the requirements 
of engineering practice for finding the most effective 
means to increase the ductility of metallic materials, 
applied in industry. To reduce the thermal impact of 
PEC and magnetic field, one of the directions of EPE 
investigations was their performance at cryogenic 
temperatures [18] that is important in the scientific 
and applied aspects. The scientific interest is due to 
the fact that with temperature lowering from 293 K 
to values, close to the cryogenic ones, PEC impact 
becomes stronger, as at such temperatures the electron 
viscosity (because of absence of Joule heat) becomes 
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the main source of lowering of dislocation mobili-
ty that leads to changes in mechanical properties of 
metallic materials [19]. Applied aspect is associated 
with development of high-energy products, where the 
superconductivity effect is used (cryoturbogenerators, 
thermonuclear reactors). PEC specific impact on EPE 
realization at cryogenic temperatures is manifested in 
that the magnitude of stress jump under the action of 
the current discharge increases with lowering of test-
ing temperature, increase of PEC amplitude and its 
duration. PEC flowing in the region of elastic stresses 
gives rise to residual deformation at stresses, which, 
depending on testing temperature, pulse parameters 
and material class, are 10–35 % smaller than its yield 
limit. Here, the above changes become greater with 
lowering of investigation temperature from 293 to 
4.2 K, while PEC amplitude is a more potent factor 
than its duration [20].

methods of treatment of metallic materials and 
welded joints by electromagnetic fields. Proceeding 
from the results of investigations of electromagnetic 
impact of PEC on mechanical characteristics of met-
als and alloys, we developed metal treatment technol-
ogies. Changing PEC and PEMF duration and energy, 
it is possible to manufacture products and parts with 
specified performance, due to activation of a spec-
trum of dislocation, phase and other physical process-
es. Impact of PEC and PEMF of different duration 
and configuration which is realized in different metal 
treatment technologies, causes structural changes in 
metals and alloys [21], that affect their characteristics. 
An increase of wear resistance of cutting tools [22], 
corrosion resistance [23], lowering of stress concen-
tration in the treated parts and elements of structures, 
elimination of fatigue cracks, extension of the life of 
stamped parts from light and special alloys, are noted. 
It is established that at optimum parameters of elec-
tric pulse impacts material ultimate strength, endur-
ance limit and fatigue strength are increased without 
detracting from its ductile properties [24]. The men-
tioned metalworking processes are promising for 
increase of mechanical characteristics and service 
properties of welded structures, allowing for struc-
tural features and stress-strain state of welded joints. 
This is confirmed by establishing respective research 
programs in such European research organizations 
as University of Birmingham (UK), University of 
Hertfordshire (UK), Imperial College (UK), Katho-
lieke Universiteit Leuven (Belgium), EBF-Dresden 
(Germany), Fraunhofer-Institut fur Werkstoff- und 
Strahltechnik IWS (Germany). A lot of attention to 
research in this area is given in PRC and Japan, for in-
stance: Sichuan University, China University of Geo-
sciences, Army Academy of Armed Forces, Process 

Institute of Inner Mongolia First Machinery Group, 
Wuhan University of Technology, Beijing Institute of 
Technology, Nagoya University.

At operation of metal structures, including welded 
structures, microcracks initiate and propagate in the 
metal under the impact of loads. They cause a lower-
ing of metal mechanical properties that leads to prod-
uct failure. The problem of «healing» such defects is 
urgent, and now several methods of its realization are 
known: restoration heat treatment (RHT); mechano-
thermal treatment (MTT); and diffusion metallization 
(DM) [7]. These methods have their disadvantages, 
which include high power consumption, limited ap-
plication for large-sized metal structures, and long 
duration of the process. Energy impact on a propagat-
ing crack can be realized at its treatment by PEC and 
PEMF, which can not only slow down crack propaga-
tion, but also increase the metal strength in the zone 
of the defect tip [25]. PEC passage through a part 
with a marginal crack is accompanied by a microex-
plosion in its tip, leading to formation of a crater, at 5 
to 10 mm distance from which the metal is heated by 
several tens of degrees. This phenomenon can be used 
for blunting the crack tip. A method of healing mi-
crocracks in 65G steel and armco-iron, using crossed 
fields of PEC and PEMF, was proposed. Structure re-
finement at concurrent increase of microhardness rel-
ative to the initial material is observed in the zone of 
restored continuity [26].

At cyclic testing, the impact of PEC and PEMF 
leads to increase of fatigue resistance of metallic ma-
terials, which is related to microcrack healing, evo-
lution of defective structure and phase composition, 
as well as elimination of the stress raisers. Positive 
impact of PEC on technological tensile stresses in 
spray-deposited surfaces of tool steels was estab-
lished [27]. However, the given results did not have 
any further development.

Analyzing on the whole the results of EPE inves-
tigations at regulation of the stress-strain state of me-
tallic materials, it should be noted that application of 
electromagnetic impacts was performed, mainly, in 
the plastic region of loading, in connection with the 
focus on EPE practical application in forming tech-
nologies. Here, the region of elastic deformation of 
metallic materials at electromagnetic impact remains 
little studied [28]. At the same time, investigation of 
the features of elastic stress relaxation in metals and 
alloys at their electromagnetic treatment is urgent 
for regulation of stressed state of welded structures. 
Results of studying the PEC and PEMF impact on 
controlling the residual welding stresses showed that 
EPE realization at welded joint treatment is limited by 
the features of discharge circuit formation, which in-
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cludes the structure being treated. So, in the majority 
of cases, the welded structure dimensions do not allow 
providing the required current density j in the zone 
of PEC impact. PEC treatment of small-sized welded 
products is an exception, for instance hardfaced sur-
faces of cutting tools parts, where the cross-sections 
allow providing current density values, necessary for 
EPE realization. Studies were performed of PEMF 
impact on lowering residual stresses in butt welded 
joints of an aluminium alloy with application of a 
system of flat inductors rigidly fixed on the surface 
of plates, which were treated, and were part of the 
discharge circuit [29]. Conducted studies showed the 
possibility in principle of lowering the welding stress-
es at PEMF impact, although their initial level after 
treatment was reduced by not more than 30 %. PEMF 
impact on lowering the residual stresses in welded 
and surfaced samples of low-carbon steels, which is 
based on intensification of dynamic effect of magne-
tostriction [30], ensured lowering of the initial level 
of stresses to 40 %. Here, the features of fastening 
the welded joints influence the effectiveness of PEMF 
impact. Thus, at sample treatment under the condi-
tions of rigid fastening, relaxation of residual weld-
ing stresses proceeds more intensively, than under the 
conditions of free support.

In work [31] investigation of electromagnetic im-
pact on the change of mechanical properties of weld-
ed joints of carbon and low-alloyed steels was per-
formed, which demonstrated an essential increase of 
impact toughness values after treatment of samples of 
steels of grades 20 and 09G2S at preservation of their 
ultimate tensile strength characteristics. Explanation 
of the obtained results is based on the theory of elec-
tron-dislocation interaction, as well as magnetoelastic 
interaction of interdomain boundaries (Bloch walls) 
with dislocations, that stimulate their movement at 
magnetization [32]. The ambiguous results of study-
ing PEMF impact on the change of residual welding 
stresses are shown in [33]. So, residual stresses in 
samples of steels St2ps(semi-killed) and 20KhMFL 
in the active zone decrease by 3–25 %, while increas-
ing up to 15 % in the reactive zone. At the same time, 
PEMF lowers stresses of the second kind to the lev-
el that is provided by annealing at the temperature of 
1060 °C, and also leads to a more uniform distribution 
of a-phase through the treated metal volume.

Proceeding from the presented results, evaluation 
of PEC and PEMF impact on regulation of stress-
strain state of welded joints of steels and aluminium 
alloys, leads to the conclusion that, despite the ob-
vious effect, maximum lowering of the initial level 
of stresses is not more than 40 %. Development and 
improvement of energy-effective technologies of 

electromagnetic impact on welded joints, clad and 
spray-deposited surfaces, with which stress lowering 
would be close to 100 %, seems to be promising.

Realization of EPE at direct passage of PEC 
through metal structure elements is a rather complex 
task, because of the need to ensure the current den-
sity j ≥ 103 A/mm2 in the cross-sections, the area of 
which is much greater than 100 mm2. The difficulty 
is associated with scattering of current force lines that 
occurs already at a small distance from the points of 
connection of the discharge circuit to the part. The 
scattering factor can be minimized through localizing 
of the region of current flowing in the treatment zone, 
and its density j that is required for EPE realization, 
is achieved through movement of dynamic contact 
of the current-conducting electrode with the treated 
surface. This scheme of PEC impact was studied for 
the novel method of nondestructive testing of stress-
strain state of welded joints [34], where it is shown 
that adding dynamic loading to the electrode during 
PEC impact improves the reliability of electrode con-
tact with welded joint surface. Here, dynamic loading 
intensifies dislocation movement and multiplication 
that determines the degree of plastic deformation of 
polycrystalline structures under the conditions of PEC 
impact. The controlling mechanism of the impact of 
dynamic loading, considered in the physical model of 
discontinuous metal flow at cryogenic temperatures 
[7], was extended to the region of temperatures in 
the range from 273 to 293 K, for the case of magnet-
ic-pulse forming of ferromagnetic materials [35]. It is 
found that the small jump of stress that is caused by 
dynamic or thermal loading [36], acts as an initiator or 
synchronizer of plastic deformation, which is deter-
mined by mass breaking of dislocations through barri-
ers over the entire volume of polycrystalline structure, 
to which active mechanical loading is applied. Here, 
directed movement of conduction electrons at the mo-
ment of PEC impact promotes dislocation advance, 
increasing the degree of plastic deformation of ma-
terial, compared to the case of application of purely 
mechanical loading. Work [37] presents the results of 
studying the influence of mechanical and electromag-
netic effects at summary and divided impact of PEMF 
and mechanical pressure pulses on mobility of edge 
dislocations in NaCl and LiF crystals. The dislocation 
free path l was taken as the characteristic of pulsed 
impact on their mobility. It is found that the mean free 
path length <l> increases considerably at simultane-
ous impact of PEMF and mechanical loading pulses, 
compared to <l> values, that are recorded under the 
action of each of the factors taken separately. Increase 
of <l> under the impact of current is related to in-
crease of the intensity of electromagnetic pumping 
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of the crystal, and superposition of pulsed impacts 
of different origin initiates rather extended in time 
relaxation processes in the crystals that affect their 
stressed state. This physical model is valid also for 
metal polycrystalline structures that was confirmed 
in [38], which shows the results of evaluation of the 
influence of current pulses and mechanical loading 
σ on plastic deformation rate έ in Zn samples. It is 
shown that PEC impact at the value of current den-
sity j above the threshold one, increases velocity v of 
dislocations moving in the direction of current action. 
Increase of j > 1.0 kA/mm2 initiates the above-men-
tioned process, PEC impact accelerating the disloca-
tion movement due to their interaction with charge 
carriers (electrons).

The possibility of simultaneous application of elec-
tric pulse and mechanical impact for welded structure 
treatment with the purpose of their service life exten-
sion was substantiated proceeding from analysis of 
previous research [39]. This was the base for develop-
ment of a new kind of welded joint treatment — elec-
trodynamic treatment (EDT) [40]. At EDT the metal 
is subjected to bulk electrodynamic impact, which 
is characterized by simultaneous running of electric 
pulse and dynamic processes, the first of which causes 
EPE in the treatment zone, and the second results in 
formation of waves of stresses with the specified am-
plitude, plastic deformation and refinement of metal 
structure. Interaction of stress waves with the static 
field of residual stresses can initiate relaxation of the 
latter that may lead to decrease of their values. PEC 
localization in the deformation zone reduces the fac-
tor of scattering of current force lines, thus ensuring 
achievement of threshold density that is a mandatory 
condition of EPE realization. Interaction of the com-
ponents of electrodynamic effect during PEC passage 
through the metal determines the effectiveness of 
EDT impact on the residual stresses, structure evo-
lution, accuracy and fatigue life of welded structures 
from light alloys [41].

Proceeding from the mechanism of electron-dis-
location interaction for creation of the conditions for 
crystallization, which ensures formation of a fine-
grained structure, development of the technology of 
welded joint modifying by nanostructured highly dis-
persed materials is believed to be promising. This will 
be the subject of further investigations of advanced 
methods of structural material treatment.

A mathematical model of EDT process was devel-
oped in order to assess the influence of electrophysical 
and dynamic components of electrodynamic impacts 
that determine the change of characteristics of residu-
al welding stresses. This allowed optimizing the treat-
ment modes, in order to control the stress-strain state 

of welded joints of aluminium alloy AMg6 [42–44]. 
Improvement of the current model will allow calcu-
lation of stress-strain state of welded structures under 
the conditions of concurrent heating of the weld, with 
different schemes of fastening the structure being 
treated, and at magnetic field impact.

Considering the results of [8], where it is shown 
that concurrent heating stimulates stress relaxation at 
electric pulse treatment of thin steel rods, it is prom-
ising to study the effectiveness of EDT of a cooling 
weld, which is performed during the thermodefor-
mational cycle of welding. Development of hybrid 
technologies (automatic welding + EDT) will allow 
lowering the energy intensity of the treatment pro-
cess, shortening the working time of metal structure 
fabrication at its improved quality [45].

Among the novel techniques of external impact on 
the quality of metal products, studies are actively per-
formed of the action of constant magnetic fields (CMF) 
that are applied to the melt during its solidification, 
when producing cast billets and parts from nonferro-
magnetic materials, for instance, aluminium alloys. It is 
established that CMF action promotes the evolution of 
material structure, and increase of corrosion resistance. 
The structure forming mechanism is based on CMF 
action manifestations, namely refinement of structural 
components, change of intermetallic phase morphology, 
increase of their microhardness, change of their dimen-
sions and configuration that corresponds to the processes 
of solidification at high cooling rates [46]. It should be 
noted that the liquid metal of the pool in fusion welding 
under certain conditions, is similar by its properties (at 
much smaller volume) to cast metal, i.e. is suitable for 
CMF treatment. Considering the conditions of formation 
of the pool rear edge, CMF treatment of cooling weld 
metal is promising, as a method to control the stressed 
state and structure of the joint metal. This can stimulate 
development of a promising method of CMF treatment 
of welded joints during the thermodeformational cycle 
of welding and can prompt development of hybrid tech-
nologies (automatic welding + CMF treatment) for non-
ferromagnetic metallic materials based on Al, Mg, Fe.

Modification of metals and alloys by doping the 
melt with nanomodifiers has a marked effect on crys-
tallization, for instance, causes dispersion of the struc-
tural components and change of their distribution. 
Modifying improves the alloy mechanical properties. 
Quality characteristics of modifiers are the size of in-
dividual refractory particles, its chemical purity and 
price. A certain quantity of modifiers is manufactured 
by powder metallurgy methods, or with application of 
ball mills. It is known that the high-voltage electric 
discharge (HVED) in the dispersed system of metal 
powder + kerosene allows not only refining the met-
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al particles, but also initiating chemical reactions. At 
HVED application the possibility of manufacturing 
highly dispersed nanostructured modifiers and their 
prices are attractive for their commercial application 
in metalworking. The technology of dispersion with 
HVED application is similar, by its acting mechanism, 
to EHPT method, shown above. It should be noted 
that scientific principles were developed for HVED 
treatment in kerosene of mixtures of Al, Ti powders, 
where dispersion and synthesis of refractory com-
ponents, in particular TiC, AlTi3, AlTi, Al2Ti, Al3Ti, 
Ti3AlC, TiAlC2, Ti3AlC2, Ti2AlC and longsdaleite, 
take place [47, 48]. Alongside foundry, nanomodify-
ing can be applied in the technologies of welding and 
surfacing by adding nanoparticles of refractory chem-
ical compounds to the weld pool during laser and 
electroslag welding, and electron beam deposition. 
At surfacing with high-temperature resistant alloys 
based on iron, nickel and chromium and carbon steels, 
which are modified by nanoparticles, resistance of the 
surfaced tool exposed to cyclic temperature-force 
impact, is increased. At modifying by nanoparticles, 
transcrystallization zones in the deposited or welded 
metal are removed, dendrite dimensions are refined, 
morphology and topography of the strengthening 
phases are improved that promotes higher high-tem-
perature strength and fatigue resistance of the alloys 
[49]. There are certain limitations for nanomodifying 
of metal at automatic and manual arc welding. The 
main problem for application of nanocomposites in 
fusion welding is adding the latter to the weld pool. 
One of the ways to solve this problem is develop-
ment of advanced technologies of producing welding 
and surfacing consumables (electrodes, fluxes, flux-
cored wires) with addition of highly-dispersed nano-
structured modifiers, produced on the base of ener-
gy effective HVED method. This is a new approach 
to improvement of service characteristics of welded 
structures that is based on electric pulse processes.

Thus, the experience of many years of investiga-
tions of the impact of electromagnetic technologies 
on metals and alloys proves their applicability for 
controlling the stressed state, structure evolution, tri-
bological and mechanical characteristics, extension 
of the service life of welded structures in different 
sectors of machine-building, metallurgical complex, 
aerospace and defense industry.
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Optimum parameters of the modes of friction stir welding of 0.8–3.0 mm thick aluminium alloys widely used in fabri-
cation of welded structures were determined. It is shown that sound formation of welds can be ensured at tool immer-
sion into the metal being welded to the depth of 0.10–0.15 mm due to correct selection of the frequency of tool rotation 
and welding speed. A relationship is established between the total content of alloying and modifying elements in the 
aluminium alloy being welded, welding speed and frequency of tool rotation. A range of optimum relationships was 
determined, showing the length of the tool linear movement along the butt during one rotation, when sound formation 
of welds of sheet aluminium alloys AMtsN, AD33, AMg2M, 1460, AMg5M, 1201 and AMg6M is provided. Formu-
las were derived, which express the dependencies in the form of power functions, limiting this range and allowing 
calculation of the required speeds of tool rotation and displacement for any aluminium alloy, containing 2.2–8.4 % of 
alloying and modifying elements. Characteristic defects, forming in welds at deviation of the above parameters from 
the optimum range, are shown. 18 Ref., 5 Figures.

K e y w o r d s :  aluminium alloys, friction stir welding, tool rotation speed, welding speed, characteristic defects

Friction stir welding (FSW), being one of the nov-
el methods for obtaining permanent joints in solid 
phase, finds wider and wider application in shipbuild-
ing, manufacture of land and air transport, space engi-
neering, etc. [1–4].

Formation of a weld as a result of heating due to 
friction to plastic state, stirring and plastic deforma-
tion of small volume of metal of parts being joined in 
closed space, provides some advantages of this pro-
cess in comparison with fusion welding. First of all it 
allows eliminating the possibility of defect formation 
in form of hot cracks, pores, macroinclusions of oxide 
film and such, provoked by melting and crystalliza-
tion of metal. Besides, welding of aluminium alloys 
is carried out without application of shielding gas and 
filler material and allows eliminating ultraviolet radi-
ation, metal fumes and vapors emission. This guaran-
tees high mechanical properties of joints and decrease 
of level of base metal softening and deformation of 
welded structures [3, 5–8].

However, as with any method of welding, obtaining 
of defect-free joints in FSW is possible only at specific 
parameters of the process. Incorrect selection or their 
deviation from the optimum values can result in forma-
tion of characteristic surface or inner defects in form of 
flash, lack of fusion or discontinuities [9–11].

It is believed that the main parameters of FSW 
process, except for structural peculiarities of working 
surfaces of a tool, are angle of tool tilt relatively to 

vertical axis, pressing force of tool to the surfaces of 
parts being joined, value of immersion of tool shoul-
der and depth of penetration of tool pin into welded 
metal as well as rotation speed and its linear displace-
ment (welding speed) [5, 9]. 

The investigations carried by foreign specialists 
showed that welding shall be carried out with «for-
ward angle», deviating the tool at small angle from 
vertical axis. At that due to force applied to the tool 
in vertical plane its shoulder insignificantly immerses 
into metal being welded and is tightly pressed against 
it in process of welding. Tip of the tool should provide 
stirring of metal along the whole thickness of edges 
being welded in order to eliminate a defect in form of 
lack of fusion in low part of weld [12–15]. Speeds of 
rotation and linear displacement of the tool to signifi-
cant extent determine the volume of plasticized metal 
in a welding zone and temperature of its heating. They 
can change in sufficiently wide range depending on 
thickness of material being welded, its thermal and 
physical and ductile characteristics as well as trajec-
tory of displacement of plasticized metal determined 
by structural peculiarities of tool working surfaces [9, 
16]. Some researchers determined the optimum rela-
tionships between the welding speeds and tool rota-
tion frequencies, expressing length of linear displace-
ment of the tool along the butt per its one revolution, 
depending on thickness of material being welded or 
temperature interval of crystallization of aluminium 
alloys [14, 17].© A.G. POKLYATSKII, 2019
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Aim of the present work is to determine the op-
timum parameters of modes of friction stir welding 
widely used in manufacture of welded structures of 
aluminium alloys of different alloying systems of 
0.8–3.0 mm thickness.

investigation procedure. Friction stir welding of 
sheets of aluminium alloys AMtsN, AD33, AMg2M, 
AMg5M, AMg6M, 1201 and 1460 of thickness from 
0.8 to 3.0 mm was carried out on a laboratory unit, 
designed at the E.O. Paton Electric Welding Institute. 
A special tool with 12 mm diameter shoulder and pin 
of conical shape [18] was used to obtain butt joints. 
Length of tool pin was selected in such a way as it was 
0.15 mm smaller than the thickness of metal being 
welded. It was forward angle welding at 2–3° tool tilt 
relatively to vertical axis. Tool rotation was carried 
out using replaceable serial asynchronous alternating 
current motors (U = 380 V) of 4 kW power and shaft 
rotation frequency N = 1420 and 2880 rpm set on a 
support. Using the latter the tool fixed on the motor 
shaft moved in a vertical plane thanks to which neces-
sary immersion of its working parts into the material 
being welded was provided and value of axial force 
of its pressing to the parts being joined in process of 
welding was kept. The sheets being welded were safe-
ly fixed on a steel substrate of movable table. At that 
speed of welding can be varied in vw = 2–42 m/h lim-
its. Specially set ahead of the tool pressure roll pre-
vented a change in the process of welding of spatial 
position of edges of thin-sheet material, which is too 
sensitive to heat effect.

Presence of macrodefects in form of flash and lack 
of fusion on the surfaces of welded joints was deter-
mined using visual inspection. The inner defects were 
found on cross-sections, preliminary prepared using 
electrolytic polishing and their additional etching in 
a solution of perchloric, nitric and hydrofluoric acids, 
using optical microscope MIM-8M.

investigation results and their discussion. As 
a result of carried investigations it was determined 
that quality formation of welds in friction stir weld-
ing of sheet aluminium alloys can be provided by 
correct selection of depth of tool immersion into 
metal being welded, frequency of tool rotation and 
speed of its linear displacement along the butt or 
welding speed (vw).

Depth of tool immersion provokes thermodefor-
mational conditions in all zones of welded joint, since 
simultaneously predetermines a value of tool shoul-
der immersion and depth of pin penetration into met-
al being welded. Its reduction (< 0.10 mm) results in 
decrease of value of shoulder immersion and depth of 
penetration of tool pin into metal being welded. As 
a result, pressure under the shoulder working surface 
and tool pin and value of heat emission in the place 
of their contact with metal being welded are reduced. 
Due to this, the necessary volume of plasticized metal 
for quality weld formation is not provided or required 
level of its plasticization is not reached in the zone of 
formation of permanent joint. This can lead to forma-
tion of inner defects in form of discontinuities (Fig-
ure 1, a) or surface defects from weld face in form 
of lack of fusion (Figure 1, b). Besides, as a result of 

figure 1. Characteristic defects forming in FSW welds: a, e — inner discontinuities; b — lack of fusion from weld face; c — flash on 
weld face; d — lack of fusion in weld root part (a — ×15; b, c — ×2; d — ×300; e — ×500)
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decrease of tool penetration depth into the metal being 
welded and emitted in its friction heat, the defects in 
form of lack of fusion (Figure 1, d) can also appear in 
the root part of the weld. Quality of welded joints can 
be deteriorated by excessive (> 0.15 mm) deepening 
of the tool. Thus, welding of ductile low aluminium 
alloys (AMtsN, AD33, AMg2M) can provoke forma-
tion of surface defects in form of flash (Figure 1, c) on 
the weld face, and in welding of stronger alloys these 
are inner discontinuities, caused by metal overheating 
(Figure 1, e). Therefore, in order to provide quality 
formation of welds it is necessary to immerse the tool 
into metal being welded to 0.10–0.15 mm depth and 
keep it in such position in process of welding due to 
axial pressing force.

Conditions of plastic deformation of metal in the 
zone of formation of permanent joint are determined 

by temperature of its heating and deformation rate, 
which depend on frequency of tool rotation and rate of 
its linear displacement along the butt. Carried experi-
mental investigations proved that quality formation of 
welds in friction stir welding of different aluminium 
alloys is provided at different values of these parame-
ters. Thus, at frequency of tool rotation N = 1420 rpm 
ductile low aluminium alloys are successfully welded 
at sufficiently high welding speeds (Figure 2).

To obtain quality joints on stronger aluminium 
alloys containing significant amount of alloying and 
modifying elements it is necessary to reduce welding 
speed. For example, in the welds of aluminium-lith-
ium alloy 1460 the inner defects in form of cavities, 
provoked by insufficient volume of plasticized metal 
in a zone of permanent joint formation, are formed 
in tool displacement along the weld with more than 

figure 2. Appearance (a, c — ×2) and transverse macrosections (b, d — ×12) of FSW welds of aluminium alloys AMtsN (a, b) and 
AMg2M (c, d) of 2 mm thickness produced at welding speeds 38 and 32 m/h, respectively

figure 3. Appearance (a, c, e, g — ×2) and transverse macrosections (b, d, f, h — ×12) of FSW welds of aluminium alloys 1460 (a–d) 
and 1201 (e–h) of 2 mm thickness produced at welding speeds 8 m/h (a, b, e, f), 24 m/h (c, d) and 18 m/h (g, h)



40 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 8, 2019

INDUSTRIAL

                                                                                                            

                                                                                                                                                                                                    

20 m/h speed, and in 1201 alloy welds it makes more 
than 14 m/h (Figure 3).

Increase of tool rotation frequency to 2880 rpm 
provokes rise of heat emission in a zone of perma-
nent joint formation that allows 2 times increase of 
speed of linear displacement of a tool without deterio-
ration of welds’ quality. Taking into account relation-
ship between noted parameters of the process, vw/N 
relationship was used. It expresses length of linear 
displacement of the tool along butt per its one rev-
olution. Carried experimental investigations allowed 
determining the optimum values of this relationship 
depending on total content of alloying and modifying 
elements in welded aluminium alloys (Figure 4).

It is determined that in friction stir welding of al-
uminium alloy AMtsN, containing around 2.2 % of 
alloying and modifying elements, quality formation 
of the welds is provided at value of vw/N relationship 
in 0.094–0.481 mm/rev limits, i.e. at tool rotation 
frequency 1420 rpm the welding speed can vary in 
8–41 m/h limits. For alloy AD33, in which content of 
such elements makes around 3.2 %, the range of opti-
mum vw/N relationships reduces to 0.094–0.423 mm/
rev, that at mentioned above frequency of tool rotation 
allows successfully performing welding on 8–36 m/h 
speed. Quality formation of welds based on AMg2M 
alloy, containing higher amount of alloying and mod-
ifying elements (4 %) is reached at value of vw/N re-
lationship in 0.094–0.376 mm/rev limits or at vw = 
= 8–32 m/h.

For stronger aluminium alloys, containing consid-
erable amount of alloying and modifying elements, 
the range of optimum vw/N relationships, which pro-
vide quality weld formation, becomes significantly 
narrower. Thus, for alloy 1460, which in its content 
has around 6.2 % of other elements in addition to alu-
minium, it makes 0.070–0.233 mm/rev, i.e. at tool ro-

tation frequency 1420 rpm the welding speed should 
be in 6–20 m/h limits and at 2880 rpm it is 12–40 m/h. 
On alloy AMg5M, containing 7.2 % of alloying and 
modifying elements, quality formation of welds is 
provided at vw/N = 0.058–0.187 mm/rev or at welding 
speeds 5–16 and 10–32 m/h, when the tool rotation 
frequency makes 1420 and 2880 rpm, respectively. 
More doped alloy 1201, containing 7.7 % of other 
elements in addition to aluminium, is successfully 
welded at value of linear displacement of the tool per 
its one revolution in 0.047–0.163 mm limits, that cor-
responds to 5–14 m/h welding speeds at tool rotation 
frequency 1420 rpm and 10–28 m/h at 2880 rpm. For 
alloy AMg6M, containing around 8.4 % of alloying 
and modifying elements, the optimum vw/N relation-
ship is in 0.047–0.140 mm/rev range, i.e. welding 
speed can vary in 4–12 m/h limits at tool rotation fre-
quency 1420 rpm or 8–24 m/h at 2880 rpm.

Obtained empirical curves, limiting the range of 
optimum relationships between the length of linear 
displacement of tool per its one revolution and total 
content of alloying and modifying elements in the al-
loy, were approximated by power functions. For the 
curve, limiting upper boundary of this range such a 
function will be expressed by the following formula:

 VВ(G) = VВ0[1.46–0.08G/G0 –  
 – 0.541(G/G0)

2 + 0.16(G/G0)
3], (1)

where VB(G) is the maximum allowable value of 
linear displacement of the tool per its one revolu-
tion, which provides quality formation of welds, 
mm/rev; VB0 = 0.376 mm/rev is the maximum al-
lowable value of linear displacement of tool per its 
one revolution for alloy AMg2M; G0 = 4 % is the 
total content of alloying and modifying elements in 
aluminium alloy AMg2M; G is the total content of 
alloying and modifying elements in welded alumin-
ium alloy, % (2.2–8.4 % range).

For the curve, limiting lower boundary of indicat-
ed range, the approximated dependence can be ex-
pressed by such formula:

 VН(G) = VН0[0.64 + 1.12G/G0 –  
 – 0.972(G/G0)

2 + 0.197(G/G0)
3], 

(2)

where VH(G) is the minimum allowable value of lin-
ear displacement of the tool per its one revolution, 
which provides quality formation of welds, mm/rev; 
VH0 = 0.094 mm/rev is the minimum allowable value 
of linear displacement of the tool per its one revolu-
tion for alloy AMg2M.

The curves presented on the diagram (see Fig-
ure 4) by solid lines, obtained using approximated 

figure 4. Range of optimum relationships of welding speeds and 
tool rotation frequencies in FSW of aluminium alloys with differ-
ent content of alloying and modifying elements and approximated 
curves limiting it (N = 1420–2880 rpm)
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formula dependencies virtually match with dashed 
curves plotted based on the results of experimental 
investigations. Therefore, in friction stir welding of 
aluminium alloys containing total amount of alloying 
and modifying elements within 2.2–8.4 % limits the 
range of optimum relationships between the speeds 
of linear displacements and tool rotation frequency, 
which provide quality weld formation, can be deter-
mined using formulae given above.

Increase or decrease of the set optimum vw/N re-
lationships for aluminium alloys containing specific 
amount of alloying and modifying elements results 
in formation of defects in the welds. Exceeding the 
set maximum allowable speed of tool displacement 
per its one revolution by 10–20 % leads to appearance 
in the welds of inner discontinuities (see Figure 1, a) 
caused by insufficient plasticization of metal in the 
welding zone. Its further increase provokes formation 
of surface defects in form of lacks of fusion (see Fig-
ure 1, b) from the weld face.

Decrease of vw/N relationship below the set mini-
mum allowable value in welding of ductile aluminium 
alloys with small content of alloying and modifying 
elements (AMtsN, AD33, AMg2M) results in forma-
tion of defects in form of flash (see Figure 1, c) from 
the weld face. In welding of the rest of alloys decrease 
of minimum allowable speed of tool displacement per 
its one revolution by 10–20 % provokes appearance 
of areas of overheated metal on weld face (Figure 5). 
And its further reduction promotes in the welds for-
mation of inner discontinuities caused by metal over-
heating (see Figure 1, e).

conclusions

1. Quality weld formation in friction stir welding of 
sheet (0.8–3.0 mm) aluminium alloys of different 
doping systems can be provided at tool immersion 
into metal being welded by 0.10–0.15 mm depth due 
to proper selection of tool rotation frequency and 
welding speed.

2. Ductile low aluminium alloys are successfully 
welded at sufficiently high welding speeds. At N = 
= 1420 rpm tool rotation frequency the speed of its 
linear displacement for alloy AMtsN can vary in 
8–41 m/h limits, for AD33 alloy it is 8–36 m/h and for 
AMg2M alloy — 8–32 m/h. Welding speed shall be 
reduced to obtain quality joints on stronger alumini-
um alloys containing significant amount of alloying 
and modifying elements.

3. Range of the optimum relationships of welding 
speeds and tool rotation frequencies in friction stir 
welding of aluminium alloys depends of total con-

tent in them of alloying and modifying elements. At 
2.2 % of their total content in alloy (AMtsN alloy) 
the value of tool linear displacement per its one rev-
olution can change in sufficiently wide limits from 
0.094 to 0.423 mm. For stronger high alloys the range 
of its change narrows to 0.047–0.163 mm at 7.7 % 
content (1201 alloy) of such elements in alloy be-
ing welded and to 0.047–0.140 mm at their content 
of 8.4 % (AMg6M alloy). Deviation of indicated 
parameters from the optimum range results in for-
mation of typical inner and surface defects, caused 
by insufficient plasticization or overheating of ma-
terial being welded.

4. The curves limiting the range of optimum re-
lationships of welding speeds and tool rotation fre-
quencies, plotted based on the results of experimental 
investigations and approximated by formula depen-
dencies in form of power functions, allow calculation 
of necessary rotation and displacement speeds of tool 
for any aluminium alloy containing 2.2–8.4 % of al-
loying and modifying elements.
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The preferred types of equipment are considered to provide safe grinding of ferromaterials used in electrode produc-
tion. The design features of the equipment, their advantages and disadvantages are described. 6 Ref., 8 Figures.

K e y w o r d s :  electrode production, ferromaterials, fire and explosion safe grinding, slotted mill, vibration mill, pad-
dle-type grinder, vibroinertial grinder

When choosing grinding equipment intended for fire 
and explosion safe grinding of ferroalloys, the prefer-
ence is given to installations that:

● are characterized by low specific energy con-
sumption for grinding and, consequently, insignificant 
heating of material during grinding;

● have small sizes of grinding chamber;
● provide a quick withdrawal of the grinded mate-

rial outside the grinding chamber, preventing its heat-
ing, overgrinding and minimizing the change in the 
energy state of the surface layer of its particles;

● allow not only isolating working space of the 
grinding chamber from the surrounding atmosphere, 
but also its connections with loading-unloading units, 
as well as in the zone of extraction of target fractions.

The experience of electrode-manufacturing enter-
prises showed that these requirements are met to the 
greatest extent by:

● modernized slotted ball mill of drum type with 
peripheral screening of the Institute «Giprometiz»;

● two-chamber rod-type vibration mill of a tube 
type of the model PALLA-U (KHD HUMBOLDT 
WEDAG Company);

● conical vibroinertial grinder of the «Mechanobr» 
Institute (model KID 300);

● vertical paddle-type grinder Рluristadio GR 80 
(GUSSЕО Company).

Let us consider the design features of the listed 
grinders, including providing the required degree of 
fire and explosion safety of the grinding process.

Slotted mill of giprometiz. In the traditional 
technology of grinding ferroalloys in shielding gas, 
a conventional slotted mill with a drum of 700 mm 
diameter of Giprometiz was used, which was placed 

in a sealed chamber with a volume of 25.5 m3. Such 
an installation has the following disadvantages:

● low efficiency, which is predetermined by the 
duration of preparatory operations, including also 
switching the installation to a safe mode of operation;

● complexity of maintenance;
● large volume of the sealed chamber;
● high dustiness of the working space and accumu-

lation of deposits of toxic, pyrophoric and explosive 
dust in the chamber in the amount exceeding 20 kg 
per day; when this dust is swept up during cleaning, it 
can exceed MAC and the lower flammability concen-
tration limit (LFCL).

Based on the results of mathematical modeling and 
production experiments performed on one of the op-
erating grinding installations of this type, the authors 
of works [1, 2] modernized the schemes and modes of 
shielding gas supply, as well as the aspiration system, 
which provide fire-explosion-safe oxygen concentra-
tions in the active zone (8 %) and the acceptable dust 
level of aspirated air.

The scheme of the modernized installation is 
shown in Figure 1.

According to this scheme, there is no need in a 
special chamber, a standard casing with five inert gas 
(IG)-nitrogen supplies is enough: into the drum cavity 
(pointlike supply through the collet through the pipe 
of 10 mm diameter), into the upper and hopper parts 
of the casing and also into the over and under sieve 
area of the shelter of the vibrating screen and the Kib-
ble for the finished powder (by a perforated pipe pro-
viding a uniform spatial distribution of IG).

Aspiration shelters are mounted on the end walls 
of the mill casing. They communicate with the cavi-

           
*Retrospective review of publications in small editions and sources of non-welding profile.
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ties of the drum and the casing only through leakag-
es in the places of passage of collets, they are open 
from the bottom and taper up. The air drawn in from 
the room through the lower openings, washing the 

collets, entrains dust emissions from the mill at the 
places of indicated leakages, almost without violating 
the composition of shielding gas inside the mill casing 
and the drum and keeping the concentration of sus-
pended particles in the suction pumps at a sufficient-
ly low level. The increasing rate of aspirated air in 
the narrowing section of external chambers prevents 
deposition of particles from the stream and their accu-
mulation on the collets surface.

Aspiration of the loading unit of the Kibble local-
izes the possible dust emissions here, as well as in the 
powder classification zone on the vibrating screen.

The selected optimal supplying modes and the ra-
tios of the specific flow rates of nitrogen supplied to 
the mill cavity and to the cavity between the drum 
and the casing, aerodynamically connected with the 
vibrating screen and the Kibble, provide a reliable 
prevention of inflammations and explosions.

The concentration of dust in the workplace de-
creased to the level of total background dustiness in 
the workshop space.

The duration of purging the cavities with nitrogen 
before starting the mill was reduced from 2.0–2.25 h 
(designing variant for placing the grinding installation 
in the sealed chamber with a volume of 25.5 m3) to 
15 min.

Vibration mill of the model palla-u is shown 
in Figure 2.

The installation consists of a movable (grinding) 
and a fixed part. A fixed part in the form of a rigid 
metal frame 10 is mounted on a vibration-insulated 
foundation 8. A movable part consists of two horizon-
tal, tube grinding chambers 5 located one above the 
other, reliably connected to each other by means of 
steel coupling bands. The vibration-excitation units 
3 are located in the gap between the mill chambers, 
strictly vertically equidistant from them. Each of the 
units represents a short unbalanced shaft on rolling 
bearings, and they being located in a protective tube, 
are interconnected by means of an intermediate shaft 
with cross-bars. Through the driveshaft 11 they are 
driven by an asynchronous electric motor mounted on 
a console-mounted platform located on the front-fa-
cial side of the installation. A movable part of the in-
stallation rests on a fixed frame through elastic ele-
ments-shock absorbers 6. The general view of the mill 
is shown in Figure 3 [2–4].

At the outlet of the chamber, an end grating of 
high-strength steel is installed, which as to the sizes 
and a number of holes is designed for the maximum 
passage of the finished product.

This allows producing it without a risk of over-
grinding, without classification on screening. De-
pending on the grinded material, 55–65 vol.% of the 

figure 1. Scheme of installation for fire and explosion safe grind-
ing of ferroalloys on the basis of slotted mill Giprometiz [2]: 1 — 
mill drum; 2 — mill casing; 3 — supplier; 4 — aspiration shelter; 
5 — aspiration branch-pipe; 6 — pipeline for pressure diffusion; 
7 — membrane; 8, 9 — vibrating screen with aspiration shelter; 
10 — capacity for over-lattice product; 11 — slotted adjustable di-
aphragm; 12–14 — slotted adjustable diaphragm, loading branch-
pipe and Kibble of the finished product; 15 — device, distributing 
inert gas in the Kibble; 16 — general chamber of the vibrating 
screen and the receiving Kibble; 17 — branch-pipe and funnel 
of the ejection device; IG and PM points for inert gas supply and 
pressure measurements

figure 2. Scheme of vibration mill PALLA-U of the Company 
КHD HUMBOLDT WEDAG; 1 — loading branch-pipe; 2 — 
tube mill chambers; 3 — units of unbalanced vibrating exciters; 
4 — replaceable end bottoms of mill chambers; 5 — tube bundles; 
6 — shock absorbers; 7 — transfer sleeve; 8 — vibration-insulat-
ed foundation; 9 — outlet fitting-pipe; 10 — fixed frame; 11 — 
driven shaft
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cavity of each milling chamber is filled with cylin-
ders, which additionally guarantees the prevention of 
overgrinding.

At a continuous supply of material into the cham-
ber, the friction arising from vibration on the surface 
of horizontal grinding cylinders allows not only grind-
ing, but also moving the material in the space between 
them along a spiral path to the exit from the chamber. 
Efficiency of a mill is controlled by the angle of inter-
nal friction at unloading, by standard types and sizes 
of grinding bodies, coarseness of the supply, proper-
ties of the material and a circular movement of the 
chamber. The degree of grinding depends mainly on 
the time of retention of particles in the chambers, i.e., 
on the variant of connecting grinding chambers — in 
series, as is shown by the arrows in Figure 2, parallel 
or combined.

On the first mode, the material sequentially passes 
through the upper, and then through the lower cham-
ber. According to this mode, ferromanganese, ferroti-
tanium and ferrosilicon are grinded. When working in 
parallel mode, those materials are grinded which  one 
less strength than ferroalloys. The material is loaded 
separately into each chamber, and at the output the 
target product is obtained. The efficiency of the pro-
cess grows twice, and the achieved degree of grinding 
is determined by the value of the material grindability 
factor. In the manufacture of electrodes on this mode, 
quartz sand, rutile concentrate and marble are grinded. 
The third mode is designed for the most easily milled 
materials. They are loaded into the tube chambers 
through the central hatches, and the grinding products 
move from the central section to the outlet hatches of 
each chamber. The degree of grinding is minimal and 
the efficiency of the process is the highest as com-
pared to serial and parallel modes of operation.

The modes and efficiency of grinding of each new 
material are selected by conducting preliminary tests, 
on the results of which the type of grinding bodies 
(steel balls, cylinders, rods) and the mill operating 
mode (frequency, vibration amplitude, grinding dura-
tion) are determined. In the former Soviet Union, the 
electrode shops used two-chamber mills PALLA-U to 
grind not only ferroalloys, but also ore-mineral coating 
ingredients. At the same time, coarser powders were 
produced than those when using other types of through 
drum ball mills, even with peripheral screening.

The cavities of mill chambers are sealed with heat-re-
sistant sealing rings, the branch pipes at the inlet and 
outlet are connected to the shelters of the loading and 
receiving units by elastic corrugated transitions.

The mills are equipped with a carbon dioxide gen-
erator and a soundproof capsule. Therefore, grinding 
installations based on the vibration mills PALLA-U 

provide operating conditions for service personnel 
that are safe from the point of view of sanitary and 
hygienic regulations, and, when grinding ferroalloys, 
the fire and explosion safety regulatory requirements.

paddle-type grinder of the model pluristadio 
gr 80 of the Italian Company GUSSEO is present-
ed in Figure 4, and as a part of the grinding installa-
tion — in Figure 5. It consists of a lined armored cy-
lindrical body and a rotor — a vertical shaft with two 
three-tier sections of beaters mounted on it, spaced 
apart in height. The lower section 1 is equipped with 
larger beaters and is designed to destroy large frac-
tions. The upper section 2 carries out fine grinding, 
it is assembled from beaters of a smaller size. In the 
space between them, screw feeder 3 evenly supplies 
material to the disk of the lower section of the rotor.

The rotor, made in the form of a centrifugal dis-
tributor, on the one hand, directs the material to be 
grinded into the circumferential gap along the cylin-
drical surface of the mill body, and, on the other hand, 
reflects and directs the gas flow pumped by the fan 
into this gap. Relatively small particles of the material 
are entrained by the gas flow and directed through the 
beater of the upper section of the rotor into the sep-
arator 4, in which they are divided into two fractions: 

figure 3. Frontal-facial (a) and rear (b) apperance of vibration 
mill PALLA-U: 12 — electric motor; 13 — casing of driving shaft 
(other designations see in Figure 2)
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the fine (commercial) fraction is carried away and de-
posited in the cyclone, and a large one is returned to 
regrinding. Coarser (heavier) particles fall for some 
time in the circumferential gap of the mill downward, 
towards the gas flow, get under the beaters of the low-

er section of the rotor, grinded, and then also carried 
away upwards, finally grinded by the upper beaters to 
the end and also directed to the separator 4.

The scheme of the installation for grinding ferro-
manganese, ferrotitanium and ferrosilicon based on 
the paddle-type mill Pluristadio GR 80 is shown in 
Figure 5.

The granulometric composition of the powder 
is regulated when the mill is set up by changing the 
number of beaters suspended on the rotor disks, by 
the gas flow rate using the separator louvers, and also 
by changing the rotor speed of the fan impeller. The 
higher the rate of the gas flow, the coarser particles it 
picks up and rushes upward under the beaters of the 
upper section of the rotor. In this case, the integral 
degree of grinding of the material decreases, and the 
efficiency of the mill increases. With a decrease in the 
gas flow rate, the grinding is finer, but the amount of 
material grinded by the mill decreases.

Since the supplying device is located in the middle 
part of the mill, i.e., between the upper and lower ro-
tors, and the gas is pumped through the nozzle mount-

figure 4. General view (a) and grinding rotor (b) of paddle-type 
mill Pluristadio GR 80 (see designations in the text)

figure 5. Technological scheme of grinding installation for fer-
roalloys: 1, 2 — hopper with screw; 3 — mill; 4, 7 — inflatable 
explosion safe valve; 5 — fan; 6 — hopper of cyclone; 8 — stop-
ping valve; 9 — screw; 10 — trolley

figure 6. Scheme of aspiration of cone vibration grinder KID-300 
[6]: 1 — drive; 2 — supplier; 3–5 — collecting launder, shelter 
of loading device with aspiration suction; 6 — tapping pipe; 7, 
8 — outer and inner cone of the grinder; 9 — shock absorber; 10, 
11 — funnel and branch-pipe of ejection device (in the variant 
without a tapping pipe); 12 — discharge launder; 13 — hopper 
with Kibble for grinded material
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ed under the lower grinding disk, overgrinding of the 
material is excluded.

The system is sealed. CO2 is supplied to the sys-
tem, if necessary, with the addition of oxygen, in the 
amount sufficient to make up losses. The sealing of 
the system is confirmed by filling the fabric filter bags, 
with which the mill and the separator are equipped. 
As a shielding atmosphere, a mixture of nitrogen with 
oxygen can be used.

The mill Pluristadio GR 80 has a small volume of 
the working chamber — its diameter is 800 mm, and 
a height is 1200 mm. It is easily and quickly, within 
30 min, cleaned of remnants of the previous materi-
al. In terms of efficiency, it meets the requirements 
for the above-mentioned ferroalloys of the workshop 
with a capacity of up to 12.5 thou t of electrodes per 
year, 70 % of which  are with rutile and 30 % with low 
hydrogen coating.

Vibroinertial cone grinder Kid-300 [5, 6]. 
The profile of the grinding chamber of a vibroiner-
tial cone grinder, like that of traditional cone-type 
vibrogrinders, is formed by the armored surfaces of 
grinding cones, which mate each other — a stationary 
outer and a rotating inner one. The outer cone and the 
spherical support of the inner cone are mounted on the 
bed of the grinder. The inner cone is driven by electric 

motor not through the eccentric sleeve, as in a cone 
grinder of a conventional type, but through the unbal-
anced vibration exciter. It has a socket of a ball-type 
profile for the spherical support of the inner cone and 
is mounted beneath on the driving shaft. As a result of 
using such a drive, the inner cone, along with the rota-
tion, performs gyrational movements, i.e., the swings 
characteristic of a conical pendulum.

The resulting force of both centrifugal compo-
nents, which presses the inner cone to the outer one 
in a pulsating mode, is the force grinding the material 
loaded into the milling chamber of the grinder. The 
working surfaces of grinding bodies act on the grain 
through the grains surrounding it during cyclic com-
paction of the layer in the working zone.

During a short time of passing the grinding chamber, 
the initial material is in a bulk stressed state under the 
conditions of repeated cycles of compression, bending 
and unloading. Under such conditions, the material is 
destroyed mostly according to the laws of fractal kinet-
ics along the weakest surfaces. The coarseness of the 
powder is regulated by the position of the unbalancing 
device and the efficiency of the grinder — by changing 
the size of the unloading slot, i.e., the slot between the 
linings of the cone and the bowl.

figure 7. Interdependence of efficiency values of the process of 
grinding ferrosilicon FS-45 (I) and ferrovanadium FV-35 (II) on 
static moment of unbalancing in conical inertial of grinder KID-
300 (according to data [6])

figure 8. Granulometric composition of powders, produced 
during grinding ferrosilicon FS-45 (a) and ferrovanadium FV-35 
(b) in installation KID-300 at the values Mst equal to 2.52 (1), 3.08 
(2) and 3.48 (3) kg·m (according to data [6])
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The advantages of inertial grinders such as KID 
as compared to conventional cone grinders with an 
eccentric drive include:

● three-... five-time increase in the grinding ratio 
(up to 15–18, in comparison with the traditional index 
at the level of 3–5);

● increase in the product yield;
● ability of the grinder to operate under bulk, as 

well as starting and stopping under the load;
● negligible level of dust above the level of the 

layer of grinded material in the loading zone.
At the I.M. Frantsevich IPMS of the NAS of 

Ukraine the grinder KID-300 was tested during grind-
ing a number of ferroalloys, including ferrosilicon 
of grades FS-45 and ferrovanadium of grades FV-35 
with an initial lumps size of 20 mm [6]. The scheme 
of experimental installation is shown in Figure 6.

Performance indicators of the grinder during the 
tests are the following:

● rotation speed of unbalanced vibrator w = 20 s–1;
● static moments of Mst, (2.52; 3.08 and 3.48 kg·m);
● width of unloading slot ∆ = 6 mm.
The dependences of the performance indicators 

achieved during this grinding process on the mass of 
the treated material and the produced target product, 
kg/h, as well as by the product yield, %, the values of 
the static moment of unbalancing device, are shown 
in Figure 7.

The presented data showed that the grinder KID-
300 can be used for the preparation of ferroalloy 

powders that, in terms of grain composition, meet 
the requirements to the technology of production of 
low-hydrogen electrodes of general purpose with the 
aspiration design used in this work, providing a dust 
concentration in aspirated air not exceeding 1.2 g·m–3 
with a suction capacity of 900 m3·h–1 [5].

The author appreciates O.D. Nejkov for his mean-
ingful advice and discussion of the materials.
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Calendar of August*
August 1, 1927     Date of birth of V.F. Grabin (1927–2010), a scientist in the field of metal science and welding, a 

representative of the Paton school. He made a significant contribution to the development of fundamentals 
of metal science of metals and alloys, which allowed specifying a number of regulations as to the effect of 
phase composition on structure and properties of welded joints of metals of different classes and the ten-
dency to crack formation during welding.

August 2, 1930     Date of birth of S.I. Kuchuk-Yatsenko, a prominent scientist in the field of pressure 
metal welding, academician, representative of the Paton school. Fundamental research works of the sci-
entist formed the basis for the development of new methods of flash-butt welding using continuous, pulsed 
and pulsating flashing, patented in many countries of the world. On their basis, S.I. Kuchuk-Yatsenko with 
a team of specialists from the E.O. Paton Electric Welding Institute developed the technology of welding 
different products, created control systems and new equipment models, which have no analogues in the 
world practice.

August 3, 1934     The engine of tanker «Poughkeepsie Socony» of the American merchant 
marine was launched. This was one of the most important achievements in the US shipbuilding. 
The tanker was one of the first to exceed the cost of the shipbuilding program in 5 million USD 
and was the largest all-welded merchant ship of its time built in the United States and, probably, 
in the whole world.

August 4, 2009     British enthusiast and engineer Alan Roy Handley decided to return to the 
idea of creating metal airship. He called his project Varialift. Alan decided to create a hybrid system 
capable of combining the advantages of an aircraft, a helicopter and an airship. The first vehicle of 
the Varialift series, ARH-50, is positioned by A. Handley as an airship for transportation of cargoes 
weighing 50–55 tons. In 2011 it was successfully tested. The shell of the vehicle was welded from 
aluminum sheets, the carrier gas was helium, the length of vehicle was 150 m.

August 5, 1973     From the launching pad of the Baikonur-5 Cosmodrome, the «Mars-6» 
spacecraft was launched by the «Proton-K» rocket-carrier. In March 1974, the launching vehicle 
was separated from it. In the manufacture of spacecrafts among other technologies, different 
welding methods were used to produce permanent joints.

August 6, 1961     By the rocket-carrier R-7 the spacecraft «Vostok-2» was launched, piloted by the 
cosmonaut German Stepanovich Titov (1935–2000) on board. The rockets-carriers R-7 opened up the 
space era for humanity. With their help, among others, the first artificial satellite was launched into or-
bit, the first satellite with a living being on board was launched into Earth orbit, the first spaceship with 
a man was launched into Earth orbit. The main methods of welding the rocket structure of aluminum al-
loys were manual and mechanized welding in an inert gas (argon), as well as resistance spot welding.

August 7, 1842     Date of birth of N.N. Benardos (1842–1905), engineer, inventor of electric 
arc welding, author of more than 100 inventions. The invention of electric arc welding and cutting 
of metals brought him the world fame. The method of Benardos became known all over the world 
and, thus, it became possible to weld separate metal fragments quite easily. But it took a half of a 
century until welding became the main technology of joining metals. N.N. Benardos paid a partic-
ular attention to arc welding with a carbon electrode, which was called the «Benardos method».

August 8, 1932     Date of birth of Yu.S. Borisov, representative of the Paton School, a famous scientist in the field of 
materials science of coatings, including gas-thermal ones, containing amorphous and quasi-crystalline 
phases. Yu. S. Borisov is an Honoured Worker of Science and Technology of Ukraine, the author of more 
than 400 articles, monographs, author’s certificates and patents. 

*The material was prepared by the Steel Work Company (Krivoy Rog, Ukraine) with the participation of the editorial board of the Journal. The 
Calendar is published every month, starting from the issue of «The Paton Welding Journal» No.1, 2019.
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August 9, 1951     By August 1951, a group of scientists and specialists from the Electric Welding 
Institute (N.G. Ostapenko, V.K. Lebedev, S.I. Kuchuk-Yatsenko, V.A. Sakharnov and B.A. Galyan) 
for the first time developed the method of flash-butt welding and appropriate machines for flash-butt 
welding of rails, pipes and other products. In the future, due to the improvement in the control sys-
tem, it was possible to create new models of machines, having no analogues in the world.

August 10, 1943     In August 1943, B.E. Paton and A.M. Makara (Institute of Electric Weld-
ing) during the investigation of the submerged arc welding process proved the presence of arc 
discharge. Later, other researchers determined the dimensions of a gas bubble, measured 
the voltages between the electrodes, the temperature of the arc column, and other process 
parameters.

August 11, 1885     An information was published about the creation of dynamo-machine 
by E. Thomson. Elihu Thomson (1853–1937) designed a dynamo-machine with self-excitation 
(power of 18.3 kW, 1800 rpm, weight of 22.5 kg), which provided the welding transformer with al-
ternating current. Namely its three-phase model became the basis for the new arc lighting system, 
which was developed by Thomson in collaboration with E.J. Houston.

August 12, 1908     Date of birth of A.E. Asnis (1908–1987), a famous scientist, a representative of the Paton school. 
He developed many materials for welding and surfacing, unique methods and procedures for investiga-
tions the joints and evaluation of their strength under the load conditions. A.E. Asnis was the developer of 
the scientific fundamentals for the development and selection of steels with a good weldability, which are 
scarcely-alloyed and insensitive to aging. He participated in the designing of a universal semi-automatic 
machine with a remote control for welding and cutting at large depths. He is the author of more than 300 
scientific works.

August 13, 1927     The main defence ship of the «Uragan» type was designed, the first 
Soviet military surface ship in the USSR. Its designing was guided by V. A. Nikitin, a young 
engineer-shipbuilder. Nikitin was one of the first in the industry who took a risk to apply welding 
for hull structures to which many shipbuilders and naval sailors were suspicious in those years, 
preferring a time-tested riveting. «Uragan» entered the history of Soviet shipbuilding as a pio-
neer ship, from which the construction of the Soviet surface fleet began.

August 14, 1948     At «Plant No. 402» in Molotovsk, «Ognennyi», a Soviet destroyer ship of 
the project 30-bis, was laid. The creation of destroyers of this type required a significant increase 
in the volume of welding. There were not enough specialists, and then girls began to master the 
difficult profession. The creation of the ship was carried out with the implementing the position-as-
sembly conveyor, large-sized assembly and wide application of electric welding. Since February 
12, 1950, the «Ognennyi» was a part of the Northern Fleet.

August 15, 1947     Independence Day of India is celebrated since 1947. One of the sights 
of India is an iron (99.722 % F) column in Delhi, over 1500 years old. The researchers found that 
it was made of separate steel blocks weighing 29–30 kg, joined by means of a forge welding. 
Its high corrosion resistance is predetermined by an increased phosphorus content (0.114 % P) 
and a dry climate.

August 16, 1930     Date of birth of V.S. Gvozdetsky, a representative of the Paton School, a famous scientist in the field 
of the theory of cathode processes in a welding arc, based on the phenomenon of ion-electron emission 
of a cathode. These investigations became the basis for the development of new methods of microplasma 
welding of metals and alloys with a thickness of 0.1–1.0 mm. Due to his works, more than 15,000 appa-
ratuses for different methods of microplasma welding were manufactured and implemented in industry. 
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August 17, 1987     The first flight of «Su-33», a Soviet carrier-based fighter of the fourth gen-
eration, took place. Many problems caused the need in welding titanium assemblies of large and 
small thicknesses. Specialized welding equipment was purchased, welding modes and methods 
for quality control of welds were tested. Among the mastered unique equipment the installation 
ELU-21 for electron beam welding in vacuum was applied.

August 18, 1942     The first tanks «Tiger» were manufactured, the German heavy tanks of 
the World War II period. The roof of the tank turret was joined to the hull sides by welding. The 
armour plates were abutted using the «dovetail» method and were joined by welding. Much at-
tention was paid to the quality of welds, not only to provide the rigidity of the structure, but also to 
make it shell-proof. In foreign sources, British and American engineers, as well as Soviet welding 
scientists criticized both the quality of the filler material of the electrodes used to weld the hulls of 
Tiger tanks and also the technology of producing welds themselves.

August 19, 1932     The first flight of the high-speed aircraft AIR-7 took place, designed by the 
Yakovlev Design Bureau. On November 20, 1932 the pilot Julian Piontkovsky on an AIR-7 aircraft 
reached a record speed in the USSR of 325 km/h. In the manufacture of aircraft the welding was 
actively used to save weight. The fuselage is a truss structure, welded from steel pipes with a 
light frame, which imparts a rounded contour to the linen casing. To the fuselage a small centre 
wing section of the same welded structure was joined. The main racks of welded steel pipes were 
joined to the ends of the centre wing section.

August 20, 1927     The cruiser «Karlsruhe», a German light cruiser was launched, which took 
part in the World War II. The development of a project of new cruisers, taking into account the 
limitations of the Versailles Treaty, began in 1924. Three cruisers were built under the project (type 
«K»): «Konigsberg», «Karlsruhe» and «Cologne». The ship hull was assembled from longitudinal 
steel frames where welding was used; up to 85 percent of the hull was welded, not riveted as 
usual. The hull was divided into nineteen watertight compartments, had a double bottom, being 
72 % of the length of the ship hull, and joined by welding. On April 9, 1940, the cruiser was sunk 
by a British submarine «Truant».

August 21, 1938     In 1938, Dr. Charles Cadwell significantly improved the design of the 
exothermic welding system of Hans Goldschmidt, who in 1898 patented his method of alumino-
thermic welding of rails, which was commercially significant. Since that time, its mass application 
began. The unique use of the process of exothermic welding was used during laying the railway 
tracks, which were previously joined with the help of cover plates, through holes in the rails.

August 22, 1972     The prototype of «T-4», a reconnaissance attack bomber-rocket carrier 
of the Sukhoy Design Bureau, was launched. In the manufacture of aircrafts new technologies 
were used, many of which had no analogues in the domestic and world aircraft industry. Aircraft 
glider was made using titanium alloys. The entire production cycle of the «T-4» was automated 
to maximum (95 % of welding operations). According to the estimates of NIAT, the full transfer of 
monolithic parts to assembled-welded structures, envisaged in serial production, had to provide a 
reduction in material consumption by 70 %, labour intensity by 45 % and reduction in production 
cycles by two to three times.

August 23, 1382     The defence of Moscow from the invasion of Khan Tokhtamysh began. In the 
annals of 1382 the successful use of welded artillery shells during the defence was mentioned for the 
first time. The iron sheet, forged from the bar, was rolled on an iron mandrel into a pipe and welded 
by a longitudinal weld with an overlap. Then one or two pipes of larger diameter were welded over 
this pipe, ensuring that the longitudinal welds were located in different places. The pipe billets forged 
in such a way were short. Therefore, to produce a sufficiently long barrel of guns, several such billets 
were joined between each other by means of a forge welding. 
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August 24, 1939     Date of birth of G.M. Grigorenko, academician, representative of the Paton school. He was directly 
involved in the development of new methods, equipment and technology of plasma-arc, arc-slag remelt-
ing, electroslag technology, induction melting with combined heat sources and in water-cooled sectional 
moulds. He developed technologies for melting out of high-nitrogen steels, technology for steel alloying 
with nitrogen from a gas phase. For the first time he analyzed and classified gas exchange processes in 
electrometallurgy during melting and remelting. 

August 25, 1981     One of the patents of N.N. Rykalin (1903–1985), academician, scientist in the field of welding 
and metallurgy, was published . During the years of war, N.N. Rykalin carried out investigations on melt-
ing of electrodes and penetration of base metal. He is the author of numerous works on thermophysical 
fundamentals of metal treatment, metal welding, plasma processes in metallurgy. The theory of thermal 
processes during welding, created by him, served as the basis for the development of technological pro-
cesses, in which highly-concentrated sources of power like thermal plasma, electron beam, ion fluxes, 
laser radiation have an effect on a substance.

August 26, 1934     The submarine «Shch-121» «Zubatka» was launched. It was the first 
type of medium submarines, built in the USSR. The pipes of the torpedo units were joined with 
the bulkheads of differential tanks and made a part of the construction of a pressure hull. Six 
welded bulkheads divided the hull into seven compartments. The beams were fastened to the 
lining by welding. Successful experiments with welding allowed providing longer service life, as 
well as reducing the weight of the submarine.

August 27, 1956     Turner-innovator A.I. Chudikov filed an application and received an 
authour’s certificate No. 106270 for on the «Method of butt welding». Chudikov understood 
that for the implementation of friction welding it is necessary to keep three basic conditions: to 
operate at high revolutions of the part, not less than 750–1000 rpm; instantly stop the workpiece 
treated, so that the metal which transferred into the plastic state does not scroll over the joining 
area; apply axial force.

August 28, 1937     Pilot N.P. Shebanov set a world speed record on the aircraft «Steel-7». 
For its time the aircraft showed excellent characteristics in the range and speed of flight: the 
average speed on the route Moscow-Sverdlovsk-Sevastopol-Moscow with a length of 5068 km 
was 405 km/h. Steel pipes and shaped profiles, joined by welding, formed the load-carrying 
frame of wing and tail units. The aircraft structure with multiple elements turned out to be quite 
strong.

August 29, 1932     The main submarine of series VI «Malyutka» was laid. Designer-en-
gineer A.N. Asafov (1886–1933) proposed replacing the riveting of a pressure submarine hull 
by the electric welding, including the reduction in roughness of the hull and increase in speed.

August 30, 1940     The monitor of the type «Hassan» (project 1190), the first vessel in a 
series of Soviet monitors, which served as a part of the Amur military flotilla, was launched. 
The hull of the ship was riveted, the outer lining and the deck were welded. The height of the 
side in the middle of the hull was 4 m, the largest length was 88.03 m, the largest width was 
11.09 m, and the maximum draft was 2.94 m.

August 31, 1900     In the early 1900s, almost in several countries, a gas torch (more 
precisely a cutter) for the purposes of cutting appeared. In 1904, Jottran (Belgium) added a 
tube with a nozzle to a welding torch for supplying oxygen. In the same year E. Wiss (USA) 
patented a torch-cutter with concentric nozzles, proposed by E. Smith.


